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ABSTRACT

ABSTRACT

With the rapid growth of the railway network, especially the high-speed railway
network, in China, the status quo of the supply and demand had a significant change.
Quantifying the relationship between the input of transportation resources and the output
of transportation products, railway capacity estimation is of importance to the entire
lifecycle of railway planning, designing, and operation, and is supposed to play a guiding
role under the significant change of railway demand and supply. However, the existing
capacity estimation methods only consider limited impact factors with low modeling
granularity. These drawbacks disable the method from describing comprehensively and
accurately the railway transportation operation procedure under complex network
structure, transport resource allocation, and transportation product structure, so as to
reduce the accuracy of the capacity estimation result. Therefore, it is necessary to study
the fundamental characteristics of the railway capacity estimation problem based on the
formation mechanism of railway capacity, and to propose railway capacity estimation
methods under complex conditions, guiding the optimization of the railway resources
allocation and utilization.

From the perspective of resource and production of the general production system,
this thesis summarizes the railway capacity as the quantification between transport
resource and product. On this basis, we analyze the elements and the impact factors of
the railway capacity, and define formally the railway capacity estimation problem as a
combinatorial optimization problem, which maximizes the transport productivity subject
to transport resource constraints. Considering the complexities of the real-life railway
capacity estimation problem, we introduce three specific railway capacity estimation
methods, namely “multi-resource”, “multi-granularity”, and “multi-train-type” railway
estimation models and associated solution methods based on the meta-methodology of
the optimization-based timetable saturation. The detailed research contents are as follows.

(1) The theory of resource-based railway capacity. From the relationship of the
transport resources input and the transport products output, we analyze the formation
mechanism, the structure the spectrum of railway capacity concepts, as well as the impact
factors of railway capacity. Combined with the characteristics of the railway transport
industry, we summarize the key issues that urgently needed to be investigated. One step
further, we generalize the characteristic of the railway capacity estimation problem, and

propose an eigenmodel of the railway capacity estimation problem with two elements,
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namely “movement” and “resource”. Thus, the railway capacity estimation problem is
described as a combinatorial optimization maximizing the transport productivity subject
to transport resource constraint, which is further explained by a binary programming
instance. On this basis, according to the complexity of the railway capacity estimation

29 ¢¢

problem, we deduct the “resource”, “movement”, and “transport product” concepts of the
eigenmodel to introduce the “multi-resource”, “multi-granularity”, and “multi-train-type”
specified railway capacity estimation problem, which forms the railway capacity
estimation framework of the thesis.

(2) Capacity estimation considering the coordination of multi-type resources. We
summarize the typical modeling and solving method of railway resource utilization. The
modeling methods can be classified into two categories, namely resource request conflict-
based and resource time-space-state based models. With these two modeling methods, we
deduct the “resource” of the eigenmodel to “multi-resource” to solve the capacity
estimation problem considering the coordination of infrastructure and mobile resources.
The methods are verified with the case study on Beijing—Tianjin intercity railway. 1)
Considering segments, arrival and departure tracks, and EMU resources, we model the
railway capacity estimation problem in the resource request conflict-based manner solved
by a rolling horizon approach. 2) We model the railway capacity estimation problem in a
resource time-space-state-based manner with a hybrid time-space network describing the
adaptation of segment and EMU resources, which is solved by a resource-based
decomposition approach with the Lagrangian relaxation algorithm.

(3) Capacity estimation considering the coordination of multi-granularity resources.
In order to solve the capacity estimation problem considering operation coordination on
nodes (parts of the railway network, i.e., stations) and lines, we analyze the impact factors
of railway capacity of nodes and lines as well as their correlation. On this basis, we deduct
the “movement” of the eigenmodel to “multi-granularity movements” to propose the
macroscopic and macroscopic description of the train operation process based on segment
resources and station track circuit resources, respectively. According to the consistency
between macroscopic and microscopic models, we propose a railway capacity estimation
model based on a multi-granularity time-space network. A granularity-self-adaptative row
generation algorithm is applied to iteratively generate the binding microscopic resource
constraint for balancing the accuracy and problem scale. The methods are verified with
the case study on Beijing—Tianjin intercity railway (with the intercity yards of Beijing

Nan and Tianjin station).
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(4) Capacity estimation method under mixed train type operation circumstances. The
existing railway capacity is measured by the total number of trains, which is difficult to
describe the trade-off relationship between trains with different types under transport
resource competition. Focusing on this problem, we analyze the railway capacity metrics
in the solution space of the eigenmodel, and propose a new capacity measurement using
the “frontier” rather than the “point”, extending the objectives of capacity estimation from
the single-objective one — “maximizing the total number of trains” to the multi-
objective one — “maximizing the number of trains of different categories
simultaneously”. The Pareto front is applied to represent the possible railway capacity.
We introduce the multi-objectives functions in accordance with train categories
classification and propose a train-flow-based model and a timetable-based model,
followed by an & constraint method for obtaining the capacity Pareto front. A human-
machine interactive method is applied to select the preferable (i.e., satisfying the
operation requirement) Pareto solutions (saturated timetables) and the associated capacity
from the Pareto front. The methods are verified with the case study on Beijing—Tianjin
intercity railway.

(5) Case study. Employing the dataset of the high-speed railway and intercity railway
network of China Railway Zhengzhou Group Co. Ltd., we first calculate the railway
capacity using the train-flow-based multi-objectives model under the resource
competition of trains with different routes with a given train pool. The maximum number
of trains with different routes, as well as the associated train pool is obtained. With this
train pool as the input, we calculate the capacity of the railway network by saturating the
timetable subject to resource constraints (i.e., segment, stations, and EMU resources)
combining the “multi-resource” and “multi-granularity” methods. The impacts of EMU
and key terminal stations on railway capacity. The result of the case study show that the
capacity estimation methods proposed in this thesis are able to solve the large-scale
railway capacity estimation problem under complex resource investments and transport
products systematically.

