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R B AT R Y TR ER. H AT AR E S BRI R A TR & R (centralized traffic
control, CTC), HAFAMRFIER MM E ETML, HAK COSMOS £4t%. HET 2003 FELEH 7
FEFRYE RS (train operation dispatching command system, TDCS) fJ2:4 b, &% 17— R12 8 E
AR RS X CTC RGNS HUGE 7 HIE RN ERR 2 T R 1 B3R EE, (B 41817
VAT R HITT 38 A2 B B2 A BT L B B T BRI 58 i, AMUSThsRE R, HZ N &5k
IS 2. 3R R A i AT B e ) Bk AT R R PSRRI SR PSSR L L
B AHE AR, RS S B ZE RS AT AR FE RO, R T L AR X 51 B iE T 1
T7 AT R AL, 2R Re k1 R SR T ).

FIFIAZAT VR RE o) 2 NP M f ) FHR 2 B 1 fios, T RAGr s 5 05 32: B A1 05725 B
ANTA e W k=R 1885 5 DUl I | 1817 R I PR B9 TR & BB R K (mixed
integer linear programing, MILP) fx7 (51 BT K FH 43 S i sg v (670 RN sh 5 R B e 8% b tdeide 7 v ok
fift, QB AE R ) S A SRR 5 BEas AT VR R AR D 4 [ VLR B2 1)@ (job shop scheduling problem,
JSSP), SRHIHTEUE (disjunctive graph, DG) 1) B{# XK (alternative graph, AG) 10 SRR, H A
S MILP AL A 18 %5 5 5 15 1 50 38 (R LA, (ER AT BRIX R e K S 2 BN AS I AR L Rk
SR MU AR Z RS, M UE S AER A Rl R 2 AR N fai ik, BT i T A7 1%
W —BIUE. B ) SR IR 2O SR HIIE 22, 18 55 2 J7VE I IS ROV A AT A7 P 2 ik i 5
I OU. 58 2 SRR T 01 BN U5, BT3RS AR SELF I I AT I, 40 zhou 55 B LT sg A
FFS R4 (discrete event dynamic systems, DEDS) B AR B PLAL SKEBE ST T F s 47 1115 % 1)
THEMUSEI 1%, Xu &5 2 BT P B8 47 07 AR AL 70 T B4Rk R M8 4T I R A 5 v, (ETH AL
FLIINEAAAE TR R OROR, SIS PR 22 ) i) 2.

F 7, AE A ME BRI SK AR L, — RAE T N AR RE R R A A S B T 41 4
BAT RS, WG AL 180 R D4 stk vk 5] At ik [0 45 Hia B ik, X8R
T AR GO ITVELE B bR R A R A 2RO R b, S B Bl 1 A0 R RN 24 26 A R
EBURHSRAF— AN A 2 R SRR, & A TR BRI i r 040 ) & 71 {8 i TR AR LA
i, BRI PP TH R R OR, S BOR MR a) @I R4 AR SE PR 22, Ko 2 T e 5 A
R B IS AT IR T8 (ANEFE DP), FLIEAR G025 51 25 10 5 ] A E — AN BB B SR 1
AR, XA AR BAE N — DN EARAT IR, D/ MU B ARREL BRI, P EBIT B R
— /NI RZ P Z BT SIS (sequential decision making, SDP) ZhZxid 2, 7 & 75 B & %
RE AT IR I R T BN A TR

HIRT AR R EIEAF, il 5 2 2 — il & TR B 2 R R G771 RS T7
%, ORI AL NBRARI 2 AR R P S AU AT 1 DB . A 5 S PRI 2y N R
SR ST RICA A a2 o 81 2 R DX I TE T A3 77 LAY CIRASEEREHEIE) L, TR 1%
B BEAT 5 20, T J5 3 o /R PR AR A AR Y | 8 R Ak BB S PR RE 4T 52N 58 .2 >) S A S g, X T
IR N okt e 5 BT SE A A F . A AR B 40 S T 6 ) P s 27 2] S SR g 91 423l
A FE 1) R, {ELSVATI & i T AE B A AMAL TSP B B B9~2U | A OGHRE IR R D, SR [21] B IXRH Q
22 5 N FH B BRI R B R B SRR RIS T ARG R R NEE. s IRSCHER [21] HOIRES 7 (8] B ) &
RIS R i s, SOk [20) SR ZI4ERTE A AN XRS5 FPRSEIRSZ &, A F41
REER, RABY R (AR5 2 HAT A FAT AR, 82 >3 531 42 1 B2 5, 24471
EHMF— Q 3R, BEEEM L2 F 0 FBEET, (HICIEAC AR R 55 20 1) 51 22804 T 10 @ STk [19] R
T deep Q-network Bk, (HARZS A (A2 4RI 21028, e DUkE G gt B O . T8 2% ] 5 k1A
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’ Rescheduling methods of high-speed train group
]

v v v
Operations research T T Computational simulation
methods & methods
|
A 2 2 L 4
JSSp (M)IP (Al-learning) (Al-optimization) (Expert Sys. etc.)

