¥RNRZ ez

SCIENTIA SINICA Informationis

L HP T R TR @RS Rk s TS AR ik
FEAET, IR, E2, S, T4 and =EERP
Citation: 5 Nl 2 (2022); doi: 10.1360/SS1-2021-0332

View online: https://engine.scichina.com/doi/10.1360/SSI-2021-0332
Published by the

Articles you may be interested in

SCIENTIA SINICA Technologlca 42 1148 (2012);

Adjustment for train operation under the condition of mass passenger flow in urban rail transit
Journal of Shenzhen University Science and Engineering 37, 617 (2020);

Train Stop Plan Optimization of High-speed Rail for Improving Passenger Travel Efficiency
Journal of Transportation Systems Engineering & Information Technology 20, 174 (2020);

Science in Chma Serles E-Technological Sciences (in Chinese) 38, 1795 (2008);



https://engine.scichina.com/publisher/scp/journal/SSI
https://engine.scichina.com/publisher/scp/journal/SSI
https://engine.scichina.com/doi/10.1360/SSI-2021-0332
https://engine.scichina.com/publisher/scp
https://engine.scichina.com/doi/10.1360/SSI-2021-0073
https://engine.scichina.com/doi/10.1360/092012-611
https://engine.scichina.com/doi/10.3724/SP.J.1249.2020.06617
https://engine.scichina.com/doi/10.16097/j.cnki.1009-6744.2020.02.026
https://engine.scichina.com/doi/10.1360/ze2008-38-11-1795

R E R S BB
SCIENTIA SINICA Informationis

®X

Z a8 N E TR AR A S IR R R 5 ZE B 1T SERY
WA

ERENA RHET ] RFEM KM T AT R E B

1. o EZGER AU 7 AR, dbat 100081

2. W EGIERFAAT AR AR RAT IR A w8 EE SO0, b 100081

3. MERE AR, K¥) 410083

4. EBRIE R0 AU A B A | B Rk ez i R R LREBARHT 70, JE3 100081
* W{E{E#. E-mail: zhangqi@rails.cn

E R H ARG (S U1834211, U1934220) . HE THEFESIEH A5 EMTE (JithE5: 2021-XBZD-2) i+ [EZiEFl 2wt
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WE AR E AR BRI, AL AR AT [ 4 B &, DLt BAE S A,
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EMHRAE h, RTFREIELERFWEATERE RS R UHIRE A E, TR E N
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AR A A e R, A B SRR A SR, WAL B AT LR B K
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RE, Wb, NRFEIRIREA R FLERIRM, 525 HBURTE R ER, MR AT, 4R
KR F AR AT RO ™ EIN AR DA T BN T IR ARl DX A) B I [T e PR e S5
iy, WRRKEMELAT R LA R, WS T A G205 IR R gt b PR i T Ak B
THRI, ARG EERCK, TR T 5 A S P AT foe e A v LA TR] I fRAE.

YD —2RNP A ) B, 51 221847 T 0 1 AL 91 ZEAE Bl O3 A 2R I 221, 3B AT R B AR P2,
SROATRER R IEWAT R S I AT B R E L BRI E 2, N TR IR 5. 2%
SEOTR MR AT R A FE RO IR, B AR R A Ml R P A RO RIS 2 ) ZE TR
ANDC T AV Z0 3, BAB 2R 5 i e i TR]03), T 1) 22 R MR 2 AT I (PR A4 A R ST . %5
ARPEIFEA I AN A 51 22 1847 P S B i R b R TR 210, 2Rt Vol FE AR o 5 B AR &, DRI 91 %
AT RS R A R AR I L R, 25 R e 0 A 2 A o LB AR L R[] 5 o I ) e,
BV i 1 B8 27 A3 AT G A0 % 37 42 o5 P P 2 X P PRI ], o6 37 4 G A ) /0. e T L, 31
ZEXS BT AT, PAIE SR IX R R TEAR 2 TN CHLES. 25 b, 385 2 R MR A1 251847 T B i PRy i A R e
e BRI A B ST AR Y TR AR AR A CPLEX B # GROUBIR fift 41 R 18 47 A B e (L 77 5. 1B
Aiim ARG, ARt ZARRISI EIBAT I B L A, R 5SS PR AR AR BN B, A N
A REBORAE R RS A ), DABRAL 22 21 AR BN L e 7 AL B 2R 38 AT TR B 1e A e T2
FEOU YN 4 B e I SRA A n] L T [R) R L 47 223 A7 R 88 o ) S I SR A 90, 98432
ST AN IR AT P B R AL 2 I, B TS R B Y R M Deep Q Network M SR 21 J7 1%,
SEHLH 2 0 18] 5/ N R R D0 T 38 7 58 (LR Ty SR 15 A DE LB MR - s AL 22 S A B (R e T AT RIp
STACAIE AW 48 RO 181 A TR SROR P e 22 A1 a0 93, 5 SORIAR S S5 A A ke 8 FEE R A ] il )
IR A DA ORAIE A3 T B 7 SRR B A, (EL T 7 SE AT PRI TR) N 45t — AN AR DABSORRS5A5) a8t
P TNORL 7 RS T AR A AL S0 AR TR R B B 51 2R 3847 8 4 ) AL

g5 b, KB TN T WA TE 4 3a AT M B 07 RIS R AR 1. SR, SERRF A2 4TI %
AR, L RS R BRI A — 2 R BT R AL, EEE A RARYE S s T e
R 2 AW, A28 YIS T 47 HLSe i PEE s i 9 R I8 AT BT 26 AL BRI AT, S A
TR RETNEA L, BEAL TSR PR R KRR e 2R A FEAL SN, 5385 2 AL, 3R
SRAG N 22 IBAT 1A 5 0] ROLRR) S IR S v, REAE AT BIR AN 1] P 45 R A AU I 9 91 22 38 A7 T 48 U7 . (B
HEAG T AT BB L 5 Ty SR SEI PE A B L MR 2 . AR A AU R BE AL 1) e, T T~ A
X ETH SR E IR SR B, AEREA TS SR A R b I N R S 4 TR UM R s s 191 DL T3
BIFEWRW R, J AT, A5 AT IR I E A, BT TOR SRR S # A SE AR
45t T 3T AT RORAR AR DI, ASCEE X 22wl B B 00, B8 423847 1 48 07 S A PR A i
I P A RIS, ff HH R R A 81 40 AT SN R B 053, I8 A [RIE AL SRR AR S 7 5 b RS Bl st
%, BUEPTIR WA AT YR 2. BRI AR S R: (1) BEXT R B O, BT A
RAEUF AT B HE s, $ Hh R 28 R (RS A 75 7. 5 BEAT T 0K 22 SR A5 R I 2 ) S 3
BB T IEAH B, AT A HE G T3 124 R R 2 (R R TR R s (2) BT X8 423847 1 4 1) 7
IR B LR, BT RIBER” M s AT I8 B U5 sABeih B A RIS 7 ik, R 5 2R 18 4T R B i) A
WNTELTRIA R, ST+ BEAL SRR R (3) K50 BE R B AT I R 2 30 e B OV R RIR, 52
H 2 DR 5 R SRR RT AR A TV, DRAEAIE 2 FEVE AT RT IR T, ST+ S0 A S Se S L AR A
WEE 8

HARTWEMUR: 250 5 G347 IR 5 o] UM -l BB O T RS R3S L 4ok
BB DL N A I AT B AR, S 47T B B 423 AT TR B 1) 1) Ry ) AR A, R 2 il LR R
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(R AT PSR A 7 i (B ARSD BR, VEAR S 2, AR AR AT 4e A A AL T SRORE 2R 1 10 B A i
S5 TR A SO B 5V T A S0 BEAG SR AT SR G UE AN 45 SR LE 3 HT; S6 T R A5 A AR S T
1E.