There are 73 figures, 23 tables, and 162 references included in the thesis in total.

KEYWORDS : Railway capacity; Train timetable; Vehicle schedule; railway

transportation system modeling; Resource utilization optimization

CLASSIFICATION NO.: U292.5
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Figure 2-2 The layer of the operation of railway transportation system
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Figure 2-3  The spectrum of the concept of railway capacity
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Figure 2-7 The impact of combinations of train paths on capacity utilization
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Figure 2-8 The impact of the shapes of maintenance time window on capacity utilization
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Figure 3-3  The resource time-space-state-based modelling approach of infrastructure resources
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Figure 3-4 The resource time-space-state-based modelling approach of mobile resources

A Ao BT mT N, [ 5 & BRI RPIRES AN & 28 18] J %, ik A % 8] v [l P 1
o TR HORZS WS 5 8 Fefi N, JCiRAE I [F] A7, IXAREL 1 ERBRE I R
ToVEAE I R A2 [A]_E R AR . T B i IR RS B A (R 4R L, T Lo
IBATER (@A G e ZE IR A 28D fEASAe IR, oy — 7 s sh s & sii B
IRESHARLIA, T PAERE— A7, IXAREL 1 BRERIRIIA RE /0 T AFERS [R) A0 22 6] |
BT — R R R IR AU RR I . DA 3 T BRI AR T 1R ) B AT 23 A )
49, N 3.3 THEL I EHIRZ R I BRI s e T S A AR B B S A

FARARF IR SR ] EAHR i, A SCAMERL Z ik

1) AEE i T [ 8 A% BRI . BRI ZERE () “ R&” W LAEE—
Fofrsio ] 5 W £ BEUR IURRRR 5 o 4E1E O 1D TREAELER “RE” B A 7E4 L
Moo, IR ETLIEIBAT, HNEkIIEIE A 7. v 1 FEIR “RE 7 XEE M
oM, EREAZ LR T VAR B X BURTE Y, (HEnEEkEN T 420 T ARk
ZEFAERMEE “RE7. STEEFRL, 42 G “RE” &Rk
“UESE7, BRI E WA A G . BRI, ATRLRBIAERYEE G ki

59



Bl N o i e R VR S

“REASIE”, FFEM S ELEX R RS AT 22RO RE 7 BRI,

2) AEG| LA BHEK S 225 A SRR DB — RiRe R i [ e, o
AR B T2k B s A RR RN . Dk, wTBLAR X2 5t i R G &, SIS
Zeg| (i ARG IR BRI, DLRIA AR 5] (I r B RO B T 2R

3.1.3 ETHRIFKAREET RIFENSRSEEREREZNXR

BT TRURAE SR h SRR B RN B T TR YR N RS PR AL R 1) 51 s AT i AR 2
M S GEAs AT BRI SR, 25T BRI SR 1 9% () B AR F 9 %) 9
AH IR AR 2R K 22 >R B I L ZE 1) 3 i 17 @ (job-shop scheduling) AR 20, 7EFET
BRI 2R & HI B 384T R S0, Brinnlund 25048 5 FL R FH B 2 0 28 TS
FHRIRA T PN 1B T B, Caprara S5 S 5 5 T B RS SR i = 1 1
R, MR T T R A s AT BB, IR % (conflict cluster)
RZIH F ZEIS AT 2RI 25 O, G 1] B AR i S ) I 28 SV 2R — N R, i
LIRS RS 1 AN e R g i 2 R e 1 2 ot . /)5, X
[ S 2 I R A R AT SEAN AR A, $ 7 — AN e B 25T A R AR Y, DLZR
If 2 Y R R R B NI E, BRI EIBITLR MM RAR, SR A& T AT
BRI ARSI FIRHE, A2 5 T BRI RS S R8T BB 1 ST o e SClk
IR B AR TEARFE T 74 B S HEBEAUE B, 45 B 26 T B YRIE SR i R 5 25 1 BRI
TR A EATT A BRAGC R, RANEEAT B F STk i — P E
FERE . 52005 K, Meng SEUSOE DL T[] B 2579 n b 9 RO 2R PR 22t GRS 2 X
25 B AT EOFT R B, A RS AT A F TR UR M 20 A Y R R B — Fhth
S AT EIR” B, HRE IR AR A CEIE” Z2IE P EistT bR, I
T WL IR S ZE 8 AT I B S 3 5 R A IR R R

XTI R Uit EIN S, AT IR R b R B @A 7 A A s AT R
MR B, BB gE R ey B, DT iz H T80 s A7 it R AL A s s Re o vk
Pl o AH B T2 T B URE SR SR (R AR 7 X, B T BRI AR I @ A 7 vk e
g B ZI 51 4 SR A SRR, o TRk s Y A /) 18 AL B
MR o R, BT BRI R @A 7 O B T 2 T SRR SR i R A 7 =,
A LUK SRR & Y e Bk R I M U ) A BE R b, AR — S AR R R AR
iz K ee vt S b, AT DLE Gt R A AR R (1 T B e DLSE O iR, AT AT
9 Rt .

FEA TS 3.2 RIS 3.3 170 i K T B U SR SR T R I RS
PR 7%, R R 5 RS 22 M BRIk R As e SRR A, DU T 2 b BRI IE T

60



58 2 R BT UR IS IS R BR B S B e 0 U S 5k

BRI IZ N EE ST .