v - v /7 \,  JSSP: job shop scheduling problem;
’ DG ‘ ’ AG ‘ ’ BnB H bp ‘ I'RL | NN ! M PSO i (M)IP: (mixed) integer programming;
- i TS | | DG: disjunctive graph; AG: alternative graph;
/ BnB: branch and bound; DP: dynamic programming;

RL: reinforcement learning; NN: neural networks;
GA: genetic algorithm; PSO: particle swarm opt.;
ACO: ant colony opt.; TS: tabu search

1 (MBhRFE) FIEREITREBERAK R A

Figure 1 (Color online) Research methods for rescheduling high-speed trains

2 2% J7 ik W ABLE B ZE 9 FE b LA ARG D, i S AR A TR S g

AT xH AL GE iR BE AL I A R F BB B S ISR BT RS B AR T R M RIR, M2
T EERPI RIS AT R A SDP B BB ZRig AT i R I S RF R RIBE LI, DR Ap K U HRowfE
DAL R A, ARSCER T — o B4 i 25 T Jo B 9l A 27 2 B 91 ZE B AT T R AR SR AR M R SR A B0k,
AR T R EER SR BER (Markov) (R HEIERE AR 72 08 BOHE LAIRAT LA LA SR A 52 2% 5 K
. SR S BB R EE DO~ R LG, AR SCER X B 2 R R, AR RS, RS R
SCERICY SRHRIXMA] 5 NS A BARGS & 177 2, 85 1 FI R BE <22 g 1), >R 1A
KA BE T3 18) B & B A ROT i R e, oTER AN T

(1) MRS [ P A A B, R 21 ZE R I AT I A R i o BV A0 o5 L BRI P20 T B e B TR 3
AR, SR 7T <SS R INE R B AR TV, X Rl N XA G — A A, d M B

(2) BN RS 2R BRaRAOAF IR, B RSEH T — PR & 2 A SRS 4= iAo BN I B Y 2
FIAE S R s A 2 STIRZS A3 RIS 22 18], AAJEE 1A R0 IRl AT 22 il S e L], OR SR8

(3) BEXHE R AR B A, SRt 1R A a(Eh 742 18] B 1 M AR T, B A R oA 200R
R S I, 9zl T TR iR o 2] R R, SRR SR I RIS, DR B T JE AL Ak A
M, BAR B h AR AR R (AECBESE) 75 Fr iy @ PR Y vh R 47 3R A, JE IS 2
> BIIX EE LT R

ARILEEMT: 5 2 TR T AR AT A B AR S oAb 2 SR RMESE, 26 3 e
T RS AT AR PR & ShE 2 (e AT 22 R K, DL sh 28 1) B il AR T e PAst)
2 1 BEAT 2 DX B ) S s SR 34T 5000, 5 A A 2 802 MILP, ACO (ant colony optimization),
FCFS (first-come first-service) HEAT%f b, B T A ST & 77 V1A Rk,

2 [O)REiEA

IR S EREAERR N _E RIS AT R — A SR BRI R, HAWRZ, S ARERRER. A
SCNIR A BEUE KT o5 P A RE, R T 1) iR AL 2 2 B B B3 AT TR B 1) e B R SR Y,

2.1 FIEREBITRABENFRRRER
e R AT AR AL PR A T st N X ) 432 11 ol ) Ak B 1T B ) 1 — 2L v i ) 4 R UE RSB AT T
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2M-1)d
/‘IHI\ i)
\b = ( 5 ‘ @M1)b
| 2M-1)a X
Resource ID ' 1 ! 2 VRN 2M-1 !
Resource name  Station A Inter-station 1 Station B Station J Inter-station M—1 Station M