2 (o)A

ASCER O Rl PG LN I8 s AT R R e, A TR I e kI R R A S AR
B, S B R Fe A T I ZE 5l B B I LI thAH B R SR A 5 R I 2Rl BBt 2 4 52 TR A s, &
B2l e A R UK R B ZE AR B I i A, R B S TR . R R RS, BB
il AT AR, (EARERIES . ARYE 0T CRBETAE R RAEATEARSAE) 2O ZEuk 31
TEOLN, B EAE BB R0 )5 B 250k S AT 5 A vl e g, e H B AL 52 52 1 271 A B 2R i 1R R 2RI
Y. ek s LA RN Rk (B S AR TR, WIS R A MRS BB B R oNT = {1,2, ..., 1},
J={1,2,...J}. % (i €l) WNIGR SIS A, FEIFIE RIS, § (5 € D)mid B 150, A RAL
Rk J. B G (5 € DB, toare M tena 73 MRS E BB TT UG0S ZIFN S5 SIS 2, 00) 22 3k
BRI A0S BRI [Estart tena ), BUBTA S22 MBI ZEAE tona BT 1R) RUZJG PT NP B 20 57 R 2.

AICFERFREIX AEBAE, RE T, #0 CReREE R KRG EATEAR M) ROBE, RAX
[ BT, B384 T I [FREAS v S5O e X 1) S A S 35052 i 97 4 4% R BE AR Iz 47 B T L (38 AT
T3 B 3K 5 2 4, S oA 7 R 1) A X (] 0 308 B 1) 4 [ G B B0 R 7 22 3 PR 452 Sl B i), AR
AW BRI T IR B, [RIRE, AR SCAH B R FAE R A Ful 3, HEE R S8 Fu A
FHERINERS, 51750 A i iR A 5 s TIR7, fEEBUZE 5T 2 N b fpike. FRFEaidr &k
J&, B4 CAIR A 18 AT 0 30 3 4 4 s

BT XA SCRT % FE R 3l B S, o N AR (1) BRI AR Sl AN T PR AT B Bk 7 DAAR
TS o3 2 A B R AR, LR AR Rl I B R4 (2) AR TS R, oottt
() FFUE IS Rl e T 255 R R ona AN P 085 (3) ARAE R T CRREE R BRRIFE ) (Rl ki) S s
H1405% “EEST 5 EBUR I EATRARER” | MURSCA BB, 7 ML B AFE— AN BB, RIE
S22 BB W R 81 25 AT A T B e S B B A B

3 FIEZTITHEER

3.1 HBEfrEH

BRI AL P s SRR T, B 4 I BRI DR TR AN 2 8] 5% R s AT R . R DR R
/1% Rt H AT PR3 IZ AT, WOB AR 4ot 1k 2o %1, 32 ZEsh i, S R s AT
B AIT FE (3 AS H b R AT BED D W i B AR e S AT AT R B I . 0 B 81 R AT SRR B i A4k
H bR A5 2 B s (), B

I J
min > N [(dij —diy) + (fiy — fig)] i€l jel (1)
i=1 j=1
St U, 4RI BT 7 A 2 0 P SIS RIS KT, d, 90

BRI BOH R R T, B 25 24 1 22k R S B Bl Ik 2R SE PR A 20 2. eBGse (1) TR, iy >
di g, fij = fig, SEC(0) TR A B1 4 S B s I )2 R G 1.
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3.2 AREH

HI AR R R B SEPRIS AT, BARAT oA\ B 9 A AE A2 a0 B, A st el L, DA R 44
b 7 AR B LI, HAN SR il R — B, 4 270 2 e e A Lk 4 gk o 11 M i 22040 45 10 23t 1
AR AR Y. HEEAS AT AL 2 R AL H:
e IESE S

fi,j - di)j > Cglji-n 1€ ]I, ] clJ (2)
o, i FoRB A0 T 240 453 5 B /M IR 1. 2X(2) s A LR 81 42 JELAT Tt TR), ARAIE i
[ 2 4 afe k.
o [X[EIIZATHS[H]Z)H
dijr1— fig 207" i€l j,j+1€l (3)

Horb, di j BORBIRAE N — ol + TR RIS 2, fi ; BoR P RE 280 220l (K R ZE I, bin R4
eI (5, 5 + 1) (ZEsli g A0 -+ 12 TA) st ) X)) ) s /N X R AT I A 20(3) R 2 91 4 5] il Bl
RERRL, 514 1 S X TR] 32 AT B 1) 23 A2 e M 20 3R
o FHABHIF 4 1) B3k B K 4 18] B I ] £ 3
divrg—dij >Taa i, i+ 1€l j€ (4)

fiv1;—figzm i, i+1el jel (5)

Forb diqy j 70 fiqe 5 70 AR IR B 2+ AR 240 25 bl 5 ) S s B3l B 220 R0 SEBR K ZE I 21, g M e 70 70 D 2
ASIEAT VP RIRE 1) i /) 28103 T o S TR R e/ 2 2 TR R et 1) 5K (4) A (5) 70 39l ZR s A AR P 51 2 A + 14
2RI 23 (0 B AR b2 T RA 2R AR b 2 8] 53l 28 2 18] B raa Al e
Tuh R OL T, B o e Le i b S2 5o m () BAR S 2, FRif € IR 51 2 BB 2R ol ] A 4 10
I 2. e 73 9 AN G il S B RN 2 B B R 91 2. R ulh BB R, i 9 BB 2R o 7
IR — FA R .
o BIZEAEEN B 4 uh A I 2 40 0R

ff,j’ = f},j’v fi,j’ < tstarts ie Lo
fi’,j' = tendv .fi’,j’ > tstart (6)

r r /4
firjr = firjo +7aa, firg > tstart, @ € Ipig

Horb, 1, = {1,2,..,8 — LRI, = {&' + 1,4 + 2, ..., [} 53 B FRIRAN 52 0 0 5 ) R0 52 26 3l 4 0 5
Wiy (AN ELAE S 20 ) ) 246 5. 2(6)Hh, B T AN 238 e, A1) 220 fE 0 B 2 o ) TR s R ZEIN 20 f; o /N T
BRI Lt gpare, WF)ZE0SEBRAL IR R AR f; 5 B RURZE. BT 3 25 2 BBl 57 H R I
FE—HIBN L, WH ) P SEBR KB 2 fr 3 55 T BB R Zltena. FHERSZE B B 520" {1 52 B

RIEWEZY fir o ST BT I E R TR 2 fr o 55 8/ N B 2 18] BRI 8] g Z AL,

4  ETEFIIANEITESSEEE G A

HIZE3 TSI I AT I BEAR R R, Rl B B O, BEAE T 88 R B S 22, ] FOUR g M J3E 52
DARERIGK. bl WL, B2 47 1 8 () B T-NPAE () . 0t e 2R 1), E A o 55 n £ A BN [A]
e AR A A (B A P BEAL T 55T i 3 EUCRE S 1 B 7 S SR ot B A CRAUIR, is AR EAL
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Initialize the initial population
Start —> . S L
using heuristic initialization

Input dij, fij, Employ crossover and mutation on
[tstart, tena) the selected individuals

l

Install the population size N, in the
encoding method, the current and
maximum number of function
evaluations NFEc, NFEax

N Calculate the fitness of the current
individuals

v 1

Calculate the minimum objective
value of the current individuals
using the decoding method

Output rescheduled Generate a new population by
timetable (d;; , fi;) comparing the fitness
End Record the optimal individual and

decode it using the decoding method

|

1 ETEEFIRR B TE SR 5k

Figure 1 Real-time rescheduling approach for train timetable based on problem-specific knowledge

