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/³, ���æ, <�ûü�Ø�ØÓâu¯��K�, ��´Ñy���òØ, K�À�Ñ1. �â

u¯�K���$1��î­�, NÝ
I�9�e��Õµ£, «mµ£½ö«m�����NÝ

·-, ;�âu¯��91�S�. Ó�, NÝ
³g�²�3NÝ��XÚ¥¯�O(/e��ã

Oy, ó�rÝ��, N��Y�¢�5Ú�`5J±Ó��y.

���aNPJ¯K[1], ��$1N�ÏL`z��3�Õ��u���, $1?´Úu�gS[2],

¦�U¡E�~1��S.��$1N��¦)�{Ì��)$ÊÆ,<ó�U�{Ú?zO�.$Ê

Æ�{e�Ä��.�)�ê5y�., O�ãÚ�Õ��NÝ�.. �ê5y�.�Ä��3�Õ

Ú«m����å, ±��o�:�m[3], ����êþ[4]ÚÀ�À1�m[5]�`z8Iïá�.. O

�ã3uÿÚ�)��$1Àâ�¯K¥A^�õ[6]. �Õ��NÝ�.~�O�ã(Ü, ¿ò��

$1N�L§Cq�"Ü�\óL§[7],�ÄXÛ`z"Ü�\ó^SÚ\ó�m¦o\ó�m��,

=XÛN���$1^SÚ���Ó^4l©«½����m,¦��o�:�m��. dd��,�

�éAu"Ü�, 4l©«9����u\óÅì. nþ, $ÊÆ¦)��$1N�¯K�Ä�g´

´lêÆ5y�Ýïá�., Äuû�`z^�CPLEX½öGROUBI¦)��$1N��`�Y. �

�¡�rÍÜ, ��5, õ�C���$1���å�, N��Y�¢�5¦)�3��]Ô. �X<

ó�UEâ3�U�Ï¥�uÐ[8], ±rzÆS��L�<ó�U�{3��$1N�¯K¥2�ï

Ä[9∼11], Ôö��l�Ôö�.���^uÓa.��$1N�¯K�¢�¦). ~X, Ü©ÆöÏ

Lïá��$1N��rzÆS�¸, Äu�AkÛä|¢[12]ÚDeep Q Network [13]�rzÆS�{,

¢y��o�:�m����`N��Y.�N��Y´Ä�`'��6urzÆS�¸��OÚc

Ï�`üÑ�|¢[12, 13]. ?zO�|^«+ÄÏ�ÀJ, ��ÚCÉ�A5)ûNÝÚ`z¯K[14].

�,J±�yzgN��Y��`5, ��3�á��mS�Ñ��Cq�`). ±¬+�{[15], ¢

D�{[16]Úâf+�{[17]��L�?z�{®)û�þ���$1N�¯K.

nþ, �þïÄ8¥uXÛJ,��$1N��Y�¢�5Ú�`5. ,
, ¢S��$1N�

L§¥, NÝ
zg¤�Ä�Ä��I¿Ø�½´N��Y��`5, �­��´�â��$1L§

¥�E,���å, XÛ�Ñ�¢�1�¢�5�p���$1N��Y. 3±þ¦)�{¥, �<

ó�U�{�',?zO�|^«+ÄÏA5U|¢Ñ�é�`�üÑ.�$ÊÆ�{�',?zO�

¦)��$1N�¯K�¢�5�p, U3k��mS�ÑCq�`���$1N��Y. �=¦^

?zO��U��,
N��Y�¢�5Ú�`5��. 3Ù¦+��NÝ`z¯K¥, ïÄÆö�

é?zO��þãÛ�5, 3?zO�¦)L§¥\\A½�¯K�£Úéuª5K[18, 19], ±J,N

��Y�¦)�þÚO��Ç. 8c, 3��$1N�¯K¥, ��kïÄò¯K�£�?z�{�

(Ü, ^uJ,?zO�¦)�Ç. Ïd, �©�é�Õµ£�¹, o���$1N��Y�`5Ú¢

�5�Ó�, JÑÄu¯K�£���$1¢�N��{, ÏLØÓ?z�{3;.|µþ�é'¢

�, �y¤JÑ�{��15Úk�5. Ì�M#:o(Xe: (1) �é�Õµ£�¹, ÄuN���

u�gS�$1ãN�üÑ, JÑu�gS�ü�?è�{. �QkïÄ�õæ^�u����¢�

ê?è�{�',�©¤JÑ�ü�?è�{k�~�)�m�Ã�|¢; (2)�é��$1N�¯K

¥�E,���å,Äu/;Jl0���$1Jl�ª�Oéuª)è�{,ò��$1N�¯K=

z�Ã�å`z¯K, J,?z�{�|¢�Ç; (3) òNÝ
N�$1ã�²����¯K�£, J

ÑÄu¯K�£�éuª«+Ð©z�{, �y«+õ�5�cJe, J,�{cÏÂñ�ÝÚ¦)

�Y�þ.

Ù{Ù!(�Xe: 12!0���$1N�¯KÚ�Õµ£�¹e�b�^�; 13!ïá�Õ

µ£�¹e���$1N��.;14!�é��$1N��¯KA:Ú`z8I,�ãÄu¯K�£
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�$1ã¢�N��{�äNÚ½, �[0�?è, )èÚ«+Ð©z3?zO�µeþ�äNU?;

15!�é�©¤JÑ�{e�U??z�{?1¢��yÚ(Jé'©Û;16!o(ÚÐ"�©ó

�.

2 ¯K£ã

�©�é�Õµ£�¹e���$1N�¯K, �Ì·Ip�c´¤5½�Eâ^�Ú5Ù�

Ý,©Ûâu¯�e��Õµ£�¹¿�Ñ�A�b�^�.�Ä��Õµ£´�Éâu¯�K�,µ

£�Õu)�æ, �¦�þ��3µ£�Õ���;, �µ£)Ø���u�. I�5¿�´, µ£

�Õ�?1����, �ØUux��. �â�#5�UNÝ8¥XÚ61Eâ^�6[20], �Õµ£

�¹e, ��3µ£�Õ�Y�Õ�$1^SØ�UC, ��U`zÉK���3µ£�Õ�u�g

S.�Äpc�´þ��Ú�Õ�êþ©O�IÚJ ,K��8ÜÚ�Õ8Ü©OL«�I = {1, 2, ..., I},
J = {1, 2, ..., J}. �� i (i ∈ I) l©uÕ1ÕÑu, 3÷å¥mÕ j (j ∈ J)ÏL½öÊÕ, �ª��ª

:Õ J . -�Õ j′ (j′ ∈ J)�µ£�Õ, tstart Ú tend ©OL«µ£�m©��Ú(å��, K�Õµ

£��m���[tstart, tend), =¤kÉK���3 tend�m:���lµ£�Õ j′ u�.