al 3 az S’ a3 ...... N
O_’E 0Gray L2 T o6 ay L2 170G, ) Q(s a ) d Q(Y ) B

2 (MEHRFE) SHkEEXERRE

Figure 2 (Color online) High-speed rail dispatching section model

R — R 1) 2 A RN AT B FE . AN — e, AR SOHE 203l R X [R) 48— A0 BE e, R b ) 4
TE X A2 AT 8 78 28 3l 18 i 15 2R AR ML, BT DARRAE 71 256 SR B i) o3 T AR O 72, i 2 B
AN 2 ANZESAN 3 AN IX (A R B X B N AT RS AT RS, M P EAEIX (R B E sk 2 Fse AL e, Wi s
Ak PRURBL 3a F 3b M L, BEET B R R kAR B SR 2 B B TR 3a 50 3b BRI (E
ﬁ?aﬂjlél’]ze, Tl TP S — A B 2 AN AT O I B IR B, 767 S BRI B e HE S 2 R A T,
A AEI 3 2 A0 4 5 . 5IRL, XA R RS ST E 5 RAIT ENBR S L 2L AT, nTLL
RV Z NP EAE R — X (AR R AP B8 1T, Qi 2 W ggiise 2 Wb 1an e s 4T w91 4.

gE LRTR, BIZRIE AT R A RS b PR SR A L TR I TRk, AR SOKs 2 B
M EhAIBAT BN TR . LI AR AR I () A0 25 (8] oA R L sh SR A, 2 T “sh S =
FNHERE XA GE— BT AT IR RO AR IE . B S ) 2275 B X R I8 AT I RS HE S o B i,
S Y/

(1) @M. FZ4E AT LN —ANZEIE AT R AE RS S B T — AN AR R P AT = ] FBUE.

(2) MBIV ZEMN /TR RN T — AN BIEN, BT F R4, U1 (AR5, Fr A i (] mp
Ay 0.

WA X B AT (B EAT) R AE M AWM M — 1 AMXESNRSH m e M =
{1,2,3,..., M}y F1 b e B = {1,2,3,..., M — 1}. N T HERR, B0 X 0] 358 — AN R R,
M R=2x M -1 MEFERI SN je R=BUM = {1,2,3,..., R}. ZEb{E ARk I IR B &
[ L8, LREN C;, SIES BT {a,b,c,...} 45, WE 2 7§ Station B, HFEIFERG 5N
3, A IEIE 7 345N 3a, 3b. Lﬁﬁ%ﬁ%frtﬂﬁ& N AN, B Fe RTE R B X BLG Ak R
EIF#ITHRS N ie N={1,2,3,...,N}.

AL, {ERTN ST S SRR “Bh AR S mAERE TULH =Jed (¢, 4,7) R
S ARAE v, t), FoH ¢ BEIRRAS R A DI R 1], SRS HRET (A1, 5 € R 2 BIEHGR S, r BRI
Z Y@, DL RDRFR BIRRAS . P R/NE T TS, A SCOCR AR A1 A RARES B, r(4,t) €
{0,1,...,C;}, ¥ 5 A ¢ FE R 4E5ERE Nhx. Wl 3 2 — DBl SRR RG], PAALFRR IR 28 P 7 5
s, *;ﬁﬂ‘ﬁjﬁﬂﬁﬂ. AR AT RN AN R F 22550 B0 o5 R R, r (5, ¢) = 1 RN TSN,

r(j,t) = 0 RoRFIR § #—ANFIE G, DRI, r(5,¢) = ¢ MFRZ IR 5. B 3 ke
MR T ¢t =1,t =4, t = 7 WL FERPIGEIRI b5 SO, 2000 B B A A R R R )28 1, 4, 7 31
FERE AR 0 FRn BHIRB § gt S g1 25 o5 A 3d R I S SR PN R R R IA A N B
PRI 5 PRI SR S5 1 75 3URT DUR 2 5 e 3 il s B AR 5. 485104 0 88 5 5 RS N — AN S 3D
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Figure 3 (Color online) Resource occupation matrix

eiyr MUK i ROBATRLREAT LB M — RAVE FEIITES B 4R, E= {e0jo.€ijur-- - i Cigusns- -}
K o i € R TR LRSI IEEE, jo 3007 i MIIRRDE, (i ei i)
4RSS,

2.2 FIEHEHBTRARBRMLR

R IS AT IR S ZE AT 25 B s AT TR, mT DU S 2R AR kit X RIS AT S AL 2l B slod i i
ZIRAMIR, 7€ AT

EXL (BB s;5) sy FHRFIRIESN e;; BIJTAGISTE], BIZIZE @ XPBEUE 5 TFU6 & TR e
IR § NI, s 5 AU @ FEGRu § A ).