3.1.4 KAIESKER T 00 2508 F) A 0] R K A 75 A 5 i

K FA AR AL Bk v Bk B 38 3 R ) e S SR RSS2 B2 VR 7 T 1 2H & 4K
) f, RIS E T (s BUE AR SKRABAEAE — & IIMEE, 1 H AR
fRZH A A 10 R 8 P SR AR #% (i CPLEX. Gurobi) HIRE /AR, s LASZEl I
A1) R ey R SR A . e, R R A0 R S, R OB I K B 32 S e v B
R 3 9 /N R, IR 7, R SR AR R RIUASE i) s e i o 5 AL 8 T 2 f
HHEANT

(1) #%utE). ZS[ER-E

BT IS [A] 33 43 Ak AR 21 A2 3 A7 THRIARAL 1] &R 23 o T B, X
SRR A — AN BT &l o 78 R 3 I BOR g se e » iz Bt RIE A 2 2%
RN B G — B Be R ksl g, HZBTA I B TH RIS SRR 58 o BB
TTEMREAR A “IR BN 4 7775 (rolling horizon approach)”. % 7Vt % 7 N L4
5 1847 B “ MATAE G 7 HEdE &L, 78R ERnT LASRAS it s i g, it ) s
Tt o H A, MG B AT B i e 52 o) T A B Boa AT B B B 0 SRR A i AR
i) B3 4T BT AS 2 R e W I B AT B (R Al 2k A, AN 6 B HD 7 PO I Bag AT
Pl R 1 A, o B 2R AT IR R o o R 7

BT (R R 3 e 02 2% RV B X 245 4 B R 22 IS AR MSZ I 1, SR J5 283K
T IS AT B o X AR AA 5 10T DARR Him 2% X 1 25 R R AIE R s ki 23 9, 47 2
11T BB R A 2 — @ Ak . B, “hnidik” CURIREE M e 1T B vt , @
b Nk i DX T) 40 T D X A] (as AT B, Selig AT B R 4E RSy e o BEE T
AR RE, FET ARG EA R — PR uH, 40 Luan S92 HEE T
—Fh 445 CDRSBK (cooperative distributed robust safe but knowledgeable) F]Jg & X
JTERETH &M EE AT I P FR L

(2) ¥INERBITEL (WZERE) o
B PNIBATL (AR 7RI AT B s AT SRl 70 fif 9 Jar i)
I 22 BR AT I R, IR AN R A D7 5 AR 4 2 e 2 A RSO0, XM o3 e 5 1T
PAOR B B I8 AT AR I SENE, G0 T A BB 424 I W) B2 ()32 5 () — Bk 1), (H
FEAE R B R 9 223847 B, IR 7 ik S R IR v S AE DL SE A e T 2%
5y FEORMG A . K, 1G5 BT 8 AT 76 2R F B ) v i 3o A 5
fRTTE (AN RS R Rkg BT HRR S E0E), MANATATIE I8 IE fl AT (e

61



Bl N o i e R VR S

1% B s st 5925 P R PR OB BEVE R 3l 1), B T4 2R3 AT B T 7™ i AR Y
BB 1P, FEX A7 AR T RETCIAAT B AT AT, AEAE R EAEBY TR & 307 %
o A 1) R ) T AT A, AL 5 4 SRAT A T AT AR R AR KA B R T R e )
AT S0 RE

(3) BRI

FZGEIRIN R 73t T LR — AN 1K) 22 SR 0 S 7 g e 28 45 Ll “ 81 7 A
H, SRR FE A T R AN R SR 0 . IR S BRI i o L
BB R R ) — RN R W T i, T RO SRS AT IR K TR AR R AR
A R A ST P % S BRI T IR, T A SR B YR O B T (R R T R R
SE MR, SRR AR KRN o FEBEHEZR T, 2B 73 S 1 1) il ] ARG 75 22
EFHANIRN 5 3%, A Bl B A s i B — SRR e T3 v i A ke rpd:, oy
A TSI BIR S B Y A ERAL, W e Eam . HOR, o i ik S ki is A e
PR TARMIE, AT DAME &LV ES T 256 T A B A S0 PR AR G042

DAE R Rk 3 i 8 ) P ol LS g8 0 7 AR AR R Ry e . AR
FRIEF 3.2 15 R LI A1 A 1K) ik, SRR T BRI SR P R Bk iz f e 711152
P AREIEE 3.3 WA AL BIRSRA W Tk, SRS T BRI 2 IR 1 ek i
IBHRE TR

3.2 1ZEEE S RRY % SRR T M BE DT B A

BT BRUETE R R AR X AR B ASEASIB AT EOOAEZR, DAz AT I A
R BB 3z PR 5 2 22 2H 38 FTRR U DR 0 a6 A e il i 2 91 423 AT B 3
AR o G AT BTG SR SRR (R AL, St AN TR 38T B SR A SR SR A R
7] 7L

AT B AR5 U ILF R A HIBER A-2.
3.2.1 AT HIFREKPEARBIEMWEE T ERE

WRYE K sm s IR S, Bkt iaim fe o vh SR e b R NS AR st
B R FH 3B B 8] B I TR) AR e AT BP0 . sh 4 His - (R 3RS LA g 5 4=

HPRBEPPTR) R A3k B8 73 e R FH 1) 8% s 1) A0 0T 126 % DLBR AR BB 1 5D 3 A1
[, = Z [AFERIRR R o

62



58 2 R BT UR IS IS R BR B S B e 0 U S 5k

(1) X[ e BIE—3 24T B 7 R

G AEIBAT 7 1) ) 2 2 R SRAR B R B 2R A 5 2R i ) BRI Z1 . I8
REJI M B A BE S A1) 23847 VR B0 1 oxe k B OX TR = B R AR A AR 20 i« A B
NEVRFA RIS IS AT IR A A 8] R R IR R R