THELHEZR b v B R 1A i R AR 5 QR ST 38 7 S O SR PR AR AL 1. bk, ST R 42
BRI T A R 1) A AT PR 1) A, kTR A v S SRR Hh B R R R AT IR S i B
Jrik, BAOL BRaE R

B, AN SEAISAT B 1 L E BISEI 2 d; 5, BRE R AR 2 ;5 A2 sl b A 18] 90 BBl [£svart s fona). )
I SRS HY, QB FTHR RS T35 T AR /N N, T8 N FE BB ) 24 HTREUN F By
A KIKEIN F E o, AT A EERIAR AT 95 T BOWTAERIAE. 5 , RSl =24 i i 5 R o B A Ik
HOE TR B EGE. F5 2, W B RS BBl i A 2R N I SES U AT I 5 0, 0 i et
AT IR FE, 28 SOMAZ S (A, THE B2 A5 T3 92 2 BRI RE AR (1 S50 s R B0 (B R/ 31
ZE ARG S I 8]), 38 T N PP bR B SRR RGN E KD, e R I A A I 0 L g
e, AR T SERAG B 2 M 5 e A S B4k K R 2R IRy, AR SR SUEAT B (B d, 5, fig). H5ETEL
BB IR, I T R EURR RS AT B SE AR TR R s A RS ISR 1 . 43 b, ARSCRT R A T il R R
(HUIEAT B S R ik B (1) 28 TR AR AR U 1 R R H AR ARSI GRS T (2)28 T “ %08
B A A ia 4718 7 AT R R RS U7 1% (3) I R B2 L R 206 32 R R S sa ik 7%, BLR
TEGH A T 7 T it RS AR A A6 A AEBE A TSR 2R b ) R AR it

4.1 ETRERFHIHTIGE

BEACTH SRR T G it 7 it i PR e AR R AN AR 248 2, 3 T 0 i 59 2 ) K/ N R i SR g 2
H A AT B TR BN GO H Y SEBR R BRI 2, ORI S B X A 2R IS AT U R i) UK 2 O SRR
ZEIN AT SRR T2 22 ST A3 PR, A1) IS AT VR A A S B R B T VAR R

Eri = [di1, fis .- diges fijry--ndrg frg] i€l '€l (7)

Horh, B R SSREHUG Y T AL SR MO R AR A e rh — ANk, B 4EEh2 -1 - g, T
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Algorithm 1 Real-time rescheduling algorithm for train timetable based on problem-specific knowledge

Input: The planned arrival and departure time Jiyj, fi’j, the blocked window [tstart, tend)-
Output: The rescheduled timetable d; ;, f;, ;.

1: Install Npop, NF Emax;

2: Install the initial population pop as train departure sequences using Algorithm 3;
3: NFE_, <1,

4: while NFE_, # NFEnpax do

5: Employ crossover and mutation on the selected individuals;

6 Obtain the train timetable of the current population using Algorithm 2;

7 Calculate the objective values and generate a new population;

8 NFE,, « NFE_, +1;

9: end while
10: Record the optimal individual and decode it using Algorithm 2;
Return: d; ;, fi ;.

TRAAERA R 13 A28 08 T 53 AT AE Bt B 2l RURZERS 1 fr g, D75 (AR ER i) HLAS K ) 7 — A
Y, @diy = fias fr,0 = drg. BrofENFREGL @A H b —AMA, FERETHER 3, 58 SONIAR 57 (42
BT, WEIZAT BRI AR TR ZI AR 2RI

A7) FT RN, SRR ER AL T VA AT AR BUBU™ B “4EREOCHE” 0], R EAE A1) 223 AT T B A B
JEFZEAN Ll ORI N, 1) R A XE P S IR EIE K. Dyt AR SCET X Bl BB O, RS 4
FERF R0 1R 07 A 9 2 SRR I TR a0 pl e i HR R T R 22 IR P B HE B 20 % 05 2%, R

EPM = [Ol’j/,OQ’j/,...70i7j/7...,017j/] 1 E]I, jl elJ (8)

Horp, HEBIGRAS T35, A SVE R G A (1 L o — AN A E T AT B AR AR B B R O R BRI
FF (01,51, 02,51 vy 03 1« oy or ). TRBCURE— R 24/ NS (144073 %) OIS AT &, I SCREB By I A 23 1)
IBAT BRI )3, B 144075 HEB 2 i T A 18] 08 91 AR BB 4R ot R R IR PR AR (BT ). —fets
OUT, kI FE X B3 4N B Bt R W B8 2N B AL 3581 EAE ERTHR T, HEZIZWAS T IR 2
A1 /N TS AR B AS T BOAR 22 18] HEBIGR ST T, AR RPN T A FIANMATE i e BE KR,
TR A AN i35, S SORAR 5, ELBITE B 5 K BR EOPN BN F B N, 400 3 51 R AE PB4 2 11
RKEWRF.

4.2 BRAFEE

BEACSEAE AL BAT AR ML PR (3R(2)- 3K (6)) I, 75 ZEH AR KR THS I 8] X bk, A SCAE RS2 65 7
2 A R AE BB SR AR O IR, IR« BB R BIRS R IEATE R TT X, BRI T L
A a5 S 5, RIGE I vt f5 s UV 3k 1) oK Ao R P IR BT AT AT B AR ML 20, s iR il
HACN T LI RAAL R, SRTHEE SRR, ok, “BREBER” P e T8 B U5 SRR S A AL 8 4
U i S T A 2l 2 /N A S N V) A5 i, I 5 A it ) [X TR 4% /N [X [ AT I (32 AT, JF HAH SR 51
S AL foe/ INIB R 81 26 18] B IR TRLZ AT128). 78 T R R st 75 0 1, 8 e ARt A 53 P SR 51 2 4
B R BRIy, SR ZEAE PR Rl (0 B 58 R 2RI 20l AN FEM B i R0 AR A e A st
TEBFEI N D RR:

Step 1. i FITA 52520 51 42 A8 S50 20 il 7 K FL I 482 2 b2 7 0 ) R 4 e B I TR 4 K (3K(5)), #5
AN AL, TR BE B2 520 81 AR A B IR 250 (0 1 R 2 I 236 A2 1% 20K
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Step 2. %M “ BB EE” J7 I, 54T E S AT 4 L B ARG I TR 20 o (2 (4)), 8O ZEAE 21 4Rk
PRSI o 38 3t P 20 88T T 26 12230 PR S B B I8 201 5 _E SR 93 970 24 1) e /) 38052 T B S [ 2 R e B X
(247 I A 20 TR (X (3));

Step 3. J& Z-AE I 25 il (1) S R 4 I8 20— 7 1 R A AT 51 2 1R /N R ZE TR RR I TR ke g, 53— 7
T 75 2 7% F8 5 2R AE 240 253l S AR PR P 5 5l B ], 255 DA B2 055 B B A5 sl R] 29 2 (2(2).

FZEAE SR 1 R I 2 20 R (2 (6) ) A E HEAL VL I AL BRI AR, A FEIE 2 KIS ). 257
., IPAAT AR RN B, AR IR, BT I 2 AR 5 R RS O s i O ARAD an SR 2 B R,
HBRERENOT - J), Forb, TRIT 50 AR 2% LA ERIZE s 80, B T ot A — AR M4
LRl N B R BT B B R . LR, BTSSR, R B 2 R U AN R 2 A i 1 S 45
BITH.

Algorithm 2 Heuristic decoding algorithm

Input: The planned arrival and departure time d}m fm, the corresponding time Jg}}“, ]H;,IZV[ in the current population.
Output: The rescheduled timetable d; ;, f; ;.