EX2 (KM di ) di; FRFIRIES e, 50 BOITAGISTA], BIBAE 0 XFBRIR 5+ 1 JT4R b
). S B N TEEERT, di; AR @ Rk § R 2RI ]

FIZERIZAT THRITT LA R IS TN 23 18] L HIE AT 46, IRARIs AT I8, RIS AT IR BAR IS L
TS AT IR SR SERRE AT AR R R RO FAE R, S AR SERR BRI AW 8 1 A AR
1T, &R R L I AT R L. SN AT IR H R A I S 8 AT e R R A% RS AT
ST e/ 5 L E I 1R 25 H T BB 3 A7 R B0 AL ) F A S i it 1) L B 8 G B
3 e 110221 RS — ettt AR e s T AR D DL AE F AR

minJ = J, + Jg, where J; = Z Z |dij — dj ;]
ieN jeM

{ 0, -0 < Sij — S;j <0, (1)

* * "
|si; — Si,j‘a Sij—Si; > 0o0rs;;—s; ;< -4,

and J, = Z Z

1€N jeM

Horb, g, REBNE SN S ESEFEERE, XTI ERE] omin Z NRIEHAA 0, ZXWE 6 =2; Jg N
RSB R; sy, RoRIVE i AR § WEERIEN ), dy ; RonFIE i fE70uh § KBS KA. 51

TAEIBAT I RE T, 052 B A2 s AT S 40K, LI ZT ARG LT 6 Fi
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(1) ZEulimELIR
ind,t ng, jER, iEN, (2)

Frt, s RO i KTV §7E ¢ MR S, 2y, = 1 R MRV &, 20, = 0 T
G FEARRRI 2 ¢ ATV R8I S ROR R R K AR )
(2) 7E S A 2y 3¢

dij=sij+aj jJER, 1eN, (3)
(2%} 2 Ai7j, ,7 S Rv 1€ Na (4)

H, a,; FORIIE i fEVEVR § R SCBREEI I, A, FORAIZE i RV LR AR T
YA I T 2 b 1 A SR, LGRS 2 05 1] 5 P 2 e L.
(3) X I /NE AT I 1] 2 7

Sijy=dij+tij, J.j €R, i€N, (5)
ti; 2T, jJER,i€N, (6)
Horb t FoRAVE i AR 5 ESEBRIBATI R T, ; RN @ R 5 B/ X RIS AT ).
(4) KL R 2R
di,j >d>ik,j7 jGM, i € N. (7)
TESEBRIZATIERE A, F1) ZE 1 S B A ZE ) 18] — e AS Fe /N T 8T TH R 2 T
(5) bk B8 25 i s ) [] B 20 R

Sij — Sitj P 9j, .7 € Ma iai/ € Na (8)
di,j_d’i’,j 29]? .7 €M7 iai/ ENa (9)
Horh, g; FORBVZE ¢ FUAHLEHIZE o LGk 5 a3k il g /0N 1] TAD R RIRH S8 1 4 1y 5l /3 ki B[] ] B 52 A~
/J\ﬂ: gj-
(6) [F) 77 Ir) AN [ s 3] S R A 3] B[] 1] B 240 TR
Sij — di’,j 2 Tsdy .7 S M7 iai/ € Na (10)
d’i;j — Sitj > Tqs, JEM, l',Z'l eN, (11)
Horr, 7oq RoRHNE o MARSBHNE o Z 18 B[R 7 13 B ZEAN RN 215 e /N R] [ BRS, 7gs o4 @ AR

{BHNZE i 2 18] [ ) 73 180 ) ZE AN [ Ik 380 fg /0 ek i) ) g . RIT A0 <0870 2 2 T FR AR (] B 215 e i) 1 g /)
T oq WEE AT H 42 2 18] B AS [RI IR B I 8] (BT RGN T 7 I, R PRR.

3 FIEREITEEBREFES

ASCHR B TR E RS AT S A TR R R 5], EERMSI R i A S Q H¥ I M4S
HH75 3, W 4 Fror, sSSP R AR SN ES L SR FRAT R 1A 1A B SR, I 5 Bl ) 1A
Sk B A BT A S A
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State S, Action g,
Rescheduling algorithm
A
Phased

Reward R Delay time adjustment

Train operation simulation environment
al
S, 5

4 (MEMFE) JIERFESEHRERULT IR RIER

Figure 4 (Color online) Reinforcement learning system framework for dynamic adjustment of train operation