Ef<d’ <l VfE€F (3-5)

al® =di*+Re+A° Xz} + D¢ xz}° VfEF,e€ll (3-6)

di —a; <M xzf VfEF s€EI (3-7)

di —a; =P VfEF,s€lf (3-8)

& —af + (l—uf )xM>0 VfEF,f €F —fselnlx (3-9)
u;'f,+u;,,f=1 ViEF,f'€F —f,s€l; NI (3-10)

Ae e * 14 *
df —dg +(1—u}/f)><M2Hff, VieEF,ffeF —feell;nlly (3-11)

Ye Ye Ye x ! *
agi — ag (l—uff)xMZHff, VieEF,ffeF —feell;nlly (3-12)

293 (3-5) W B L6 R IN 1) B 20K . 299 30(3-6) J B 26 1 [X B AT I 432495
FTR G TE FI 7 3 (0 BB 220 5 J 77 3 £ Hh KBRS 220 20036 A [X IS AT B S0t 0-1
A BEZF PGE T AR TR NI 43 BINCE X (RSB AT b, ARELT BRA
AR P I A K RIS AT IS 43 72 5 A0 aB-T) R 7 o ol e 1A Bz (1 — 3t
ﬁ%%»ﬁ?ﬂil#ﬁvﬁ%ﬂi%ﬁﬁ@WMI%%ﬁ@&%?ﬂ$%¢ﬁ%
I 25K o 205K (3-9) FI(3-10) 77 B 26 Uk 238 YR A8 kg o 5 51 26 ) 1 2 o
ZIAE R — ﬁﬁ%%o%%ﬁ@ﬂﬁwﬂmﬁU%mﬁk@hﬁ@ﬂﬁﬁ@%ﬁ
AL, T [ RS e VAR X AR B8 AT R R IR (3- 1) IR Fug,
KR FIEAEIX MBS AT 0-1 ARl 7%, BIREEE AT Lk i) R R 5 AT
{7 LTS 4 IE AR A 7

(2) EBRFE—BEAHBH T
27218 FY ) R HEAE T8 5E 3T IR S 4 T] (AT R OR %, A X i 8 B0 4% B YRR IS

63



Bl N o i e R VR S

LG TEC . UL RS R R EEA L R .

b]f‘f,=1 VSElNfEF —F iwr=s

fIEFTE =s (3-13)
Z bi=1 Vs€lf €F —Ffiwp =s (3-14)
fEF*:5f=S
d;,—a;+MX(1—b;f/) = C;fl
’ ’ (3-15)

VsEI’,fEF*,f’EF*:wf=6ff=s

25 R (3-13) 3 14) B (93 AL 0 R — 1, BG4S 1 SUZETT 3, A LI
11 BRI ARG S0 25 5 F A e B AR Fooh, BRI 20 e (51 % 51
fof € Ff Ui R ARRG-14), BIERNEIERRASES € Fy N LR
R(3-13) LA (3-15)J8 B NI TRV BRI 2000, 27 A7 E Pe e e A MBI ZE 0 (I
b3 1 = L) TEBN 4R ST I HTIR A s (R HIZE UL B3, th L5 e 9 2L R
B, T RS 2R R RIS S 5 R A 2 (44 BN S a2 5 R N T e A
¢ oy WP 35 e 36 T3 ZR 4 N B UE B T 3 AR LA 8, DR
B2 B 208 A S0 R N B 1 & B R, PR BIAE & ik i
MBS L

fi f3 fofs fa fe

/

- _; | |
bf3.f4 =1 b]§5.f5 =1

b: - =1
f1.fz }(ZT"
f‘T" fs:fe
= *fufa
o
= C;3vf4

K 3-5 shfdamatssft
Figure 3-5 The circulation condition of EMUs

(3) ZEuhE E BIR—ROE 7 BT 1A A
B 7 T 1P e R SR B R B AR AE A5 Rl O OB e 1, AEORUEREIE o5 A AN
REJHTHE N, BRI H A7 R, xRk R ax — I 28 SR HEAT AR A 23T o
JE 73 B 7] R ) FE A LT AR

64



58 2 R BT UR IS IS R BR B S B e 0 U S 5k

k S *
xr =2z Vf€EF*s€El
;;S f f f f (3-16)
f
k S *
xr=1—2z7 VfeFsel
k;S ! P ! (-17)
f

ZIR A (B-16)F(3-17) KR F BB R B ME—TE L0, B 2 00 BAE 24 50 25 0
Sk, D20 8 B4 el S A I T 15, 75 I Z0de % IE 2R i id it « e 1 o5
5P ERRARH R Z . shEA RS0 R A E VIR, AL AWt

s s s k k
af,—df+M><(3—uf‘f,—xf —xf,)ZTk

3-18
VfEF,f'e€F —f,sel; NIk €EK® (3-18)

2R A (3-18)FK 7~ A 8] il 3 1Y o5 R 1) R i [e) 20 9, B2 51 2232005k F [R)— %
K, JEATHEEERTAT A 42 B8 T4 T B R e A e dFaE Nz ikiE, i 3-5 11

fitifse
bjf'f, <1- x}‘ + x¥

f

b;’fl <1- x]’f, + x}(

VfEF,f'€F,s€lws=6s=skeK’ (3-20)
N N N N k k
lell — df' + M X (4 — bf,f' —uf'fn — xf —xfn) > Tk
ViEF ,feF —f,f"e€F —f—f',s€lné =wp =5, (3-21)

k € K*®
A5 (3-10)R13-20) 3 I FUAS 3BT B2 36 0514 47545 B e
FEIFL— St B2b] 0 = 16, xf = xfr. 9RRG-2DAR IR A SIS
WIS, S84 S B ol = e = 1) 3T UEIHR (b5 0 = 1,
W 4 AED 5 I B NI 51 £ E 1 % B F— B TR A THEN, S
3-6 EPE/‘]/IM f55f70