1t i <=1,

2: while 7 # I do

3 jegh

4 while j # J+1 do

5 if fit1,0 — fi,j7 < Taa then
6: fiv1,5 = fi,j + Taa;

7 end if

8 j&EI+L

9 end while

10: 141+ 1

11: end while

12: 7 < 1,

13: while i # 1 + 1 do
14: j<i +1;

15: while j # J + 1 do
160 dig e d o+ (fug = TP fig = T+ (fig = FEM)id <5+ 13
17: end while

18: i<+ 1

19: end while
20:i<1,j<1;

21: while i # I do

2 while 7 # J+ 1 do

23: if di11,; — d;,j < Tqq then

24: dit1,5 < dij + Tad;

25: end if

26: if fiv1,; — fi,; < g then

27: firr,y = max{fij + g, dig1,; + (PO — ditl )b
28: end if

29: jE=j+1L

30: end while
31: 1<=1+ 1
32: end while
Return: d; ;, fi ;.
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4.3 ETREIEFIRE X XHEHEK

B TE R R FH BEN UM GG I T 2, M e (RS (AN [R) SRR AN B SR BE LR ]
SEAORAE T R 2 R, H B TR R0 rh B DA A, B0 T BRI R BRI, ik, A
SCHE AT I AR ) B R PRI A6 77 . BT () Te] RO AR R R A — AN M, fR
UEREAG TSR0 22 AR I [R50 i 30 P ST S PR A SR i 7 22 ) o

TS 51 223 AT R 8 1) R SEBR (R 75 5K, e A A, AN [RD R B2 G A % BB PR 1 T i 6 A, 1) 88
RS T8 AT R AL B A Sl AN B 51 2R3 AT VR ) . 5] G 4 HR R R SR A AR R o R, AR A G A
BAT, B S A BB 0l R A IR 4, 2 5 21 20 S I iR /N B B AR R R . AR
SO T B ] v o R B S 1 AR sl e AR 00, AU e R 51 23 A VR R e R AR, R v T K B 2
b, ARV BYZEAE B 20l (R 0 R BSORI A 3 B TR AN SR AR [, 3 3081 25 MG R 3 AT 28 2% s IR 38 47
BRI A T Z2 5, 2RE% B2 EARFE TSR P 4. Rk, A SCR A 8 8] /1R (problem-specific
knowledge, PSK)FIH i B 51 i 2 51 A H B E 0l R EIR)T AL, PSKEAREAR W SZ2520m 5] 4
FE W 28 8 22l A0 2% 3l 1] DX [] (1) S8 A7 I (A1), B 2R AT S5 4 Mimn, FE BT B 2Rl o8 BLUR 4. T[]
FRPSKIF A R AR A6 A T I BAR B BRI 3R, B 5, B0 EE K 25 ZUTE [Estart , tena )N TA]
YRR N B B2 A B 25 (LR AN ), AR RRILFEPSK T 1% R IR B2 IR FF Opsc. FLIK, 10 B8 & 2 A
ZNATE [tstarts tena ) IS TG FE] A BR) 52 52000 51 25 (LR A gpe ), K FH ZE TR B2 S IR 55 (First-Scheduled-First-
Served, FSFS) ML E A EE AT, s EIE R KT Orsrs. 25, PHER KT Opsk 5 Orsrs, 4
BRI 32 520 B ZEAE S 20 0l SE B I R ZE T O 8005, BERZERF Oar E B, T N F)
WIEaRHEE . MR FIR D ER, BRI R B A ARG an 3 o, Horh, SZEEMR 1 4 S AT I ]
PIHET B (B3 55647 sort algorithm) K F Pythonffsorted B %L, FeIR 1 It Fsorted B L FI B (8] 52 4%
FERNO(I -log I'), MURIMNE LT, BIESHIN A Z I EAO(I - I -log I'), Ferh, DR IRERE oI 4 &,
I RN i BN TR VG Bl [Estane , tena) A SEFEMH Z1 22 R B

gx b, SRR R SR B R T RO AR IR . BRI S AT BRI I T SR A FE O (N F E -
Np), MEAE SCFNAZ S A F IS TR 28 FENO(NF Emax - Np - 1), Fe ) NFE oy 7838 N B3
KIPIREL, N, R R FHRERA /N, 255 B2 F I3 D ARRD AR (8] 52 4% B2, 45 th VR LA I 1) &2 2% 2
NO(I - (NFEByay - Ny - J + I’ -log I')). Horp, JRIRZRES L4 30E.

5 {FEL

NISAIEAR ST HA T 1) RN R R3S AT P S TR 7 VR A S E R AT AT, B T o i R T
BB DL T S5, AT 07 BSEEe. 12, i SRAR IR, AR TR R R S b, A
SCHTHE R R P HES RS A . R, 36RO BRI 4G 4k 7R ek A SR B M AR SR T
Boa, LR AR R Ik B ot 3L 513, IE 5 CPLEX, S6i B 26 ik 45 FSFS TR ) f 1R PSK f 37+
D5 AT R B, BRI e e e A SRV /N A1) S e s D R e A SR . AR SCHE T Python
3.6.5 9’5 H Fis AT B 4 B SLIG ) & O EHLECE W R Intel Core i7-9700T CPU@2.00GHz,
16GB P17

5.1 HAHS
RIRAEAN [F R HE G (AR G D 7 VR AR RN R BE R 46 4k 772 T eidb B4k Sy i ik RE SR T, R Rt v
HZE2020FE 5 H AT A E R REABATE, W B Eub B aUEm T Al 5. st mR L 2L a6
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Input f_u i g,

tstart ’ tend

}

Install the train set
Ipsk, lrsrs

N
A4
Input train i* and i" to lpsk Input train i*' to lpsk
Generate the departure Generate the departure
sequence Opsk Of lpsk by sequence Oksgs Of Igges by
PSK FSFS

[ |
v

Combine Opsk and Orsrs
to produce OaL

Input OarLto the
initial population

End

B 2 ETiEBmAIREE LK XEELSEE

Figure 2 Heuristic population initialization method based on problem-specific knowledge

S A AR B A BURR 23 A AR5 RE (0 km) « 7R (22 km)« 7K 5K (46 km)« 205 (84 km)« F4€(108 km)Fl
DREE(120 km). Ferbr, B Gl st w2 b TR0 73wk 18] TR R 2, AN 2 g 55 54 ) X
() fK g/ DX TB]AZ AT I (] 675 70 73] 97 min, 5 min, 6 min, 5 min, 7 min. ARYE G EEL SLPRERTE, WE
i/ MF U TRl CRin g2 min, /N BT 8] B I 18] raq A1 85 /N A 26 T I [) 7 229 095 min,

FMMRBEBHI AT, AT L BR & mimt Rkl LLAN, AR Al A6 5 r ki M A7 AE AL 5 3h 4 B, e
FeuliBt B A T AR Rl 2 2 b B e 1) 2 AR TR A s R et S LTI AL B B
LU, Gl Ir AR R BB B ARG Ak, L B A3 25 A 1) r ]k (491 L B b, sl AR i
AL A5 )[R 7T 1 B A S5 RS it

BREGIRI1 TON ZE b BB GO AT I T Koy, RBAIEEIETE A [F ARl BB T A 8, A
) BT 75 7 AR S MR R B4R N, AR SO IR R sl s BN RNV B 3R AN [R] ) ZE il B A 4, B s, %=
s BN T60 min AT, AR B KA /N T60 minfH /N 1120 min ATTZL3H 4, 27k = 8
KA/NT120 min WIS, IR, RIRIERVEAEA [F12 8 N B A 80, Gevt md B s 2L 5t me vl
/R B A . AR 2R B KA R S /IME, K5 ITE6 AU AL, 11 B 14T, 178 219850
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Algorithm 3 Heuristic population initialization algorithm based on PSK knowledge

Input: The departure time fi/’j/, fiuJ/ for train ¢/ and i'’ at the blockage station j’, the blocked window [tstart,tend)-
Output: The completed departure sequence Oay,1, of the influenced trains.
1: Install the train set I, and Ioqpg;
2. " <=i + 1
3: while i’ # I+ 1 do
if tstars < firr jo < tena then
Input train ¢ and ¢ to Ipgy;
Generate Opgk of I4; using PSK and a sort algorithm;
else

Input train ¢’ to Ipgy;

© X N> T

Generate Opsrs of I qpqusing FSFS;

10: end if

11: R e

12: end while

13: Combine Opgk and Opspg to produce Oarr,, and input Oary, to the initial population;
Return: Oar,.