�©¿��Ä«mµ£^�, �ÏXe. Uì5�UNÝ8¥XÚ61Eâ^�6[20]5½, u)«

mµ£�, ��$1^SÓ�Ø�UC. �«mµ£=��ÉK���UìÄ�$1ã¤5½�$1

^S�:���Y�Õ, ¢S=I�N���3«m�Jl��m��mÚ3�Õ�ÊÕ�m, Ä�

Ø¬�9u�gS�N�. Ó�, �©Ø�Ä�u���þ����Õµ£, Ù�Ï´: �µ£�ÕØ

2�u���, ����UUì�k��$1^S, 3µ£�Õc�õ��Õ�;. �µ£·-)Ø

�, ��±�k$1^SÏLµ£�Õ.

�é�©¤�Ä��Õµ£�¹, �ÑXeb�: (1)��3÷��ÕØ�Jc�Õ½u�, ±�

y��3�ÕS���u���, ±9À�3�Õ��~þe�; (2) ��$1N�L§¥, �Õµ£

�m©��tstartÚ(å��tendØ�UC; (3) �â·I5c´Eâ+n5§6(p�c´Ü©)1ÊÙ

1140 /̂�Õ��Ä�ãÏLr1��ë�0, ��©-µ£�Õ j′ NC���3��Ä�ã, �y

É�Õµ£K�������uµ£�Õ9ÙNC�Ä�ã.

3 ��$1N�ï�

3.1 8I¼ê

¢Sc´)�$EL§¥, ���ãOy´±�mÚ�m'X�$1ã5L«. NÝ
UìNÝ

��XÚzF¤e��Ä�$1ã,iÒÚN�����u���.É�Õµ£K�,NÝ
N�$1

ã¤�Ä�Ä�8I´¦�U~��:��3Ä�$1ãþ� l. �����$1¢�N��`z

8I���o�:�m, =

min

I∑
i=1

J∑
j=1

[(
di,j − d̄i,j

)
+
(
fi,j − f̄i,j

)]
i ∈ I, j ∈ J (1)

Ù¥, d̄i,jÚf̄i,j©OL«Ä�$1ã¥��i3�c�Õj�ã½�Õ��Úã½u���, di,jÚfi,j©

OL«N��ãOyL§¥,��i3�c�Õj�¢S�Õ��Ú¢Su���.db�(1)��, di,j >

d̄i,j , fi,j > f̄i,j , �ª(1)O����o�:�m´�K�.
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3.2 �å^�

��3pc�´¢S$1�,äN1����)��3�Õ��Õ,ÊÕ½öÏL,±9u���

�. ��Bï�Ú?n�å, �Ø�¯K��5, ò���ÏL��
)���������Õ��

Úu���. �Ä��1����å�):

• ÊÕ�m�å
fi,j − di,j > cmin

i,j i ∈ I, j ∈ J (2)

Ù¥, cmin
i,j L«��i3�c�Õj���ÊÕ�m. ª(2)L«ØAØ ���k�ÊÕ�m,±�yÀ

��S�¦ü.

• «m$1�m�å
di,j+1 − fi,j > bmin

i,j i ∈ I, j, j + 1 ∈ J (3)

Ù¥, di,j+1L«��i3e��Õj + 1��Õ��, fi,jL«��i3�c�Õj�u���, bmin
i,j L«�

�i3«m(j, j + 1)(�ÕjÚj + 1�m�Õm«m)���«m$1�m. ª(3)L«É��VÚ�Ä5

U��, ���¢S«m$1�mA÷v����å.

• ��ü�����½öu�m��m�å
di+1,j − di,j > τdd i, i+ 1 ∈ I, j ∈ J (4)

fi+1,j − fi,j > τff i, i+ 1 ∈ I, j ∈ J (5)

Ù¥, di+1,jÚfi+1,j©OL«��i+ 13�c�Õj�¢S�Õ��Ú¢Su���, τddÚτff©O�Ä

�$1ã¤5½�����m��mÚ��u�m��m. ª(4)Ú(5)©OL«��ü��iÚi+ 13

�c�Õj��Õ���mÚu����m©O��m�τddÚτff .

�Õµ£�¹e, ÄkI�(½�´þÉK��äN��, 2(½þã��lµ£�Õ�u��

��. �īÚi′′©O�ØÉ�Õµ£K�ÚÉµ£K����. �Õµ£(å�, -i′�lµ£�Õj′u

Ñ�1�����SÒ. K

• ��3µ£�Õ�u����å
fī,j′ = f̄ī,j′ , f̄ī,j′ < tstart, ī ∈ Ino

fi′,j′ = tend, f̄i′,j′ > tstart

fi′′,j′ = f̄i′′,j′ + τdd, f̄i′′,j′ > tstart, i
′′ ∈ Iblg

(6)

Ù¥, I
no

= {1, 2, ..., i′ − 1}ÚI
blg

= {i′ + 1, i′ + 2, ..., I}©OL«ØÉ�Õµ£K�ÚÉ�Õµ£K
�(Ø�)��i′)���8Ü. ª(6)¥, duØÉµ£K�, ��ī3µ£�Õ�ã½u���f̄ī,j′�u

µ£�m©��tstart, K��ī¢SUìã½u���f̄ī,j′�:u�. du��i′´lµ£�Õj′Ñu�

1����, ���i′�¢Su���fi′,j′�uµ£�(å��tend. Ù{Éµ£K����i′′�¢S

u���fi′′,j′�u��i′′�ã½u���f̄i′′,j′���u�m��mτdd�Ú.