65



Bl N o i e R VR S

Kl 3-6  JB3E 7 BOm e 2% 1
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Table 3-2 The comparison of capacity estimation result under different stopping patterns
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Figure 3-8 The relation between EMU number and train number
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Figure 3-12 The headways representation using blocking resource
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Figure 3-19 The impact of the layout of EMU depots on carrying capacity
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Figure 4-5 Macroscopic representation of train movement
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Figure 4-6  The sketch of microscopic network
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Table 4-3 The average occupation of station track circuits of siding and switches area
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Table 4-4 The comparison of station capacity on simultaneous releasing and sectional releasing
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Table 4-5 The capacity variation when some facilities are out of use
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Table 6-1 The number of HSR trains by operated EMU number in Zhengzhou Dong EMU depot
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Table 6-2 The number of IC trains by operated EMU number in Zhengzhou Dong EMU depot
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Table 6-3 The number of trains of Zhengzhou Dong station by directions

(Fl/d)
izHiRe
LS| BRI AEE & VIR 6 g
FukRe ] LA
YN O3 R ER BT (42 116 107 -9
WrzR R 136 133 -3
MR LRERET (30 26 21 -5
ML (R 27 26 -1
BRff X 2688 T ($5) 10 13

Biff X 288 T (RO 27 22 -5
TR T (B 102 92 -10
TRRIHER T (R 130 106 24
SRR AT (B 15 20 5
(=7 MRLHAT () 92 73 -19
MR AR (RO 97 86 -11
O3 R ER BT (B2 12 17 5
SRR T () 82 70 -12
HENTE CRO 57 63 6
Wb P& (O 108 38 -70
SCAE R AT RO 104 38 -66
M (3 144 97 47
mH (RO 144 95 -49
B — 1429 1117 -312

I FBEEVEREN, MRS AR L. WEEREAT RN, RN EE TSR
DUAR B ST B3 A Mool 2 3t 21 5 26 4 o H

165



Bl N o i e R VR S

I 63 FI 1, P8 T AL IR WROE P RS B
FEAEIRAE A1 UL T KN ARSI R0 B ) 1201 3,
KM 55 307 P BB TR | AR B T B R % M ST
SN AL, HAH AR5 TIPSR, 5B R 7 K
B AN AR 5 B P A B R 1, ) B R
SESASILE . LT R T, R B O BR 7 T DL &
BENSRR I, DI R AT IO 0T IR, 4% 8 A
S A AT B GRE RE A REPT R R SRS 2 DX RG0S B A
T R 56 R 0 SR AR A B I 1 BT E ) 2 A7 BN, %
B o 2 5 ) S BRI, VRIS B 19 REHBE 1 26 TT 47 S A 75
k.

I 6-3 TR, KN R SRSRITIA B R S BOR AR ) B R,
FUBSM M R UEIR S (03 b)) WP 6.8 PR i 6-8 T2,
MM RIS (0B R AR AR 5 SRt TR RSBl A0 56
TRRBR kB 004 KA BIFIAE, KB IR R4 S5 B IO BT ST R HE 1
A, BB R B

e R B

BB B B

‘ﬁ
=N

6-8 RPN AR b IR 7y 4 ki il A AT B0 LAt R
Figure 6-8 The saturated station platform and track circuit utilization plan of Zhengzhou Dong
station (partial)
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Figure 6-9 The capacity occupation of Zhengzhou Dong railway station
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Table 6-4 The capacity occupation of the yards of Zhengzhou Dong station
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sS,, BRI i, VO LT % B AR A
S B TE O 2 TR R A et

IR A2 3.2 W EA RS
Appendix table A-2 Mathematical symbols of section 3.2

H B &

Ser Tyl EyhifE
e€ll X[ XA
fEF B B At
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Bl N o i e R VR S

FB BB EEA
Ff. Fy MEAHB. NBTERINGEEE
I; PIEfIBiTHM E GRS
g FIEfIaT M ERIX RS
Ao Ve X [e el &ibZik
8 wr FIZEFIGR K 2B 05
k FEub e
K FulstIRESEE
VP Uf BB FAEZE S uh . AMFa T i B S &
M S FNEIRE
Ef. Ls FNVIEAELR Rk (R de 7 Bt RIS %)
R®, A®, D¢ BIFEAEX[HefILiafTi 2, B3 1E A 43
HE B f11E X 3G B 01 2 £ 3247 16 1A T
P? H 25 f 75 2.3k s P B /NS il FF ]
Ty JBEAE he ) 5 /A ok FH T o )
c; g FEAR B f 5 1 (M3 4 2 2 i s de /N B T[]
F* SaApE, WkhaiE i EES
az. df B R, FIEFAERSsIIBNE. HRZ)
zf 0-1 4%, B4 fIEFusIFuiAN 1
Up o 0-1 485, FIEfIT A4 f BlkEilisHy 1
bf g 0-1 A8, JAYB) LR MG 7 f IS 16 7R ufis SERIPTIRA 2 5 2 7y 1
xf 0-1 4%, B4 fEFERELAN 1
B A-3 3.3 T EA AT S
Appendix table A-3 Mathematical symbols of section 3.3
G RS
s Tk
Srr VBN 4 A AP BT BRI IR AL ) 2R i A
(51,52) DX ] Cfd A SR 28 ST ARG 1 — i)
SG X [F 55
fEF P FIFEEL
Qs Fulsiyr iR BEE S
@ iR
t BRI 25
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sk A

t(w). t(v)
e € {Arr, Dep}
7. S
vV
Vwait

service
Vs

v
v (s), vt(s)
u
Uy
A
At(u). A~ (w)
AS;
ASt(u). AS~(u)
AC,
ACP. ACP
Ay
ACt(v). AC~(v)