* 1 FHHBUBA TR HRE, S

Table 1 Typical scenarios under the station blockage

No. Type [tstart tend) thig Nypig Ncon
1 morning peak, level I blockage [6:00, 6:20) 20 4 5
2 morning peak, level II blockage [6:00, 7:20) 80 10 27
3 morning peak, level III blockage [6:00, 8:20) 140 17 43
4 noon off-peak, level I blockage [11:00, 11:30) 30 3 6
5 noon off-peak, level II blockage [11:00, 12:30) 90 9 18
6 noon off-peak, level I1I blockage [11:00, 13:30) 150 16 38
7 evening peak, level I blockage [17:00, 17:40) 40 6 16
8 evening peak, level II blockage [17:00, 18:20) 80 10 24
9 evening peak, level III blockage [17:00, 19:00) 120 16 34

(K2 E I BRI A L m b, P, Mg, gih BIRASIR I ZE sl B S A S I B, 1 E AN S
W, R, BARME ,u@%%af?%‘&%i, Zr ki BB 1R) VS Bl [Estart, tena), iuﬁﬂl%ﬁlﬂﬁﬁtug, iﬂ‘
BN B 408 N, AL I35 FE I 408 Neon

AL BT SR ST EEASSAT B BT S IR AR AR S 2R R, MO %537 5 A 7 S R
TSR 2. HAMRE AL SRR FUSRIR Y, Seild 2 O ORI E REAN I ST I 1 A

iNcon'
5.2 HUWEAERHEBITESH

H 131 253 47 U 88 [v) JUAF AE NP HMERR I AT A 28 I 25 2 R, X L0 1] RV T HRE 8 AL ARV, i
B DA SR R B A A B, FRLEAS IR R b B G € A s B 7 v AR B ) U A 5 v T AT T RS 58.

(1) Z it (differential evolution, DE) 24l: A SCE S D EME ik 4k v+ 5 R 532, A5 DA
T2 R . Ho—, DEEFST AR AE L B2 AR A (NP eSS I B A U B SR AR R, TR 2 i Je 24 18
RN B I8 AT RS ) R ST 2R IR M AT SDE AT 8 L BUE B TR AR B 2R 18 AT 1 R e . L

10
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L TESRAFRE BE AR A I RS, AR TR R AR S R A, DEA B IR SRR B AR A 5 5020

(2) IN5EAG SR BE 1184 B (strengthen elitist genetic algorithm, SEGA): 4% H &t fb i1 &
U b EL R B R EE, AR TER R IERE S 8%, SEGAK SIS 22 A8 7 J ) e kAT
E I, NG TR A B RS SEAMA, B AR SR SEA AR R AL T B I 2 A 40 36 14 g 50260

IR AL F RS C H Jazzbin®s A F: T Pythonil 5 £ Geatpy I HEAL B T B A6 v 9w 5 ¢ i,
Geatpy K HH Numpy+mkIFICH %, #1H tbJavafiMatlab 5B A SR ARHE . A SCHRYE Geatpy B 7] 2 [
U5 B 2RI AT TR AR AY | 7E Geatpy IR BLVE SR TR A S i th 0 25T 1n) BT (138 47 I SE I 1 55 07
5. T Geatpy WDETLHEFI gn S 51, A SCR FH BENLEE(E (random key) J7228), K SEEERUR Y T vk
TS BALHUE RN K RBATHY, HR DE S B g i T R A P i 58 S M A0 () e AL I 22 1), R
ks A SC T I HE S g s 75 2 R F T DEH.

D7 BB ) BT AR LU A (1) DA CPLEX: CPLEX— HUR il 56 BUS I 423847 T
B W] B A R ) R A, S CPLEX H T35 Uk fe I cSOdbadh A S50 P SR B0 i R R A2 15 9 S LA
(2) B EE S IR S5 FSFS [ FSFSA: il EAIZAT B B K 2R IR IT, 5 SR B0t 1 A S0 I SR R 22 IR O LU AL,
T 1E BB A SOk A B BT 382 (3) AR 343745 B Hh 1) [l RN R PSK: 5 e A el it A B0 ol
SRR ZE R T EAT LA, T30 UEPSK OGP BT 52 (B A0 AN A A 1) o 2=

N T E SRR RIS AT S HL B R I R ul B A s e R & A s, A A AE R
BN, N40, 45, 50, 55, 60, 28 FHEHp,,, N0.5, 0.6, 0.7, 0.8, 0.9FISHEE Fisfros vt Hses. i
R B 9925055 ST B M), B REMUEN, o0, 28 S, 0.8, JEBUSI 25327
BT EEAUAE ARSI VEPIAN Fa Fr B FEAL T, B R 2 B A S R K 2 0 T 3 1 T R B0 B R PR IR
HUN F B 70 5194008110000, AR Geatpy (BRI 2 £ BT, DEMSEGA R L T I03E SUE R p, 43
N0.5800.7. AR S Bk SE PR B A, 5 A ZE IS AT VR A SIS (I TR BR 49 10 min, BISVELEL0 min A
255 H VR 77 S D SN PR K

5.3 EROH

AR TR SR 45 5, e UL 45 7 2 HES S B R S H 4 5 23 73] FH PM (permutation-based)
HIRI(real integer-based)#&7~, BEALFNEEY] 4614 F R HRP (random population), T[] BRI 5 K
PR EERT 45 L 3R 28 AHP (hybrid population). A LA L4685 77 R RAS R g 77 L AR EERT 4610 7
AR A BRSO LS. Bl PM-DE-RIZR /R HEF 4 % (PM) 7735 N K FH BEA LR
WILAA (RP) I ESOEDES . N 1% M LRl g i 7 VA ML 95, Ui W 26 T il R TR 1 5 o XM
WIEEA N BRI PERE IR T, U7 B SEIR E X R IFTR RN 55, R FEAR SR A0 SRR S gk h A0 Rk
38384725 IR, AT B3 KT 80,05 Wilcoxon FRAIRRSS. 76 IR T A SRS Hse st b, &5
HSFIWilcoxonBRANAT UG FITFE 7. A5 FE SRS 5 00 H Am B BB b, 240 58002 U AR SO Al D B3k
AR, WIARR SIS = 1; A TE PR LL 5 # R RETE 22, IR LR sesh s = —1; & — & Mehe
FH, AR ELESE R S = 0.