4 Äu¯K�£�$1ã¢�N��{

d13!��$1N��.��, �Õµ£�¹e, �X¤�Ä��êþ�Oõ, ¯K¦)JÝ¥

y�ê?O�. dd��, ��$1N�¯KáuNPJ¯K. �éda¯K, ?zO��3k��m

S�ÑCq�`). �=¦^?zO��U��,
N��Y�¦)�þÚ�Ç�$, �I�3?z
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Initialize the initial population 

using heuristic initialization

NFEcrt > NFEmax

Employ crossover and mutation on 

the selected individuals

Calculate the minimum objective 

value of the current individuals 

using the decoding method

Calculate the fitness of the current 

individuals 

Input`di,j ,`fi,j, 

[tstart, tend)

Generate a new population by 

comparing the fitness

Record the optimal individual and 

decode it using the decoding method

Output rescheduled 
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ã 1 Äu¯K�£�$1ã¢�N��{

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

O�µeþ��A½�¯K�£Úéuª5K, J,N��Y�¢�5Ú�`5. �d, �©�é�

Õµ£K�e�p�c´��$1N�¯K,Äu?zO�µeJÑÄu¯K�£�$1ã¢�N�

�{, äNÚ½Xã1¤«.

Äk, Ñ\Ä�$1ã�ã½�Õ��d̄i,j , ã½u���f̄i,jÚ�Õµ£�m��[tstart, tend). Ð

©z?zO�Ä�ëê,�)¤JÑ?è�{e�«+5���Np,·AÝ¼êµd��cgêNFEcrt

Ú��gêNFEmax,±9¤JÑ«+Ð©z�{e�Ð©«+. ��,uÿ�c·AÝ¼ê�µdg

ê´Ä��Ù���. e´, K��ÑÑµ£�Õ�cu�gSe�¢1$1ã; ÄK, é¤ÀJ«+

�N?1ÀJ,��ÚCÉ�ö�,O�¤JÑ)è�{e�c«+�N��`8I¼ê�(=���

�o�:�m), ÏL·AÝµd¼êO�«+�N�·AÝ��, ÀJÑ�`«+�N¿éÙ)è.

��, �â?zO�¦��ÉK���3µ£�Õ�u�gS, )¤¢1$1ã(=di,j , fi,j). (Ü±

þÚ½, Äu¯K�£�$1ã¢�N��{���èX�{1¤«. nþ, �©¤JÑÄu¯K�£

�$1ã¢�N��{Ì��): (1)ÄuN�u�gS�¯K8IJÑü�?è�{; (2)Äu/;J

l0���$1Jl�ª�Oéuª)è�{; (3)|^NÝ
Nã²�JÑéuªÐ©z�{. ±e

�[�ã¤JÑ�{e?è!)èÚ«+Ð©z3?zO�µeþ�äNU?.

4.1 Äuu�gS�ü�?è

?zO�µee?è�{û½«+/ÚN¥�N��Ý,?
K��{)�m��Ú¯K¦)�

Ç. $1ã�N�é�Ï~�¢S�u���, �ïÄÆö�é��$1N�¯K�õêé¢S�u

���?1¢�ê?è[21, 22]. Äu13!¤ã�., ��$1N��¢�ê?è�{L«�

ERI = [d1,1, f1,1, . . . , di,j′ , fi,j′ , . . . , dI,J , fI,J ] i ∈ I, j′ ∈ J (7)

Ù¥, ERIL«¢�ê?èe?z�{«+/ÚN�Ù¥���N, Ù�þ�Ý�2 · I · J . du�
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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 d̄i,j , f̄i,j , the blocked window [tstart, tend).

Output: The rescheduled timetable di,j , fi,j .

1: Install Npop, NFEmax;

2: Install the initial population pop as train departure sequences using Algorithm 3;

3: NFEcrt ⇐ 1;

4: while NFEcrt 6= NFEmax 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: NFEcrt ⇐ NFEcrt + 1;

9: end while

10: Record the optimal individual and decode it using Algorithm 2;

Return: di,j , fi,j .

�i3©uÕ1ÕÚª:ÕJ©OØ�3�Õ��d1,1Úu���fI,J , ��B?n¯K�Ø�¯K��

5, -d1,1 = f1,1, fI,J = dI,J . ERI��«+/ÚN�Ù¥���N, 3?zO�ÀJ, ��ÚCÉ�ö

�e, N�$1ã��u���Úu�gS.

dª(7)��, ¢�ê?è�{�3'�î­�/�Ý/J0¯K, =�X��$1N��.¤�

Ä��Ú�Õ�êþO\, ¯K�¦)JÝ¥y�ê?O�. �d, �©�é�Õµ£�¹, N���

3µ£�Õ�u�gS¦��o�:�m��, ddJÑÄuu�gS�ü�?è�{, =

EPM = [o1,j′ , o2,j′ , . . . , oi,j′ , . . . , oI,j′ ] i ∈ I, j′ ∈ J (8)

Ù¥, ü�?è�{e, ?z�{«+/ÚN�Ù¥���N�½�¤k��3µ£�Õj′�u�g

S(o1,j′ , o2,j′ , . . ., oi,j′ , . . ., oI,j′). b�N��U24��(1440©¨)�$1ã, K¢�ê?èe)�m�

$1ã���m�, =14402·I·J , ü�?èe)�m���3µ£�Õ�u�gS«a(=I!). ���

¹e, pcNÝ«ã3�4���ãOyS����êIØ�L35�. �3dcJe, ü�?èe�)�

m��u¢�ê?èe�)�m. ü�?è�{e, ØÓu�gSL«e�ØÓ�N/¤���«+,

«+�N�mØäÀJ,��ÚCÉ,������¼êµdgêNFEmax�,ÑÑ��3µ£�Õ�

u�gS.

4.2 éuª)è

?z�{3?n1����å(ª(2)–ª(6))�, I��Ñ�þO��m. éd, �©3ü�?è�

{ÑÑ��3µ£�Õu�gS�Ä:þ, Uì/;Jl0[23]���$1Jl�ª, JÑÄu¯K�

å�éuª)è�{, =ÏL�Oéuª5K�Ø¯K¦)L§¥�¤k1����å, ò¤¦¯K

=z�Ã�å`z¯K, J,�{¦)�Ç. Ù¥,/;Jl0���$1Jl�ª´���3µ£�

Õ�Y¤k�ÕU��ÊÕ�mÊÕ, 3�Y¤kÕm«mU��«m$1�m$1, ¿���ü�

��Uì��Jl��m��m$1[23]. 3A^éuª)è�{�c, Äk�â?z�{¤¦��3

µ£�Õ�u�gS,¼���3¤k�Õ�ã½�u���d̄PM
g,i Úf̄

PM
g,i ,Äu¯K�å�éuª)è

�{�)3�Ú½:

Step 1. uÿ¤kÉK���3µ£�Õj′9Ù�Y�Õ´Ä÷vu�m��m�å(ª(5)), e

Ø÷v, KN�ÉK���3þã�Õ��u���÷vT�å;
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Step 2. Uì/;Jl0�ª, ��I��c�÷v�Õm��m�å(ª(4)), ���3�c�Õ

�¢S�Õ���uc�3TÕ�¢S�Õ���þãü�������m��m�Ú,dd�Ø«

m$1�m�å(ª(3));

Step 3. ��3�c�Õ�¢Su�����¡d��ü�����u�m��mû½, ,��

¡I��Ä��3�c�Õ���ã½ÊÕ�m, nÜ±þ2:�Ä�ØÊÕ�m�å(ª(2)).