IS 23 45 R R N R I 2]

TRV (“Arr” FoRENEMRL, “Dep” stk ARk
PIZEFIIIR R . AR Zeuh

TRES

KSR NRTE Sy

G f IR S5 R

MR TR (RIERTD

FulisPIB AR N T R

FIZERSS T (R
JETHNEF RPN RS /L (&)

MEE

BENL BT Ruf il S

S f I A 55 SR

BEN BT Suf S RS I A
PIEFRIEN A E RSN OB G
FIZEFRBIGEA E. NARIES

JE T I Ef IS, A = ASp U ACy

BENS BTSN H SR R A B MRS

AE EHERINES
Al A YU AE I
AE*(v). AE~(v) HEN. BIFShEAI SR Molish E A SR G
b 98 4 X
B(a) SIRaASIRIN gE Sy X ety
TN The PRISEATZE IR PRI JE 43 X BE I e o7 PR SEAT 25 % )
R A 1) P 67 2 YA &
R(@) SRR ST B
T o e
ds(ay) UL IR R, 5 R SR R S IR R I
9r(ap) 451 26 JIR 45 g i P T A ) 2R B AT BR AR P A
77(51,52) Y2 FAE X 8] (54, 5,) KB AT B 7
i sls BIEFAETESHIRAN . B ]
o B 254 S BRI b
bEStbeelS  BUZEIBATIRas XS PSP X b T U A R 5 I )
E BNIEH 9 3h 2 R
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E, )& T Zufismt 4R 4= Br () Ish 48R
Py HI 2 fHIRIIRIZ H™
Wq Rafitl
Xa 0-1 425, 4B Tileish 44l B F dlatiiik oy 1
Ve 0-1 4, ENZEL1 5 labitrh sy 1
0y 0-1 Az 6, MIZEATZEBr i i HION 1
b A-4 2 4 B BART S
Appendix table A-4 Mathematical symbols of section 4
=) X
Ly, X [F] 38 B2 8] b I 1)
I ZE i 38 I 3B I R B B[R]
Iy, Ze it tH R T8 R [ B I )
Ly, 2R3 [6) 5 )8 A 1B B ) B B TR
Iy 253k B IA A8 B[R] B e 18]
Ly 22 [R) 7 v) 1) 388 B ] B B 1A
T3 FH T3 o FH 587 AR 1 28 3k 1] B B[]
Taslk P T B0 I = AR 1) 4 3l 1) 1) i B [
Tag s O a2 A PR 2 3k i 81 ) e 1)
s LB
t I %
f ks
ve, vp TR W28, H 2R AR RS T R R
Arr, Dep  ZEREISAEMZ, FIEREEL HACRE
a SRR 5 2% R
a? DN AR AL T A A A
AR BIZEf B ATISE A
4P B Fl LA A
A 514 £ {0 MRS 2
Xq 0-1 A&, MRS 2 W45 o [ a gk s HUE S 1
K BERK
x RS
Ky EEg D Hg Rt &
c BLTE L
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C, Ck PUE RS, BEMK @SR SR PE RS
n# FA )
np R AL
¥ [ERE
Ny LA fEES (75D
Ny IEfRIFTA T RAELSE S (FPAD
Vn 0-1 426, fRlm@akhm BE Y 1, B0
btgiare FNZETT 4 b3 TS L I %) 5 BRI 2 ) 22
bténq B 2R S5 15 FH P HL R I 2] 5 38 I 2 )
R, FIK B AR in &5 I TBUE FL BRI 22 53 Y
r(C,7) BUE FLEE CLETIN ZI R BUIE IR 2 B
g(s,ar) WIS 25 a 75 423k s T P 3 i 40
dqo B 257 W R ag FI B IR 52 4E
Ya H IR IR I TR
a BB R
AL A5 TR Z I 2 v IR B IR AR
r 5 WL P ZE I 75 B A
R(ay) ST W ag BT & FH R UL A E I 22 B R SR
Zv, 0-1 A&, Al 4LN it I Ay 1
N, SO F I ap AL —BUESR RO R &
R AS 55 TERIVECE S
Appendix table A-5 Mathematical symbols of section 5
=) & X
f Zie
Zf 0-1 7428, I fHAmASIFiziTEIdh oy 1, S0
! 7 WL X P D B
C, B IR H IS g
8, B B L3I B T R
S ek
Ef. K BEN B AP R A
N; Fufis IR AERES) CLAD
s Tl IR 4 RE TR AR5

FIw I ZERTAT 1) foe /N
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Ar. Ay
Of\ Df

R(a)

0-1 25, FIERZilabit A1, HNHO
VAN R i RN D (EUE Sty

B 25 f H A2 BRI 2K KD R

P ZE I 2 B

P eI 2 B A AR

I latiife b, 2 G A P 2R I 2 BHAR
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M B