5.3.1 ARG ETELZNMRER

ONISAEAR SCHT R HE S G B 5 VA o/ B A S G s e T _E (AT S E RSR AR R, e BUR 13N
BN FL, HRANIFT. SR AT Prid Ak G4 K R I 2 S R g L (R RA SCRIT R L

1) https://github.com/RongshengWang/Problem-specific-knowledge-driven-real-time-rescheduling-approach-for-
high-speed-train-operation/blob/main/5.2/5.2.1.rar
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% 2 RI-DE-RP, PM-DE-RP, RI-SEGA-RP, PM-SEGA-RPRZ3MEKI TIamASEINER
Table 2 Experiment results for RI-DE-RP, PM-DE-RP, RI-SEGA-RP, PM-SEGA-RP on the three scenarios of level I
blockage. NA means that no feasible solutions are found in the current algorithm

No. RI-DE-RP PM-DE-RP RI-SEGA-RP PM-SEGA-RP
Val (min) Time (s) Val (min) Time (s) Val (min) Time (s) Val (min) Time (s)
1 1120.1 £ 196.5 400.10 £ 5.18 1080.0 £ 0.0 1.95 + 0.05 NA 418.22 + 8.38 1080.0 £+ 0.0 2.10 £+ 0.04
2 NA 954.22+ 5.46 13211.4 + 22.410.41 £ 0.10 NA 986.98+ 18.29 13264.9 £ 83.0 10.47 £ 0.22
3 NA 1349.04 £+ 52.6239254.3 £+ 60.517.25 + 0.16 NA 1377.51 £ 9.76 39291.3 + 140.816.87 + 0.27
4 817.9 + 142.6 430.45 £ 3.57 780.0 £ 0.0 2.224+ 0.03 NA 449.66 + 3.40 780.0 £ 0.0 2.35 £+ 0.03
5 NA 726.93 £ 4.70 9340.0 = 0.0 6.45 £ 0.07 NA 746.40 £ 4.73 9347.5 £ 29.7 6.54 £+ 0.15
6 NA 1214.81 £ 6.27 30650.7 + 55.514.70 = 0.42 NA 1254.74 £ 6.24 30693.1 + 151.314.29 £ 0.48
7 NA 680.30 + 6.21 3764.0 + 0.0 5.87 £ 0.04 NA 711.04 £ 25.44 3767.7 £ 14.5 6.05 £+ 0.10
8 NA 972.29 + 3.39 13094.0 + 0.0 9.85 + 0.09 NA 997.64 + 7.07 13137.4 £ 74.5 10.22 £ 0.11
9 NA 1143.04 £+ 8.32 27887.4 + 37.912.75 £ 0.24 NA 1166.45 £ 21.87 27925.4 £+ 80.5 12.54 + 0.28
S -16 20 -20 18

TERIFHES it (PM), 1% F LR BRI R A0 (RP) J7 i, IRk AT 250k 3 seat. ME Eik4s s 5 30
B, B R 20 ) SR U D R 2 B AR AL VL N RI-DE-RPRIRI-SEGA-RP. 3 FH R 242 k7 HE 51 4
B g 2 ik 1AL 5039 N PM-DE-RPFIPM-SEGA-RP. HL# FiRa 502100 H br B BUE (Val, S8 51
72 )RR i) 18] (Time, SMEEARHEZE), W2 R, b, BAR R BUE Vali /NPT 73S B oK 1) 45 SR
PR T AT S5 205 T B S A G 3R B LU, #iWilcoxon BR RIS 36 TV ST K
8927, fe/ME N-27. RSN REBL T 10375, (52 LA HES g g L .

A2 R G R, T LRI (1) A HE 4wt I PM-DE-RPAIPM-SEGA-RP4H X & 14 191N
SIS AR, I ELofh otk i SR 1 541 (Val=1080.0 £ 0.0) A% 54(Val=780.0 £ 0.0) 3k
1377 22 0B s LR (C HCPLEX B E); (2)R A4 K 25 S8 5 2 65 I RI-DE-RPXAE 3% 5t 1 (Val=1120.1
+ 196.5) 117 5%4(Val=817.9 £ 142.6) " EUAF AT AT i, (E KA 45 F 0 2 22 T4 FH HE %1 4 A% (1) PM-DE-
RPYE L (Val=1080.0 + 0.0)F13%54(Val=780.0 + 0.0)H {I°F3 H Ar ek B, A S F SZ 8404
s %) 35 A b AR SRR AR FO A 37 S R R R HUAS AT AT (R 2N A) . LR R 2, 7R3 I BE R 5 R P 3
ARERIRIE T, SO D% 2R AR B, e PR, M LRITATE; (3)VFEES I, PM-DE-
RP(S = 20) K TPM-SEGA-RP(S = 18), Jf H.HI# fE9 37 5 b S HUAS - 35 H b5 bR HUse /N 1 SR A 07
FER2H IR Val). b6 3 A HEF G B E AR R R R ARG AL T 52, DESGHE L
% (PM-DE-RP) IPEREIE T-SEGA ek HEAL 5322 (PM-SEGA-RP); (4) 5 FFHES 4 5 (1) 2 e e ik 10 A0 54
% (PM-DE-RP, PM-SEGA-RP) ]V 14 3K fift i} 8] (Time ) # /N F-18 s, i 2 SEIF PE AR B sk, Ha /T
K FH S 3 B i i 1R 2 3 A AL 5090 (RI-DE-RP, RI-SEGA-RP) {1 >R AT 7] (400 sE1378 s). i1 &
SR RE B 4G G, 3T R A P I HE S s VR N RN 1) = 4 FE I R, A Rk T ) R
KRARIS AR PR A TE RS R, 1T 1 A B SR A T AN R

5.3.2 BAAMEMGELTERRMERERF

SR AR ST P4 3 T i) R ) R SRR R AR A N AL SRR I e Re BRI, DL R U BN [ i
AN I R AT A A B () SR 1) . SR R LR I I 3 5, 5.3 1 2 ek AL R VR (PM-
DE-RP, PM-SEGA-RP) N ] J& & sURE R 40 i 50k, A2 ko A2 b et g4k 553%, PM-DE-HPFIPM-
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% 3 PM-DE-RP, PM-SEGA-RP, PM-DE-HP, PM-SEGA-HPXK#Z9M7 R SLIG &R
Table 3 Experiment results for PM-DE-RP, PM-SEGA-RP, PM-DE-HP, PM-SEGA-HP on the nine scenarios

PM-DE-RP PM-SEGA-RP PM-DE-HP PM-SEGA-HP
Val (min) Time (s) Val (min) Time (s) Val (min) Time (s) Val (min) Time (s)
1080.0 £ 0.0 1.95 £ 0.05 1080.0 + 0.0 2.10 £ 0.04 1080.0 = 0.0 1.95 + 0.06 1080.0 £ 0.0 2.08 + 0.06
13211.4 £ 22.4 10.41 £ 0.10 13264.9 £+ 83.0 10.47 £ 0.2213194.4 + 8.6 10.32 = 0.11 13211.3 £ 56.1 9.94 &£ 0.20
39254.3 £ 60.5 17.25 £ 0.16 39291.3 £ 140.8 16.87 + 0.27 39181.9 £ 30.6 17.03 £ 0.36 39122.7 + 14.215.96 £ 0.31
780.0 £ 0.0 2.22 +0.03 780.0 £+ 0.0 2.35+0.03 780.0+ 0.0 2.26 £0.03 780.0+ 0.0 2.38 + 0.05
9340.0 = 0.0 6.45 + 0.07 9347.5 & 29.7 6.54 & 0.15 9340.0 £ 0.0 6.48 £+ 0.07 9340.0 £+ 0.0 6.45 £ 0.06
30650.7 £ 55.5 14.70 + 0.42 30693.1 £ 151.3 14.29 + 0.48 30599.4 £+ 39.3 14.21 £ 0.52 30552.6 + 3.1 13.20 £ 0.46
3764.0 = 0.0 5.87 + 0.04 3767.7 & 14.5 6.05 + 0.10 3764.0 £ 0.0 5.80+ 0.03 3764.0 £ 0.0 5.90 £ 0.04
13094.0 + 0.0 9.85 £ 0.09 13137.4 £+ 74.5 10.22 £ 0.11 13094.0 £ 0.0 9.66 = 0.05 13094.0 £+ 0.0 9.84 + 0.06
27887.4 £ 37.9 12.75 £ 0.24 27925.4 + 80.5 12.54 + 0.28 27853.9 £ 34.0 12.31 £+ 0.1527831.8 + 33.911.66 £ 0.12
6 -10 4 12

Z
©

»nn © 00 N & O k= W N o=

SEGA-HP. TH& F R4 gt g4 L AR 25 IR VTSRS 56 5 1 H AR SR EMEL (Val, B EFRAHE 22 ) AR g i)
8] (Time, ¥MALIRAERE), W3R, H bRk B Valii /N AITE 73S I R 45 R [FRE U ARVE.