��3µ£�Õ�u����å(ª(6))Ø3?z�{�?n6§¥, Ø¬�ÑLõ¦)�m. n

þ, ¤k1����å��Ø. �âþã©Û, Äu¯K�å�éuª)è�{���èX�{2¤«,

Ù�mE,Ý�O(I ·J),Ù¥, IÚJ©O��´þ��Ú�Õ�êþ. Äu�{2ÑÑz��«+�N

²L·AÝ¼êµd��8I¼ê. Ùg, ?zO�(å�, �â�ªu�gSÚ�{2)èÑÑ¢1

$1ã.

Algorithm 2 Heuristic decoding algorithm

Input: The planned arrival and departure time d̄i,j , f̄i,j , the corresponding time d̄PM
g,i , f̄PM

g,i in the current population.

Output: The rescheduled timetable di,j , fi,j .

1: i⇐ 1;

2: while i 6= I do

3: j ⇐ j′;

4: while j 6= J + 1 do

5: if fi+1,j′ − fi,j′ < τdd then

6: fi+1,j = fi,j + τdd;

7: end if

8: j ⇐ j + 1;

9: end while

10: i⇐ i+ 1;

11: end while

12: i⇐ 1;

13: while i 6= I + 1 do

14: j ⇐ j′ + 1;

15: while j 6= J + 1 do

16: di,j ⇐ d̄PM
i,j +

(
fi,j′ − f̄PM

i,j′

)
; fi,j ⇐ f̄PM

i,j +
(
fi,j′ − f̄PM

i,j′

)
; j ⇐ j + 1;

17: end while

18: i⇐ i+ 1;

19: end while

20: i⇐ 1, j ⇐ 1;

21: while i 6= I do

22: while j 6= J + 1 do

23: if di+1,j − di,j < τdd then

24: di+1,j ⇐ di,j + τdd;

25: end if

26: if fi+1,j − fi,j < τff then

27: fi+1,j ⇐ max{fi,j + τff , di+1,j + (f̄PM
i+1,j − d̄PM

i+1,j)};
28: end if

29: j ⇐ j + 1;

30: end while

31: i⇐ i+ 1;

32: end while

Return: di,j , fi,j .
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4.3 Äu¯K�£�éuª«+Ð©z

?zO�Ï~æ^�Å«+Ð©z��{, �«+/ÚNJøØÓa.��N. �,�Å«+Ð

©z�y
«+õ�5, �duÐ©«+¥"��`�N, ��?zO�cÏ|¢�Ç�$. �d, �

©JÑÄu¯K�£�éuª«+Ð©z�{. �O�¯K�£�Ð©«+Jø���`��N, �

y?zO�«+õ�5�Ó�, J,�{cÏ�Âñ�ÝÚ¦)�Y��þ.

¡é��$1N�¯K¢S�I¦, |µÚ8I, ØÓNÝ
k�g�é5�¯K�£, ¯K�

£U��k�/?n�Õµ£e���$1N�¯K. ~XUìEâ^�Ú5Ù�Ý, i���`:

$1, ½öN���3µ£�Õ�u�gS�, ¦ÉK���o�:��½ö���:êþ��. �

©�é·Ip�c´´�Ú�Õµ£�¹, �Op����$1N�¯K�£. ·Ip�c´�´

þ, ØÓ��3��Õ�ÊÕgêÚÊÕ�mØ¦�Ó, ����l©uÕ$1�ª:Õ�o$1

�m�k¤�É, �´þdd�)ØÓ$1�?���. Ïd, �©æ^�¯K�£(problem-specific

knowledge, PSK)|^NÝ
N���3µ£�Õu�gS�²�. PSKäN�ãXe: ÉK���

3÷���ÕÚ�Õm«m�o$1�m��, ��$1�?�p, 3µ£�Õ�@u�. Äu¯K

�£PSK�éuª«+Ð©z�{�äNÚ½Xã3¤«. Äk, �éã½u���3[tstart, tend)�m

��S�ÉK���(Ù8Ü�I
PSK

), )¤Ù3PSK�{e�u�gSOPSK. Ùg, �éã½u��

�Ø3[tstart, tend)�m��S�ÉK���(Ù8Ü�I
FSFS

), æ^kNÝkÑÖ(First-Scheduled-First-

Served, FSFS) [7]�{)¤��8ÜIFSFS�ã½u�gSOFSFS. ��, ©�u�gSOPSK�OFSFS, )

¤¤kÉK���3µ£�Õ���u�gSOALL. ��, òu�gSOALL���`�N), Ñ\�

Ð©«+¥. �âþãÚ½, éuª«+Ð©z���èX�{3¤«. Ù¥, ÉK���o$1�m

�üS�{(�{3161�sort algorithm)æ^Python�sorted¼ê, ���¹esorted¼ê��mE,

Ý�O(I ′ · log I ′),����¹e,�{3��mE,Ý�O(I · I ′ · log I ′),Ù¥, I�L«�´þ��êþ,

I ′L«�Õµ£�m��[tstart, tend)SÉK����êþ.

nþ, �{1�mE,Ý�O�L§Xe. �{1151ÀJ«+�N��mE,Ý�O(NFEmax ·
Np), �N��ÚCÉö���mE,Ý�O(NFEmax · Np · I). Ù¥, NFEmaxL«·AÝ¼ê��

�µdgê, NpL««+5���. (Ü�{2Ú3���èÚ�mE,Ý, í�Ñ�{1��mE,Ý

�O(I · (NFEmax ·Np · J + I ′ · log I ′)). Ù¥, JL«�´þ��Õêþ.