Occupancy of
resources

plan
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J& B B AR AR B (RS AL B T AT TSR R R, AR &, BRI FA 21 242 3108 8 FE X B ()
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A 220 70 206 BRI o PR L AN e B sl A, DRI AR SRS ) T2 [B) AN A B 5 X Q 2T BT s 1)
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B & RS WA ERE . T AR 25, DL — A %58 IR B ] DK I B2
(VG (1, o] AT B EL AR TRIRRIES T = {ti,t + 1t + 2, ¢, ...t} EEXT A0 290 B2 o) L ) R
R BT R RIS M B E (2 x N+ 1) e RGURE Sy
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Hr, by € RONFIZE i TERTZ) ¢ FIAEXTAZ B, RUFRE ISR 5. AR ¢ ABVE ¢ FERTHEIT HIT
— BRGNS, RIS ATERI IR T ¢y = hay + 1, HEREEMN ¢ M by, PTREAFEBEAE.
R, F D 27 a2 514 o5 R IR S, It RSB ZERTEEDT i) — A SRR SR S

EXN3 (FERE 0;) NS, 2 j=ciy, W O; RERTE VI ENLHTE IR by BTRE
T B G RS EE R TR R RS RES, AR M I IE] L R 2R A AE 4
WA B2 IR 5 A ERE S, 2 DT IEBRE R C;, HF HAIE i fEZE 2 O 2 i
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Figure 5 (Color online) The “state-action” tree of the current state and possible corresponding actions in a two-train
scheduling scenario
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BN, PRE 24Tl Z W e B 22 80 e A2 N T — A BRI, IR 81 2 3 4k S ORAF A 2 T BRI L. Rt
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HEFE HAORAS, AR U RS - SiE RERIEER. UH EHE B 2 T s E S
BlZARH R, SRR R ZRIE M. T Q %32 Mk a5 3], 25 5 T el BUE etk
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3.3 FMETFTZEBENER
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A—FE, R IR A A e, WNAERED PSR, BUB RN BO KBS E 22 2,
MTINER Q A SIS . DA, FE S AP AR AR S, AR A iR AR I s 1 22 1,
SE KA A H AR R B I B AR MBI 23 18] 5 Bk, A3 R0k 1 IAT Sh 1R (4R & R, B REARfE =
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Bl 5 DIPERZIZEIZATIE RN <R - SifE” WO, B BRSO B R ORE, PSR E
etk E A m BRSNS, EZAE RS N E— ARSI BT — IR
A B 1A BOSIOSEHONRAT S, HREREN Sy = [1,1,1,0,8], HHRTHAITCERERE
% 8 min BRI EI0LT-9n 58 1 IR K Jo3 (1, 0] RRES AT HT7 M) B~ —AN B
PHBFFR S AR T R LR A A (2)~(11). TERLIHKAFRIBRE] T, W51 2250 B BT A AT REf
FIEA {[0,0],10,1],[1,0], [1,1]}. {HZHETRZBNLRZMEAR (2)~(11) BT, M FEB 1T A0 24
WERAFIS, BCE MET B ZE P AL B )N — SR P T B AR BER S RS I, il S 38 4 Ao &R
Ocy o8 =0 RRINE 2 F—ANRZARTEINE T —NRIER co s (RIEHIGS N 2 BITHERY), it
B ay = 1 RAEVER, BIEBHIE (0,1) 1 (1,1) BARVFHATIOERAE, WK 5 ha X5 (x), Btk
FETAT IS EE IR SE (EP B ekt i) BInT, J5 SRS R DB SRt X P g it 14
AOTE TR e AE IR R R R R AE AT AT AR E S R AT 1R 5, WD R ARSI ER IR, AT 0
PRR A

3.4 BIrRBESRHEH

FI B U KRR B A3 AT (SR PR RETE AR, DRMAS SR T B A2 B A it A B I ) B /MR
N HEFRRE J, W (1), 78 Q 221K RE T, R A I 22 foh b8 A8 B N 5 1) 4 S I U TR] s B, 3
VB re = K/J, o T FoRWIE SR, K &, v LA € 3 A s E0E SChaT BUE 21
FIZE B IRR T BOR, W e 80DN, SRR, 8 A 1) S M IS TRV, PRI S 45 14 22 il o 5k /).
B 1 SERT S R K, AE Q ST RE P RRICIRS R A ARSI, it 1 RIS 2 ) o A

(13)

— 1, if |di7j — S,‘7j| > D,
Ty =
0, otherwise,

Hor, D ORI EE I H R D 1 3 St BV ] (0452 2 DA A A 8 P I TSR R P 3 A 51 4
BOA BIEA Gl B, A5 v BRI RIE re = -1, AEHARTE ST RIS RBIE r, = 0.