RIFRIFTRGE R, FTLURIL: ()TEEE T i B AR 5 R A I iH 0 (HP) i, PM-SEGA-
HP{H 5 A PM-SEGA-RPEI 565 (Val =9347.5 + 29.7), 35t 7(3767.7 4+ 14.5) Fl37 5 8(13137.4 + 74.5)
H A R BUE ARV £ (Val=9340.0 £ 0.0, Val=3764.0 £ 0.0, Val=13094.0 =+ 0.0); (2) FH¥545 B .sal %,
Ja R AP IR (HP) SO, DESIE HH-652 T+ 224, SEGA SE H-1032 7 2212, LA L, SEGAK)
TR TR, Bt 5 IPM-SEGA-HP(S = 12)1 T &t 5 PM-DE-HP(S = 4), /2 TH ¥R it
H VP e v R eSO AL SR (3) BHER 3 SR AT 8] (Time) 25 FE AT A1, 4 SSOdk kA BVEEH A T A b 5t
(10 SR Aot B[] 2053585 A2 5 4232 AT PR 810 min ¥ SERTPEZESR, (4)[FIRE, ARAE SR AERT (8] (Time) &5 1, KA H K
APV (HP) () 203 /5, DEMISEGA HISR AR IR FEAC, £ 2T T RN R 3R E —E ik
Tt @3z 5 No. 9, PM-SEGA-HP [ >R i ] (Time=11.66 + 0.12)/NT"PM-SEGA-RP(Time=12.54
+ 0.28), PM-DE-HP [ 3R fif ] [B] (Time=12.31 + 0.15)/NFPM-DE-RP(Time=12.75 + 0.24).

T4~ elodE A SR A SR A AN TR B B N S5t (53, Wp5k6, 1pt9) B B AR R B A UK %2
S, M LR35 N BARRBUE A L, BTN, BT k125K TSRS E6 B AR R R )
FEAE . PAE U A EEBARE R AR, AT DUK IR, AHELT A ST H AR 3R % (PM-DE-RP, PM-
SEGA-RP, PM-DE-HP), PM-SEGA-HPTE3/MITZ 348 3 5 w5 B B b b8 50 R AR A7 DV 8
B SR A 45 B A A T e, SRR e E iR Y. T LIRS 5T, 4 etk Ab Sy e 25 1K 5
SEES AR ARBR BTN N B2 H AR R EUE, Zeil Folesuth 2k, B4R, e B4R A, ARECTE A BE
WAL (RP) FIPM-DE-RPFIPM-SEGA-RP, K% T A @ AR 1 a5 & M Y] 4646 (HP) TP M-
DE-HPHMIPE-SEGA-HP# fig 55 Mt s S5 T & B i el A B R 07 %2, 9F H., PM-SEGA-HP{E4™ 5k
A S B e R IR ARV T SRS S0 FEE R B /N RS-0 B b R B

5.3.3 RBIAEGEMERENTLE

N AR O A S LU PM-DE-HP MIPM-SEGA-HP/E HEHR A HUR (5.3.2754518(2)),
PRI (3 SHH), WAS- /N34 H s R B0 AR A B (e 3 b 0 s A i) A S0k iy ST Skt 252 (P48
R4 MR LSS R, 573 ANMBFRIRT LS5 R A KI5 TR, PM-SEGA-HPTE BIR3Mahr E340E T PM-
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Figure 3 Box plots of objective values for the four improved evolutionary algorithms on the three scenarios of level 111

blockage. (a) Scenario No. 3; (b) Scenario No. 6; (c) Scenario No. 9

x10' . . . . . : 7p20" . . . . . : : gx10' i
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Figure 4 Convergence curves of average objective values for the four improved evolutionary algorithms on the three

scenarios of level III blockage. (a) Scenario No. 3; (b) Scenario No. 6; (c¢) Scenario No. 9

22 E= PM-DE-HP
E—1 PM-SEGA-HP
20
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3 12
g /
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8
6
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& 5 PM-DE-HP5PM-SEGA-HPIEFRITELEER

Figure 5

Indicators comparison results of PM-DE-HP and PM-SEGA-HP. Indicator 1: the degree of performance im-

provement, Indicator 2: the value of S, Indicator 3: the number of acquiring the minimum average objective value

DE-HP. 254/ MEFREE T H15.3.275 0471 7T A1, PM-SEGA-HP B A et i G AT ISR 2 . Bk BEPM-
SEGA-HPE A S S R G BEAL I, I 0 AIFEQ N7 5t % B 25 U S se i b, i PM-SEGA-
HP S 51 42 S0 f U [B] B /N RV R ZE 0, I 5 CPLEX, FSFS, PSKUTVE PR ZERIFXEL.  EiR4aFhif

BIERR VT T B E AR s AUE AR AR [ W3R 4P, AT BRI

()5 F2 NI R 3 5 1A% 564, PM-SEGA-HP A 3R B 5 CPLEXAH [F] [ S 1 & 42 V0 (4
TIRLAREE). (B HA 7N 5, CPLEX#ICIRAE 10 min N SRS S A MR (£ 4H FINAKRIE), TTPE-SEGA-
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% 4 PM-SEGA-HP, CPLEX, FSFS, PSKKEOMASHMIL SR, BEIrEBEFK AR E
Table 4 Optimized solutions, objective values (Value) and computation time (Time) for PM-SEGA-HP, CPLEX, FSFS,
PSK on the nine scenarios. NA means that CPLEX can not provide optimal solutions within 10 min