5 �ý¢�

��y�©¤JÑÄu¯K�£�$1ã¢�N��{�k�5Ú�15,Äu®9p����

�Õµ£�¹e�;.|µ,¿?1�ý¢�. Äk,ÏL¢��y,��u�u���¢�ê?è,�

©¤JÑu�gSü�?è�`�5. Ùg, �yéuª«+Ð©z�{eU??z�{�5UJ,.

��,'��{5UÀÑ�`U??z�{,¿�CPLEX,kNÝkÑÖFSFS [7]Ú¯K�£PSK�3«

�{?1é', �y�`U??z�{3~���o�:�mþ�k�5Ú¢�5. �©ÄuPython

3.6.5 ?���$1N��., �ý¢���ªO�Å��Xe: Intel Core i7-9700T CPU@2.00GHz,

16GB S�.

5.1 ;.|µ

��yØÓ«+/ÚN?è�{ÚØÓ«+Ð©z�{eU??z�{�5UJ,,À�®9p

��2020c,Fe1����Ä�$1ã,���Õµ£�¹e�;.|µ. ®9p����¤k6�
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Start

  Install the train set 

IPSK, IFSFS

tstart `fi'',j' < tend

Input`fi', j' , `fi'', j' ,

tstart , tend

Y

N

Generate the departure 

sequence OFSFS of IFSFS by 

FSFS

End

Combine OPSK and OFSFS 

to produce OALL

Generate the departure 

sequence OPSK of IPSK by 

PSK

Input train i' and i'' to IPSK Input train i'' to IPSK 

Input OALL to the 

initial population

ã 2 Äu¯K�£�éuª«+Ð©z�{

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

�Õ�¶¡9úpI©O��®H(0 km)!½B(22 km)![W(46 km)!É�(84 km)!Hó(108 km)Ú

U9(120 km). Ù¥,HóÕ´®9p��þ^uy©Õm«m��´¤,Ø�n�$�Ö. 5�Õm«

m���«m$1�mbmin
i,j ©O�7 min, 5 min, 6 min, 5 min, 7 min. �â®9p��¢S´�, ��

��ÊÕ�mcmin
i,j �2 min, ����m��mτddÚ��u�m��mτffþ�5 min.

Uìb�3�^�, e1�þØª:ÕU9Õ±	, =©uÕ�®HÕNC�3�®Ä�ã, �-

�Õµ£u)u�®HÕ, ddÉ�Õµ£K�������u�®HÕ9ÙNC��®Ä�ã. I

�`²�´,�Õµ£¿��U��3©uÕ,,
÷vb�3^��¥mÕ(~X!��Õ,¤ÑÀÕ

ÚÉÇÕ�)Ó�����©¤�Ä��Õµ£.

c´Ü�6Ãé�Õµ£�??1(½y©,��y�{3ØÓ�Õµ£��e�k�5,�Øé

¯KïÄ�)K��cJe, �©Uì�Õµ£������3«ØÓ��Õµ£�?, äNXe. �

Õµ£���u60 min�I?µ£, �Õµ£��Ø�u60 min��u120 min�II?µ£, �Õµ£�

�Ø�u120 min�III?µ£. Ùg, ��y�{3ØÓ$E�ã�k�5, ÚO®9p���®HÕ

z��uÑ���êþ. �âTêþ����Ú���, ò©O36:�9:, 11:�14:, 17:�19:
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Algorithm 3 Heuristic population initialization algorithm based on PSK knowledge

Input: The departure time f̄i′,j′ , f̄i′′,j′ for train i′ and i′′ at the blockage station j′, the blocked window [tstart, tend).

Output: The completed departure sequence OALL of the influenced trains.

1: Install the train set IPSK and IFSFS ;

2: i′′ ⇐ i′ + 1;

3: while i′′ 6= I + 1 do

4: if tstart 6 f̄i′′,j′ < tend then

5: Input train i′ and i′′ to IPSK ;

6: Generate OPSK of IPSK using PSK and a sort algorithm;

7: else

8: Input train i′′ to IPSK ;

9: Generate OFSFS of IFSFSusing FSFS;

10: end if

11: i′′ ⇐ i′′ + 1;

12: end while

13: Combine OPSK and OFSFS to produce OALL, and input OALL to the initial population;

Return: OALL.

L 1 �Õµ£�¹e�;.|µ

Table 1 Typical scenarios under the station blockage

No. Type [tstart, tend) tblg Nblg 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 III 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

�$E�ãy©�@p¸, Ì²¸, �p¸. nÜþãØÓ��Õµ£�?Ú$E�ã, ��9�;.

|µ, XL1¤«. äN&E�)|µSÒ9a., �Õµ£�m��[tstart, tend), �Õµ£��tblg, µ

£«�S��êþNblg, ±9�|µ¤�Ä���êþNcon.

51 du�;.|µeÄ�$1ã¥�¤k��¿�ÑÉ�K�, ��é�|µ�I��ÄÜ

©�ÉK���. Ä��{´: ¢S�ý¢�c, kÏLõg���y(½z�|µ¤�Ä���ê

þNcon.

5.2 ?z�{9Ù$1ëê

du��$1N�¯K�3NPJA5ÚE,���å,J±�é¯K�OA½�?z�{. �À

�±e;.�Ä�?z�{, ¿3ØÓ�«+/ÚN?è�{Ú«+Ð©z�{e?1O�¢�.

(1) �©?z(differential evolution, DE) [24]: �©ÄkÀ�DE��?zO��ÿÁ�{, �¹±

e2:�Ï. Ù�, DE�é�m��NÝ�.¥�NPJA5äk�Ð�¦)�J, 
éõïÄÆöÏ

~�é��$1N�¯Kïá�m��NÝ�.[7], �DE�U'�·^u¦)��$1N�¯K. Ù
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�, 3¦)NÝ`z¯K�, ��uâf+�{9ÙCN, DEk�Ð�¦)�ÇÚ`z�Y[25].

(2) \r°=�3�¢D�{(strengthen elitist genetic algorithm, SEGA): ¢D�{´?zO�

+�¥'�~^�k���{, �J,¦)5U9�Ç, SEGAòI�«+���CÉ��«+?1

Ü¿, ¿lÜ¿��N¥ÀJÑ°=�N, ddJp°=�N3?zO�L§¥�ÀJ�VÇ[26].