HESHABERAN

Bt B-1  HUEIR PRk X RS AT I 43
Appendix table B-6  Train running time of Beijing—Tianjin intercity railway
(min)
X [A] 2 A DX [A] 2% i s B
. . izl R AEEM aigiy  EIM AFEM
o o B B RS B RS
Aesrs IR 7 2 3 8 2 2
IR K 2 3 5 2 3
K i 8 2 3 8 2 3
i BT 5 2 3 5 2 3
BRI T 7 2 2 6 2 2
T HUAPELRI T 7 2 3 6 2 2
WP T TR 2 2 3 1 2 3
R VPR T 2 2 3 2 2 3
R i) 4 2 3 4 2 3
] SE G 6 2 1 4 2 1
Bt B-2 4.4 W R=GI TR S
Appendix table B-7 Candidate train set of section 4.4
R e K ks
iz IBAT X B R Z MRKRETZ BATRS WA HeE
/min /min /min Py

C100X  JbxiF—RHE 30 70 240 200 8

C100X RE—ILHE 50 90 240 200 8

Cl10X  JbuiF—RE 70 110 240 200 8

C110X RiE—IbnimE 90 130 240 200 8

C120X  JbaiE—RE 110 150 240 200 8

C120X RE—ILHE 130 170 240 200 8

C130X Jbxip—RiE 150 190 240 200 8

C130X RE—IbATE 170 210 240 200 8
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e R =4 K 5 %
s BAITIXE MRETZ RREZ BT WiEH B
/min /min /min Pr
Cl140X  JbuiF—REE 190 230 240 200 8
C140X RiFE—Ibnim 210 250 240 200 8
C150X  Jbnip—RiHE 230 270 240 200 8
C150X RiFE—Ib5{E 250 290 240 200 8
B2 B-8 KM RERIA AW N EEER RS . IRBR KR R IB AT 73
Appendix table B-8 Train running time of HSR and ICR in CR-Zhengzhou
(min)
X [H] 2 A [X [ 24y — ij N - Li? -
£ i aiigit s e diziy ) (XD
i S iy 125 L N 1573 S )1 125
AR H9EEAR 10 3 3 10 3 3
SRR WEAR 11 3 11 3 3
e TS LR 14 3 3 14 3 3
DIGILERAT  IMRRT 2 3 3 2 3 3
HNARRT 4 RO 2 3 3 2 3 3
— BRI YFER 16 3 3 16 3 3
[E1 el 10 2 3 10 2 3
ee[d T 7 2 3 7 2 3
2T JEEHE 11 2 3 11 2 3
TR TSIk T 10 2 3 10 2 3
ThIHILRIRAT MR 5 2 3 5 2 3
ARG R 5 2 3 4 2 3
W T HEMPE 12 2 3 12 2 3
HM IS 11 3 3 11 3 3
NG BRI 9 3 3 9 3 3
VEBEE ] TR 14 3 3 14 3 3
et =1k 12 3 3 12 3 3
=1k RET 10 3 3 10 3 3
I B 7 2 2 7 2 2
S | el 8 2 2 8 2 2
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X [ e A X 7] 4 55 — ﬁﬁ - — Lif -
g o 2 Iheey N R ) =4 iz y ks =4
1057 N i1 15 oy 1 1057 S i1 125
NI pit=) 3 2 2 3 2 2
B SCSHRALRIERT 4 2 2 4 2 2
SRS NI 3 2 2 3 2 2
HM AR bR 7 R R 2 2 2 2 2 2
BB Je 2R BT g 1 2 2 1 2 2
MY s 4 2 2 4 2 2
o FEHL 5 2 2 5 2 2
FRIH R BH & 5 2 2 5 2 2
R BH I X 6 2 2 6 2 2
B X K 7 2 2 7 2 2
M7 (Wil 5 2 2 5 2 2
(v FEIE 8 2 2 8 2 2
IR P LR BT 6 2 2 6 2 2
HMARRE Y BRI 3 2 3 3 2 3
BRfRIXRIFT  RRHER AT 3 2 3 3 2 3
B i X 42 2% P HEHN 8 2 3 8 2 3
FBJH VG T 8 2 2 8 2 2
s F M 4 2 1 4 2 1
L& HINRIRZY 2 2 3
SRR HBNERN 4 2 2
HMARWERE  BMINERT 5 0 0 0

B B4 SN SRR BR AR A 51 4R IB AT A
Appendix table B-9 The train routes of Zhengzhou HSR hub