4 Q FIKMER T

FE5E LT VA BE RS S E MR RR B 5, $2F RIS SR & Bt st T H i Ak 27 ST I 2R 5
1%, XA AT i ROR . Q A I FIR M LR E R Q MRS, ER A Q MRS
ANZ] ¢ XRCRE N S, T EEFREANNE o KRR, /IR S, TR BRMREFIIE o I, IR
PR - SE I Q (B R/NESRENE, (AR RERIRAT I R E SRk, 12H Q 3T ih
BEAT B 3 FLACAL I S BEAE T2 15 BE MK BBt v 27 >0 B RE M S W i 47 22 1 82 o RE A3 AT O R
. HAPERECER AN

QS a) = (1= )Q(Sa) + o (747 e, QSiansane)). (19)

at41€

Hh, Q(Sy, ar) FoREARTINZ] ¢ HPIRZS S, RIEIE ap BRI BREL, Horh o NP KRBT, XBREN
2 E WUAVERA o € (0, 1), T ZRYE SEFR i UFF IR AL, 2 o BORRIR S ATRER Q(S, ar) %
WK, WSO LRy € [0, 1] FORHTHIE T, v — 0 B Rtk A = il B2 ah{E, ~ — 1 B
BRI AR E IR, » NEZIETIRES S, N REENE o, /3312 H1E.
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2 8 ) R A i) R R B 11 T 4 PR o 1 AU il N S SRS B R K, fEA R
RIS TR AN FT BESR R SE A SR 22 18], IF HE 5 BN R Ui, S Ae 2 ST R Bt Q i pR H0dE
CASES. DR mSIOR B, L5 I, RRE T2 4O A RE N LIZ BT M R R, B fa N R Bt
Yo, BEE LRI 2, o IR 5T BbA i A R IEF SN E I B, B DI IR R, I, ASCK
T e-greedy IREALIRZR AT SR M (4 SEI PEAT Ak ) 4 JRi 1

m(als) = (15)

1—e+¢e/|A(s)], if a=argmax(Q(s,A(s))),
e/|A(s)], if a # argmax(Q(s, A(s))),

Hrh, m(als) FoREIZIRE s TURBEENE o KR, 224 —DMEEHLEL rand € (0,1), WREE
HUBUNT e, B REMAE 280 I A Tk M Eh 11 4 o S MR BB AL IE 3R AR, e Z I 340 BR i K B R
{H. A Bk AR, « [HiRE N

0.8

10X (i—0.6X Njg) ?

1+e Nigr
Forp i FORBANEAREL, Nipe RoR5 SRR K IEARREL. X R BT I 4 Ak A2 RE S~ T PR 2 AR
RN RE, e EREEEAE R INZEETIRNE 0, Fon Q 5% ) BVESE ISR L v iy i 32 Bk AT
BENLIR RSN, BEAE OB N 5 39 T 20E I Q (& KIIBhE. ARYE LR M 15 251 s 47 R AL I
Q FAFIELRIMEE 1 PR,

c— (16)

Algorithm 1 Q-learning algorithm for rescheduling high-speed trains

Input: Initialize Q(s,a) arbitrarily;
Output: Train rescheduling strategy;
1: for i =1 to Nj do
2: Initialize Sy = So;
while S; # terminal stations Sepq do

Generate the feasible action space A according to the constraints (2)~(11) as Subsection 3.2;

3
4
5: Update ¢ (16) and choose an action a; from A as (15);
6 Take action a¢, obtain next state Si¢4+1 and reward r; from the envrionment;
7 Update Q values as (14);

8: St=St+1;

9: end while

10: end for

11: return Train rescheduling strategy.

5 MEEWIES DR

N T SAEARSCHT I R R S, AR TAT EREER R m ek B - FBM AR X B sk
Priefl, wE T 3 MRRMENIALETI R, @ BRIE, IR 5% A MILP, ACO 23 FCFS [7)
SOEHAT X G, RO T AR ST SR A S ST R A RUE. R RGRE W T 60T EHL Intel
Core i7-4790CPU@3.60 GH, 12 GB W17, 3£ T MATLAB2019a #& @501k 2 > 59, MILP B T
Gurobi9.1.1 3Rff, ACO H % KH MATLAB2019a K f.
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Table 1 Road network parameters of selected dispatching section

Station j Location I; (km) Capacity C; Minimum running time (min)
1 0 5 10
2 81 3 11
3 136 3 10
4 201 2 20
5 297 3 13
6 361 4 21
7 473 3 -