þã?z�{�è®dJazzbin�<ÄuPython�ó3Geatpy�?z�{óä�¥?��¤[27],

Geatpyæ^Numpy+mklÚCSØ, Pk'JavaÚMatlab�¯�¦)�Ý. �©�âGeatpy�¯K��

?���$1N��., 3Geatpy��{��A^�©¤JÑ�Äu¯K�£�$1ã¢�N��

{. duGeatpy¥DEÃü�?è�{, �©æ^�Å��(random key)�{[28], ò¢�ê?èe�û

üCþUê���'X?1ü�,ddòDE¢�ê?èe�k�ëY¢�ê�m=z�ü��m,¤

õ/ò�©¤JÑ�ü�?è�{A^uDE¥.

�ý¢�¥�'��{�)±e3«: (1)û�`z^�CPLEX: CPLEX��¦)�¤��$1N

��.,���)¤¯K�`),�CPLEX^u�y�`U??z�{¤¦�u�gS´Ä��`);

(2)kNÝkÑÖFSFS [7]: FSFS)¤Ä�$1ã�u�gS, ��`U??z�{¤¦u�gS'�,

^uO��`U??z�{�J,�Ç; (3)�©4.3!¤JÑ�¯K�£PSK:��`U??z�{¤

¦u�gS?1'�, ^u�yPSK�Ð©«+¤Jø�`�N)��þ.

�
(½?z�{�$1ëê, �éL1¤«��Õµ£K�e�;.|µ, ©O�3«+5

�Np�40, 45, 50, 55, 60, CÉVÇpm�0.5, 0.6, 0.7, 0.8, 0.9�ëê��eþ$125gO�¢�. é

ØÓëêe�¢�(J?1(¯Ý©Û1), (½«+5�Np�50, CÉVÇpm�0.8. o���$1N

��Y�`5Ú¢�5ü��I�Ä:þ, ��ü�?èÚ¢�ê?èe·AÝ¼ê���µdg

êNFEmax©O�400Ú10000. �âGeatpy�%@ëê��[27], DEÚSEGA�{e���VÇpc©O

�0.5Ú0.7. �â·Ipc¢S´�,½Â��$1N�¢�5��mIO�10 min,=�{310 minS

�ÑN��YK÷v¢�5�¦.

5.3 (J©Û

�Bu�ã¢�(J, ½Â±e ��ª. ü�?èÚ¢�ê?è©O^PM(permutation-based)

ÚRI(real integer-based)L«, �Å«+Ð©zL«�RP(random population), Äu¯K�£�éu

ª«+Ð©zL«�HP(hybrid population). nÜ±þ ��ªL«ØÓ?è�{Ú«+Ð©z�

{|Üe�Ä�?z�{ÚU??z�{. ~XPM-DE-RIL«ü�?è(PM)�{eæ^�Å«+

Ð©z(RP)�U?DE�{. �
�*'�2«?è�{�`�, ¿`²Äu¯K�£�éuª«+

Ð©ze�{�5UJ,, �ý¢��éL1¤«�z�|µ, 3z�Ä�?z�{ÚU??z�{

þþ$125g, ¿?1wÍ5Y²�0.05�Wilcoxon �Úu�. 3þã¤k�{�é'¢�¥, -ë

êS�Wilcoxon�Úu��µ©. e3¦),�|µ�8I¼ê�þ, �c�{'�©Ù¦,«�{

�`, K�g'�¢�¥S = 1; ecö5U'�ö5U��, K�g'�¢�¥S = −1; e�ö5U

��, K�g'�¢�¥S = 0.

5.3.1 ØÓ?è�{e�{�5U'�

��y�©¤JÑü�?è�{3~���o�:�mþ�k�5Ú¦)�Ç,À�L1¥3�I?

µ£e�|µ1, |µ4Ú|µ7. �é4.1!¤ãDÚ��u���¢�ê?è(RI)Ú�©¤JÑ�u

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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L 2 RI-DE-RP, PM-DE-RP, RI-SEGA-RP, PM-SEGA-RP¦)3�I?µ£e|µ�¢�(J

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 ± 22.4 10.41 ± 0.10 NA 986.98± 18.29 13264.9 ± 83.0 10.47 ± 0.22

3 NA 1349.04 ± 52.62 39254.3 ± 60.5 17.25 ± 0.16 NA 1377.51 ± 9.76 39291.3 ± 140.8 16.87 ± 0.27

4 817.9 ± 142.6 430.45 ± 3.57 780.0 ± 0.0 2.22± 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 ± 55.5 14.70 ± 0.42 NA 1254.74 ± 6.24 30693.1 ± 151.3 14.29 ± 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 ± 37.9 12.75 ± 0.24 NA 1166.45 ± 21.87 27925.4 ± 80.5 12.54 ± 0.28

S -16 20 -20 18

�gSü�?è(PM), þæ^�Å«+Ð©z(RP)�{, ¿?125gO�¢�. �âþã ��ª`

², �u���¢�ê?èe�2«Ä�?z�{�RI-DE-RPÚRI-SEGA-RP. A^u�gSü�?

è�2«U??z�{�PM-DE-RPÚPM-SEGA-RP.'�þã4��{�8I¼ê�(Val,þ�±IO
�)Ú¦)�m(Time, þ�±IO�), XL2¤«. Ù¥, 8I¼ê�Val��Úµ©S���(J\o

I5. du¤k|µe�c�{I�3��©Ù¦3«�{'�, �Wilcoxon�Úu�eµ©S���

��27, ����-27. ¦+=O�3�I?µ£e�|µ, �v±`²ü�?è`³.

�âL2¤«(J, �±uy: (1)A^ü�?è�PM-DE-RPÚPM-SEGA-RP�éL1¥�9�|

µþ��Cq�`),¿�2«U??z�{3|µ1(Val=1080.0 ± 0.0)Ú|µ4(Val=780.0 ± 0.0)¥¼

����0��`)(®dCPLEX�y); (2)æ^�u�¢�ê?è�RI-DE-RP=3|µ1(Val=1120.1

± 196.5)Ú|µ4(Val=817.9 ± 142.6)¥���1), �¦)(J²w�u¦^ü�?è�PM-DE-

RP3|µ1 (Val=1080.0 ± 0.0)Ú|µ4(Val=780.0 ± 0.0)¥�²þ8I¼ê�. Ù¦A^¢�ê?