IBAT 71 IBATIR B BT )5 IBATIR B
RS E
TR 2210 T 3k b R T K wE—5 SR LR BRI R 2R
(=% RiE2He (R—Ib W i)
TR 2210 T 3k b R T K =5 2l SR T M
(de—r V=t (FE—Ie> R
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BATIT 1A IBATAR IS BAT T BT
HT—R= SN R B 15 == 5 I 2B T F N R
(B—%) LI (F—®D VN7
TR = G R A T B w=—n" LA T HBIN L B
(B—75) DCERER T« I S P 7Y (Ti—r) DX 2R 28 T B0 o 2 2% T
WERFI%E
ZEHIFBM L B X 2k
SO AR L AR X A
HEFE—HBTT Jts FRINAR B . 338 HEE—HEHL
BT BB R P
T 2K R T
22 AN 2RIz A
S R A T B
T — K4 RET Y. Biff X &% ML — A4
XZRBE T, B
By #B40
TR B 2%
SN B IX A 2 HHT AT AR
HE—R= IR 22—
Jrs FBINAR G 0 5 BT AR ZEE T
(FI—%D (FR—7)
LT HE M
ff B-5 28 6 FHIAE %k ik
Appendix table B-10 Candidate train set of section 6
PIEEE 6
L B 25 R % I
/ G/
VAN S MR A ZIHA—FER 52 HENE T F/d
i VFE IR — %R 52 CE KR
HMARAL  INAR I — 2B R 9
RAR] RRHAR—EINERE 9
IR H— I E AR 12
PFEAR—HINARE 13
HIH—22 FHAR 4 G HB X T, KB AR AT
]
L PHAR—HB M 4 L DKL, MIMRR
=9
PFEZR—HMI 2 LN ER ST BRI 2
HM—PFER 2 I
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Rtk H IR A P R 26 EE%E 1 5/d
by RE PG 27 15
i —¥& B ] 1
ST —R 1
HMARAL M ARAR 2 —IK BT 1 EEE 15
ERAR] BTN R R 1 TENE 14/
IR —H T 14
i E— N R R 228 16
HM—RFETY 4 ez g
RFPE—HIM 3
PN —Te Fr. 1 S MBI AR
P Fe— A 1 I . R
R mE— HE MR A PR —R I 5 Lol R KRR T R AR AR
=k pliibui =3 G
(B2 i —Zf R 4 LHM TR, MR
7M€ D)
AR —RE 21 Ll KRBT AR R
=87
REWE—ZHR 21 S HE PRI, MR
I
FER—HT 12 SHFSINAR I s W AR
it
HE—1TrE R 12 LHM TR, MR
7
VFER—REN 15 o BSR R T BAE IX 2%
REWH—IFER 15 FEFT M
BB T —%BH 2R 1 S HE NSRRI, MR
I
BRI T—VFE AR 1 o BSR R T B X 2%
PRFT N
HEHLI R HMARAL M AR —H K HL 17
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2k HN 7S5 &N R # Ik
I (Flid)
URAR]  HORHUIS— N RIS 17
WAL —HE M 2 2ok RRJRZCER T B X LR
I —3Fr A B 2 i
IREEIR PR PN A FEAE—HM 11
IR KA H| N —FEAE 11
BAE—HINERT 1 22 B X LR P
KINA T I — A 1
SIPAR 1N HMARAL  BINARIR BRI — AR 8
URRZE] RMER—AN R IR 8
RIS — L 1
WRPRERBRESEE MK HOBH— R Ik 2
blibu RIEE—HT A7 2
=7 1S HEPHAX AL BE—m T 1 20t AR X LR BRI 48
L by R Yy, WELET
i fE—HEAE 1 LR R BN AR R
Y. WiARIX LRI, A
bi# B-6 % 6.3 WA AEAIIRIE K
Appendix table B-11 The original transportation performance of train of section 6.3
2 1Rk LS| R i
I (i) 2% Py
VRN S A it 2 5 250
H 167 180
AN AL G K — 124 100
2Rk ALl it BRAT 2 250
Hoth 182 180
HEINAX LG — 28 100
BB 8 120
BT T8 AR 8 80
TR e i) PRAT 5 250
Hoth 159 180
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I H LGl
2% 7 IR
Q) 2% Py
IR bk IR o 5 28 — 552 120
PR AR e — 44 80

VE: BRI CHRRT” BB AEAERIE TERE X A5 8 P 2R il BSOS
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iz C

£ C-1

B C

HEER

U 8 X (8] BE 7 IR 1) 438 AT EAEAE IR ZE s o R

Appendix table C-12  The station conflicts only considering segment capacity

KE MHRYI LA PRSI H % X B % B [
C1405/C1308 C23 (3:19—3:20) ; C21 (3:19—3:20)
C1302/C1403 C23 (3:44)

C1205/C1108 C20 (2:00—2:01) ; C17 (2:00—2:01)
C19 (2:25) ; C21 (2:25—2:26) ; C23 (2:2—

C1102/C1203 2:26) ; C24 (2:25—2:26) ;

C1207/C1106 C20 (2:31) ; C17 (2:31)

Jb rE PR C21 (2:49—2:50) ; C23 (2:49—2:50) ;
C1206/C1311 C24 (2:49—2:50)
C1507/C1310 C17 (3:59)

C1414/C1501 C21 (4:20) ; C23 (4:20) ; C24 (4:20)

C20 (1:36—1:37) ; C17 (1:36—1:37) ; Cl13
CLI01/C1014 (1:36) ; C7 (1:36)
C1104/C1201 C21 (1:54—1:56) ; C23 (1:54—1:56)
C1210/C1205 C4 (2:28—2:29) ; C6 (2:28) ; C8 (2:28)
C1203/C1204 C3 (2:46—2:48) ; Cl (2:46—2:48)
C1214/C1209 C4 (2:34—2:35) ; C6 (2:34) ; C8 (2:34)
C1207/C1304 C3 (2:52—2:54) ; Cl (2:52—2:54)

C4 (1:222—1:23) ; C6 (1:22) ; C8 (1:22) ;
C1004/C1003 C11 (1229
Cl1111/C1112 C3 (1:46—1:47) ; Cl (1:46—1:47)

C4 (1:228—1:29) ; C6 (1:28) ; C8 (1:28) ;
C1008/C1007 C11 (128)

KSR CI115/C1116 C3 (1:52—1:53) ; C1 (1:52—1:53)
C1302/C1315 C9 (3:16) ; C15 (3:16)
C1305/C1402 C15 (3:34) ; C9 (3:34)
C1310/C1301 Cl (3:28—3:30) ; C3 (3:28—3:30)

C7 (3:46) ; C5 (3:46—3:47) ; C3 (3:46—
C1405/C1410 3:47) ;
Cl (3:46—3:48)
C4 (3:40—3:42) ; C6 (3:40—3:41) ;
C1406/C1401 C8 (3:40—3:41) ; C11 (3:40—3:41)
C1403/C1404 C3 (4:04—4:07) ; C1 (4:04—4:06)
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