Train plan operation diagram and actual operation diagram
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Figure 6 (Color online) Results in case 1. (a) Planned train lines (dotted line) and rescheduled lines by the proposed
Q-learning algorithm (solid line); (b) changes of each train’s delays at every station
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Figure 7 (Color online) Resource utilization chart by the proposed spatio-temporal topology matrix in scenario 1.
(a) Resource occupation before disturbance occurs; (b) resource occupation after disturbance occurs
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Figure 8 (Color online) Convergence of the Q-learning objective function and average cumulative return function.
(a) Variation of average cumulative reward value when the iteration increases; (b) variation of all trains’ total delays
when the iteration increases
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Table 2 Adjusted train timetable

Station
Train

77D XCD LHX ZMDX XYD XGB WH
Arrival 10:29 10:57 11:20 11:30 11:50 12:06 12:34

Trainl
Departure 10:34 10:59 11:20 11:30 11:52 12:06 12:38
Arrival 10:22 11:16 11:27 11:35 12:01 12:19 12:48

Train2
Departure 10:47 11:16 11:27 11:39 12:03 12:19 12:51
Arrival 10:46 11:22 11:33 11:47 12:13 12:29 12:53

Train3
Departure 10:52 11:22 11:35 11:49 12:13 12:29 13:01
Arrival 10:58 11:38 11:49 11:59 12:21 12:34 13:05

Train4
Departure 11:06 11:38 11:49 12:01 12:21 12:36 13:08
Arrival 11:11 11:48 11:59 12:09 12:44 13:02 13:31

Trainb
Departure 11:14 11:48 11:59 12:23 12:48 13:02 13:36
Arrival 11:26 12:00 12:11 12:21 12:41 12:54 13:16

Train6
Departure 11:29 12:00 12:11 12:21 12:41 12:54 13:19
Arrival 11:31 12:05 12:16 12:26 12:46 12:59 13:21

Train7
Departure 11:36 12:05 12:16 12:26 12:46 12:59 13:24
Arrival 11:40 12:17 12:30 12:56 13:16 13:35 14:04

Train8
Departure 11:40 12:19 12:46 12:56 13:18 13:35 14:13
Arrival 11:39 12:24 12:52 13:04 13:24 13:42 14:06

Train9
Departure 11:45 12:41 12:54 13:04 13:26 13:42 14:07
Arrival 12:12 12:47 13:00 13:12 13:32 13:55 14:23

Trainl0
Departure 12:12 12:49 13:02 13:12 13:39 14:00 14:27
Arrival 12:12 12:53 13:06 13:26 13:50 14:08 14:36

Trainll
Departure 12:18 12:55 13:16 13:28 13:52 14:08 14:44
Arrival 12:30 13:03 13:14 13:24 13:44 13:57 14:18

Trainl2
Departure 12:33 13:03 13:14 13:24 13:44 13:57 14:21
Arrival 12:53 13:28 13:39 13:51 14:11 14:26 14:55

Trainl3
Departure 12:55 13:28 13:41 13:51 14:13 14:26 14:55

712 T HIAHE SR, e VPRI R 1 0 BlRIKE.

Q FAWBAT IR EETT Z, AU 1R 1 46 X A1 12 47 e 18] AT 5 R BUAS S8 K [0 i 2 B 1 F)
S, T H SR 1A B HEAT, RS G AT U SR D B AR A 6(a) TP 2KRE RS AE 12
(ZAMEHRIESLLR) Se)mldT 1 AT 5175 10 (BIRBIARESELR) 1 11 (T HEARIESEER), i 7 HE KR LR AT S 2k
SRRV 11 W E B AT 2R S TR AT 4, AT RAE Y, #1014 11 i 1 BRI BU0I a6 5 a3
13 min, (HAEFS, 3 M OBEESIE 12 FHZ 0 N2 5 min, (845517 12 BATEL. R IX R
AT SR H 2 T EOIAT 51 4 ARG R TR BRI N, SRBUONTE 4o 3 1A 4 A B s i 1 B ik 1 2
LIRS 2 (WK 9(a) ZEuh 3 MBI SR A, BRI T 40 ZE 11 AR IR (RO 20 250k
R s (R) R 0), (HB04 12 AT JE rDEE R B 2w, 2 REER (BT 512 00 B ) AR, 1Y
B ZE 11, A8 Ja 4 DX 8] 2 0N F AR 1 rh F0 B 18 22 o IS DL o, S8 [ 17 |l R A T 3 B30 e I T 3
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Figure 9 (Color online) Distribution of total arrival delays and total departure delays at each station under three typical
railway operation scenarios. (a) Scenario 1; (b) scenario 2; (c) scenario 3
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Table 3 Performance comparison of four algorithms in different scenarios

Objective function value (min)