è�Ä�?z�{3Ù¦|µ¥Ñ����1)(L2¥NA). Ù�Ï´, 3·AÝ¼ê��µdgê

v
��cJe, ¢�ê?è|¢�Ç�$, ¢�5��, J±¼��1); (3)µ©�Sþ, PM-DE-

RP(S = 20)�uPM-SEGA-RP(S = 18), ¿�cö39�|µ¥þ��²þ8I¼ê���¦)�

Y(L2¥\o�Val). dd`²þA^ü�?è��æ^éuª«+Ð©z�cJe, DEU??z

�{(PM-DE-RP)�5U`uSEGAU??z�{(PM-SEGA-RP); (4)A^ü�?è�2«U??z�

{(PM-DE-RP, PM-SEGA-RP)�²þ¦)�m(Time)Ñ�u18 s, ÷v¢�5�¦)�¦, ���u

æ^¢�ê?è�2«Ä�?z�{(RI-DE-RP, RI-SEGA-RP)�¦)�m(400 s�1378 s). ÏL�ý

¢��½þ(J�y, Äuu�gS�ü�?è�{~�«+�N�þ�Ý�Ó�, k�~�
¯K

¦)L§¥)�m�Ã�|¢, J,
?z�{�¦)�þÚ�Ç.

5.3.2 éuª«+Ð©ze�{�5UJ,

��y�©¤JÑÄu¯K�£�éuª«+Ð©ze?z�{�5UJ,, ±9`²ØÓ?

z�{ééuªÐ©z«+�¯a5¯K. À�L1¥�¤k|µ, �é5.3.1!2«U??z�{(PM-

DE-RP, PM-SEGA-RP)A^éuª«+Ð©z�U?, )¤,	2«U??z�{, PM-DE-HPÚPM-
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L 3 PM-DE-RP, PM-SEGA-RP, PM-DE-HP, PM-SEGA-HP¦)9�|µ�¢�(J

Table 3 Experiment results for PM-DE-RP, PM-SEGA-RP, PM-DE-HP, PM-SEGA-HP on the nine scenarios

No.
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)

1 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

2 13211.4 ± 22.4 10.41 ± 0.10 13264.9 ± 83.0 10.47 ± 0.22 13194.4 ± 8.6 10.32 ± 0.11 13211.3 ± 56.1 9.94 ± 0.20

3 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 ± 14.2 15.96 ± 0.31

4 780.0 ± 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

5 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

6 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

7 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

8 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

9 27887.4 ± 37.9 12.75 ± 0.24 27925.4 ± 80.5 12.54 ± 0.28 27853.9 ± 34.0 12.31 ± 0.15 27831.8 ± 33.9 11.66 ± 0.12

S -6 -10 4 12

SEGA-HP. O�þã4�U??z�{325gO�¢���8I¼ê�(Val, þ�±IO�)Ú¦)�

m(Time, þ�±IO�), XL3¤«. 8I¼ê�Val��Úµ©S���(JÓ�±\oI5.

�âL3¤«(J, �±uy: (1)3Äu¯K�£�éuª«+Ð©z(HP)U?e, PM-SEGA-

HP�Ø�kPM-SEGA-RP3|µ5(Val =9347.5± 29.7),|µ7(3767.7± 14.5)Ú|µ8(13137.4± 74.5)¥

8I¼ê��IO�(Val=9340.0 ± 0.0, Val=3764.0 ± 0.0, Val=13094.0 ± 0.0); (2)dµ©(JS��,

éuª«+Ð©z(HP)U?e, DE�S�d-6J,�4, SEGA�S�d-10J,�12,dd��, SEGA�

J,�J��. �U?��PM-SEGA-HP(S = 12)`uU?��PM-DE-HP(S = 4), ´J,�J�Ð

�µ©��p�U??z�{; (3)dL3¥¦)�m(Time)(J��, 4�U??z�{�é¤k|µ

�¦)�mÑ÷v��$1N�10 min�¢�5�¦; (4)Ó�, �â¦)�m(Time)(J, æ^éu

ª«+Ð©z(HP)�U?�, DEÚSEGA�¦)�Ç¿�ü$, $�3,
E,�|µ¥¼��½J

,. ~X|µNo. 9¥, PM-SEGA-HP�¦)�m(Time=11.66 ± 0.12)�uPM-SEGA-RP(Time=12.54

± 0.28), PM-DE-HP�¦)�m(Time=12.31 ± 0.15)�uPM-DE-RP(Time=12.75 ± 0.24).

du4�U??z�{3¦)3�III?µ£e|µ(|µ3, |µ6, |µ9)�8I¼ê�äk���

É, �±�þã3�|µe8I¼ê���.ã, Xã3¤«. dã3��25gO�¢�¥8I¼ê��

É~�!¥ ê!o© ê�êâ&E. Ó�, �±uy, ��u�©Ù¦3«�{(PM-DE-RP, PM-

SEGA-RP, PM-DE-HP), PM-SEGA-HP33�III?µ£|µ¥éA�8I¼ê�,�3�NÉ~�,

�¦)(Jêâ©Ù�é�8¥,�{­½5�Ð.O�þã3�|µe, 4�U??z�{325gO�

¢�¥z��¼êµde�²þ8I¼ê�, ±�ÙÂñ­�, Xã4¤«. dã4��, ��u¦^�

Å«+Ð©z(RP)�PM-DE-RPÚPM-SEGA-RP,æ^Äu¯K�£�éuª«+Ð©z(HP)�PM-

DE-HPÚPE-SEGA-HPÑU�¯/Âñu�gCq�`�N��Y. ¿�, PM-SEGA-HP34�U?

?z�{¥äk�¯��{cÏÂñ�ÝÚ���²þ8I¼ê�.