No. Method Optimized solution Value (min) Time (s)
PM-SEGA-HP 0,1,2 3,4 1080 2.08 £ 0.06
CPLEX 0,1,2,3,4 1080 0.73
! FSFS 0,1,2 3,4 1080 <0.01
PSK 0,1,2,3,4 1080 <0.01
0,1,2, 6, 12,5, 7,3, 10, 11, 8, 14, 16, 17, 18,
PM-SEGA-HP 13188 9.94 + 0.20
) 19, 15, 20, 21, 22, 4, 13, 24, 23, 9, 25, 26
CPLEX 0,1,2 3,4 NA NA
FSFS 0,1,...,25 26 13773 <0.01
PSK 0,1,2,3,4,5, 6,78, 4,9, 10, ..., 25, 26 13629 <0.01
2, 14, 6,0, 19, 1, 7, 10, 21, 17, 11, 18, 8, 3, 5, 16,
\ PM-SEGA-HP 12, 26, 25, 23, 20, 28, 27, 15, 31, 32, 30, 33, 29, 39114 15.96 + 0.31
922, 24, 4, 37, 36, 13, 38, 34, 39, 40, 9, 35, 41, 42
CPLEX 0,1,2,3,4 NA NA
FSFS 0,1,...,41, 42 40054 <0.01
0,1,2, 3,5, 6,78, 10, 11, 12, 14,
PSK 39670 <0.01
16, 15, 4, 13, 9, 17, 18, ..., 41, 42
PM-SEGA-HP 0,1,2,3,4,5 780 2.38 £ 0.05
CPLEX 0,1,2,3, 4,5 780 0.28
4 FSFS 0,1,2 34,5 780 <0.01
PSK 0,1,2, 3, 4,5 780 <0.01
PM-SEGA-HP 4, 2,8,9,0,6,3,10, 12, 1, 13, 14, 15, 7, 5, 11, 16, 17 9340 6.45 + 0.06
CPLEX 0,1,2 3,4 NA NA
> FSFS 0,1,...,16,17 9664 <0.01
PSK 0,1,2,3,4,6,8 75,9, 10, ..., 16, 17 9580 <0.01
2,4,13,8,0,1, 10, 3, 12, 6, 9, 21, 20, 15,
PM-SEGA-HP 14, 22, 23, 24, 25, 16, 18, 19, 26, 29, 30, 31, 30552 13.20 £ 0.46
6 27,28, 32, 7, 33, 34, 35, 11, 5, 17, 36, 37
CPLEX 0,1,2 3,4 NA NA
FSFES 0,1,...,36,37 31456 <0.01
o 0,1,2, 3, 4,6, 8,9, 10, 12, 13, 14, 51152 .
15,7, 5, 11, 16, 17, ..., 36, 37
PM-SEGA-HP 0,2,1,6,4,7,3,5,09, 10, 11, 12, 13, 8, 14, 15 3764 5.90 + 0.04
CPLEX 0,1,2 3, 4 NA NA
7 FSFS 0,1,...,14, 15 3856 <0.01
PSK 0,1,...,14, 15 3856 <0.01
0,7, 9, 10,12, 3, 2, 11, 4, 15, 14, 1, 6, 16, 17,
PM-SEGA-HP 13094 9.84 + 0.06
18, 5, 13, 19, 20, 21, 8, 22, 23, 24, 25, 26, 27
8 CPLEX 0,1,2,3,4 NA NA
FSFS 0,1,...,26, 27 13506 <0.01
PSK 0,1,2,3,4,6,7,9,5,8,10, 11, ..., 26, 27 13394 <0.01
11,2, 9, 14, 0, 15, 10, 1, 3, 4, 6, 12, 20,
PM-SEGA-HP 16, 7, 17, 19, 24, 22, 21, 25, 26, 27, 28, 27816 11.66 + 0.12
9 29, 13, 30, 18, 23, 5, 31, 32, 8, 33, 34
CPLEX 0,1,2, 3,4 NA NA
FSFS 0,1,...,33, 34 28632 <0.01
—_— 0,1,2 3,4,6,7, 9,10, 11, 12, 14, 28316 oo

15, 5, 13, 8, 16, 17, ..., 33, 34
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Table 5 RPD results of the nine scenarios

alg No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7 No. 8 No. 9

FSFS 0.00% 4.44% 2.40% 0.00% 3.47% 2.96% 2.44% 3.15% 2.93%

PSK 0.00% 3.34% 1.42% 0.00% 2.57% 1.90% 2.44% 2.29% 1.80%
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Figure 6 Rescheduled timetables for PM-SEGA-HP on the three scenarios of level III blockage. The solid red line
represents the time period under the station blockage. (a) Scenario No. 3; (b) Scenario No. 6; (c¢) Scenario No. 9

HPTEL6 s P35 KA (8] P 35 0] 25 HA i o g £I0 A

(2)PM-SEGA-HP /5 7% I B AR R BUE N AN 1h— AN R 2R P R 7 22| B R [ 3 e 37 55t
AEZESMER. #—2, BT B E PR 5 2 BAG M E a7 5%, S80I EisiT W b 3
AN Z A . B BBINHCIE K, CPLEXTGVATE 10 minf (7] N HUS S ifg. Foik, 240K 4R
J7 R HE 7 28 B AR X0 37 S AR A AT 1Y, (H SR e R T SR AR RS O, AR TR Al
FIURIZE S, Nk e dr 4. DRk, WARHE TR 2 S BAR TR 5K, 200 ok 6 1) 2 U 485 Bl LU IR IR SR A 7 2.

(3) LLALFSFS, PSK 5PE-SEGA-HP I H #5 B 8U{A, ¥i W fe i Biodk idk AL SHE PE-SEGA-HPE i /N
T AN ST ) B 1 REE T, LA RIS UEPSKOARI A PR SR AR MR R B &, 8 SURDA E 43 Lo
7 (relative percentage deviation, RPD)E & i _FiATeAx, HY

RPD = (alg — bst)/bst (9)

Hort, alg#R/RFSFSECH PSK 14 R AR 1) 5 (1) B AR bR EUE, bst R A itk 4 B A PE-SEGA-HP K
fiFExt N7 5 B AR R . 25528 oM 5 FRPD T SE 3. 2Malg NFSFSH, RPD4E R R M
THEAZATEM E € K FEIRT, PM-SEGA-HP AT4S R 2R T T SRR B 52K/, HMalg HPSKHT,
0 ) BURR AT UA RN BRIt — S S PE-SEGA-HP TR J5 SRR 2 4E4% LA (I FDREMA.

5, FEREREGA IS8T 5, 4 B PM-SEGA-HP K 5 N HS280z4T I, K6,
R ST ZR bRy st B B TRV . E 6T R, 22 ) 4 SR 4l B D B S B X ()32 AT B TR
B, I GIa AT 59 m, TEE B R i R R 2.

6 51t

ARSCE RSB O, SR TR I HES I S 7k, TR R SO R AR I fid s U5 ik, AR
K ARG, L SFVEDEMSEGA, M0 H I 10 E ik SO e A v SRR AR LTt

2) https://github.com/RongshengWang/Problem-specific-knowledge-driven-real-time-rescheduling-approach-for-
high-speed-train-operation/blob/main/5.2/5.3.3.csv
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Abstract This paper takes the train timetable as the problem object aiming at the station blockage caused
by emergencies. Based on the evolutionary algorithm framework, this paper proposes a real-time timetable
rescheduling approach with problem-specific knowledge. This approach ensures the safety and efficiency of high-
speed rail operations and the satisfaction and comfort of passengers by minimizing the total train delay. Firstly,
a permutation-based encoding method is developed to reduce invalid search in the search space based on the
rescheduling strategy of reordering train departure sequences. Then, according to the train operation tracking
mode named “tracking interval control” , a heuristic decoding method is designed to eliminate all the constraints
of train operation to improve efficiency. Finally, the dispatcher’s experience in adjusting the train timetable is
used as the problem-specific knowledge to initialize the initial population of evolutionary computing. A heuristic
population initialization method based on the problem-specific knowledge is employed to speed up algorithm
convergence early and improve solution equality. The Beijing-Tianjin high-speed railway line is used as an
example. The typical nine scenarios with different blockage duration of 20 to 150 minutes under the station
blockage are installed at the Beijing South station. Strengthen elitist genetic algorithm (SEGA) and differential
evolution (DE) are selected to perform the simulation experiment using different combinations of real-integer
and permutation encoding, random and heuristic population-initialization, respectively. The simulation results
indicate that, compared with the real-integer encoding that can not obtain feasible solutions, the two evolutionary
algorithms can provide the rescheduling solution with a smaller total train delay in the average time of nine seconds
after using the permutation-based encoding. Besides, the results of the two evolutionary algorithms improved
by the heuristic population initialization can quickly converge to a quasi-optimal solution. Finally, SEGA in
the permutation-based encoding with the heuristic population initialization is chosen as the optimal improved
evolutionary algorithm. This improved evolutionary algorithm can provide quasi-optimal solutions in 20 seconds
in the seven scenarios that CPLEX can not provide optimal solutions in ten minutes.

Keywords high-speed railway, train rescheduling, station blockage, evolutionary computing, genetic algorithm,
permutation-based optimization
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