Scenario Number of delayed trains

FCFS ACO MILP Q-learning
Scenario 1 13 970 800 780 765
Scenario 2 11 768 589 578 570
Scenario 3 6 588 354 352 345

FEALKR 22 RORPTA FIEBIA RS, 2 PR AHA], 2d TR MR 2 R G-I LA s iy 18], DL R4,
T LAE B AL R iR BE 11 Q-learning 777 ACO B0 MILP 5032 3R i 21 1938 47 TR 2Rl i e
R TR BE S B G2 A7 R FE A 1 R AE B SRR IR W, M B AT R AR IR S, i FCFS 3%
TE Ja B3 51 2200 i S A 0D, (BAESE 5 Sl fn TP AN A oo3s RN s 3 a3, 1 9(a) AT LA
i, FCFS HykMERe i 22, TE50 5 Sl i B s o) [RZR AT 36 0, #2858 HE S B AU (8] D4 70 min 245, ACO
VUG M AR KT 3 min, MILP BYEEJSE 54 3 min IR A AR AEDK . 1M AR SCHTHR S0 A
W] (SR 80D 1 LR, e feAEAC th ki 28 7 Sl Ry g ) TR] 4223 T 0.

ERFEHZ, WE 9 1 3 ANFEWLE BRI Q % I EVEEAR RN 2550 F Brikfs
(S AT T R, REREAR U 1R P A [ 1) 18 i SR e (5645 0 2 1) B A i 1) e Ak B il oF H 5 3L
fiie 3 ANFIEAREL, AEEZE R, BT DR Q 2 ) BIERES AL BEAN [F] BE Y 5, I HARAS BN
WL R,

3 MIgECE, SHEIEMTERETR AR LL LR 3, FTEUE M5 3 B35t 1 KRR E BN SR,
S EIM S AR ARG K R EE N, 4 Fh R TR (VTR B 7 1 S e s TR b bR U 3 R BLE
IR B FE R T Q H I IR T R, S i ) i, Fg MILP Bk
ACO %%, FCFS BiktEReim 2. N FiR 3 Mgshal DL H Q % ) W fUS I (RN T MILP 8k
M ACO FIE D 2% Fofh, PRS2 0 s i (B93> 1 min 2245, WARX T FCFS HikZ0
20%~24%, Bt T A SCEIE IR .

6 %5t

ASCEE R TR AT T R A RS &L I, 4R 1 72T Q = I IB Ba B i, K514
FRIIE AT AN B RE AN 2 [ BUP 91 DR SR AR, JF 8 SC T R NEFR 3 381 4 B2 AR 25 8 s sl s
) A ml 4 bR K. SE AR B, T de Q 24 2] SV RE I R/ B 4 1) B AU TR]. AR S SR AR A R
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Rescheduling of high-speed trains: a reinforcement learning ap-
proach
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Abstract With the construction of high-speed railway networks in China, the traffic density is constantly
increasing, and the complexity and difficulty of train rescheduling sharply increase when trains are delayed due to
emergencies. How to dynamically adjust the train group operation to reduce the delay and improve the punctuality
rate is the core of operation adjustments. In this paper, a model-free reinforcement learning method is proposed
for the operation adjustment of high-speed trains in emergency situations. Firstly, the operation adjustment of
multiple trains in multiple stations and blocks is modeled as a sequential multi-stage decision-making process of
constrained resource occupation and allocation, and a dynamic spatio-temporal topological matrix is proposed
to model the stations and blocks. In view of the strong spatio-temporal correlation of high-speed railway trains,
a reinforcement learning state space, action space and reward function containing spatio-temporal distribution
information such as vehicle positions and network resources are proposed for the first time, and an effective reward
feedback mechanism is constructed. Then, aiming at the difficulty of huge search space in high-speed railway
operation systems, this paper proposes an adaptive generation method of heuristic action subspace. This method
uses some explicit static constraints to construct heuristic rules to reduce the search space, which can effectively
reduce the trial-and-error times of model-free reinforcement learning, improve the efficiency of solution, and retain
the advantages of model-free generality. Finally, the simulation analysis of the case based on the actual data of
Beijing-Guangzhou high-speed railway shows that the proposed algorithm can converge well and significantly
reduce the delay propagation within the train group under multiple delays caused by the high wind speed limit
in different space and time ranges. Compared with MILP, ACO, and FCFS algorithms, the proposed method can
reduce the average delay time of the train group by 2%—20%.

Keywords reinforcement learning, spatio-temporal topology matrix, train rescheduling, FCFS algorithm, opti-
mization
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