5.3.3 �N��{5Ué'

�ÀJÑ�`�U??z�{,'�PM-DE-HPÚPM-SEGA-HP3�{J,�J(5.3.2!(Ø(2)),

µ©�(L3¥S�),����²þ8I¼ê���ê(L3Io�êâ�ê)Ú�{cÏÂñ�Ý(ã47

Ú:�)4��Iþ�(J.c3��I�é'(JXã5¤«, PM-SEGA-HP3þã3��Iþþ`uPM-
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Figure 3 Box plots of 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
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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
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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.14��I�{®d5.3.2!©Û��, PM-SEGA-HPäk�¯��{cÏÂñ�Ý.�ÀJPM-

SEGA-HP���©��`U??z�{, ¿©O39�|µ�g�25gO�¢�¥, ÀJPM-SEGA-

HP¦��o�:�m���u�gS, ¿�CPLEX, FSFS, PSK�{e�u�gSé'. þã4«N

��{¤¦u�gSe�8I¼ê�Ú¦)�mXL4¤«, �±uy:

(1)éu2�I?µ£e�|µ1Ú|µ4, PM-SEGA-HP�¼��CPLEX�Ó��`u�gS(L4¥

\oI5). �3Ù¦7�|µ¥, CPLEXÑÃ{310 minS¼��`)(L4¥^NAI5),
PE-SEGA-
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L 4 PM-SEGA-HP, CPLEX, FSFS, PSK¦)9�|µ�`z�Y, 8I¼ê�Ú¦)�m

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)

1

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

2

PM-SEGA-HP
0, 1, 2, 6, 12, 5, 7, 3, 10, 11, 8, 14, 16, 17, 18,

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, 7, 8, 4, 9, 10, . . . , 25, 26 13629 <0.01

3
PM-SEGA-HP

2, 14, 6, 0, 19, 1, 7, 10, 21, 17, 11, 18, 8, 3, 5, 16,

39114 15.96 ± 0.3112, 26, 25, 23, 20, 28, 27, 15, 31, 32, 30, 33, 29,

22, 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

PSK
0, 1, 2, 3, 5, 6, 7, 8, 10, 11, 12, 14,

39670 <0.01
16, 15, 4, 13, 9, 17, 18, . . . , 41, 42

4

PM-SEGA-HP 0, 1, 2, 3, 4, 5 780 2.38 ± 0.05

CPLEX 0, 1, 2, 3, 4, 5 780 0.28

FSFS 0, 1, 2, 3, 4, 5 780 <0.01

PSK 0, 1, 2, 3, 4, 5 780 <0.01

5

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, 7, 5, 9, 10, . . . , 16, 17 9580 <0.01

6
PM-SEGA-HP

2, 4, 13, 8, 0, 1, 10, 3, 12, 6, 9, 21, 20, 15,

30552 13.20 ± 0.4614, 22, 23, 24, 25, 16, 18, 19, 26, 29, 30, 31,

27, 28, 32, 7, 33, 34, 35, 11, 5, 17, 36, 37

CPLEX 0, 1, 2, 3, 4 NA NA

FSFS 0, 1, . . . , 36, 37 31456 <0.01

PSK
0, 1, 2, 3, 4, 6, 8, 9, 10, 12, 13, 14,

31132 <0.01
15, 7, 5, 11, 16, 17, . . . , 36, 37

7

PM-SEGA-HP 0, 2, 1, 6, 4, 7, 3, 5, 9, 10, 11, 12, 13, 8, 14, 15 3764 5.90 ± 0.04

CPLEX 0, 1, 2, 3, 4 NA NA

FSFS 0, 1, . . . , 14, 15 3856 <0.01

PSK 0, 1, . . . , 14, 15 3856 <0.01

8

PM-SEGA-HP
0, 7, 9, 10, 12, 3, 2, 11, 4, 15, 14, 1, 6, 16, 17,

13094 9.84 ± 0.06
18, 5, 13, 19, 20, 21, 8, 22, 23, 24, 25, 26, 27

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

9
PM-SEGA-HP

11, 2, 9, 14, 0, 15, 10, 1, 3, 4, 6, 12, 20,

27816 11.66 ± 0.1216, 7, 17, 19, 24, 22, 21, 25, 26, 27, 28,

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

PSK
0, 1, 2, 3, 4, 6, 7, 9, 10, 11, 12, 14,

28316 <0.01
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%

06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00
Time
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Time
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ã 6 PM-SEGA-HP¦)3�III?µ£e|µ�¢1$1ã

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

HP316 s�²þ¦)�mSþ��ÑCq�`);

(2)PM-SEGA-HP�{e�8I¼ê�éAØ���u�gSN��Y2), `²L1¥�,
|µ

�3õ��5�. ?�Ú, du$1ã¥Ó�5���äk�Ó�$1�?, ����$1N�¯K

��´�õ��¯K.�Xµ£��O�, CPLEXÃ{310 min�mS���`). Ùg,õ�u�g

SN��Y�,�ééA|µÑ´�1�, �,
N��Ye���N�����, Ø|uNÝ
�

iÅÚ�Õe�NÝ·-. Ïd, ��âNÝ
äNI¦, GØ,
��N���'���¦)�Y.

(3)'�FSFS, PSK�PE-SEGA-HP�8I¼ê�,`²�`U??z�{PE-SEGA-HP3~��

�o�:�mþ�5UJ,, ±9�yPSK�Ð©«+Jø�`�N)��þ. ½Â�éz©' 

�(relative percentage deviation, RPD)½þ`²þã�I, =

RPD = (alg − bst)/bst (9)

Ù¥, algL«FSFS½öPSK�{¦),|µ�8I¼ê�, bstL«�`U??z�{PE-SEGA-HP¦

)éA|µ�8I¼ê�. L5�ÞÑ9�|µeRPD�O�(J. �alg�FSFS�, RPD(JL«��

uÄ�$1ã�ã½u�gS, PM-SEGA-HP¤�Ñu�gSe¦)�þ�J,��. �alg�PSK�,

L²¯K�£��Ð©«+Jø���PE-SEGA-HP¤¦�YØ�34%±S�«+�N.

��, Ó�À�3�III?µ£e�|µ, �ÑPM-SEGA-HPu�gSe�¢1$1ã, Xã6¤«,

7Ú¢�I5�Õµ£��m��. dã6��, ���¢SÊÕgê��½¢S«m$1�m��

�, ��$1�?�p, 3µ£�Õ�@u�.

6 (Ø

�©�é�Õµ£�¹, JÑ
u�gS�ü�?è�{, éuª�Ø�å�)è�{, ±9é

uª«+Ð©z, À�?z�{DEÚSEGA, l�ý¢��yþãU?3?zO�¦)�Çþ�J,.

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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À�Ù¥��`U??z�{PE-SEGA-HP, ¿�CPLEX, FSFSÚPSK�{3¦)�Yþé', �y


�©¤JÑ�{3~���o�:�m�k�5Ú¦)�Ç.�©�{����{�¬�NÝ
¢

�Jø$1ãN��ïÆ�Y. �5�Ä3�.¥\\Ä�|$^Oy, �6, �Õ?´��å, ?�

ÚJpN��Y��15Ú¢^5.
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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 control0, 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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