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Abstract: Severe overcrowding in metro carriages during peak hours in megacities makes conventional
measures such as increasing transport capacity and controlling passenger flow no longer sufficient
to meet the demand. Therefore, an in-depth study of the time-based fare discount strategy is a
beneficial attempt. First, an SP questionnaire was designed, and a survey was conducted to deeply

mine and analyze passenger attributes and travel characteristics; fine-grained passenger classification
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was realized using the mined multi-dimensional representations as classification standards. Second,
AFC data were mined to obtain passenger flow distribution laws in different periods of the line, a
passenger flow feature vector set was constructed, and target periods for fare adjustment were finely
divided. Third, comprehensively considering the benefits of operation enterprises and passenger travel
benefits, a user response load model was used to fit the coupling relationship between passenger
flow and time-based fare discount rate. A time-based fare discount model aiming at minimizing the
sum of squared differences in load factors of different periods was constructed, and an improved
SLSQP algorithm was designed to solve the model. Finally, taking the passenger flow data of Shanghai
Metro Line 9 as an experimental example, the effectiveness and accuracy of the fare discount model
were verified. The results show that the time-based fare discount strategy can attract approximately
7.1% of elastic passengers to transfer to the off-peak period or the sub-center peak period; the
ticket revenue loss accounts for 1.2% of the total ticket revenue; the passenger flow equilibrium is
improved by 24.6%. The strategy can effectively transfer the total passenger flow during peak hours,
achieve the equilibrium of train load factors in different periods, alleviate the crowding degree of
metro carriages, reduce the train operation load, and make the operation safer and more punctual.

Keywords: Urban Rail Transit; Time-Based Fare; Passenger Travel Choice; Operation Period

Division; Fare Discount
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KFR, WFRALCE: K-means 2] 7345 5 H TH) Bt
RS R A oT, i HLgE— g A — BRI A L
B TR IER A DA b o AN [R) SRS Bt Sy
RS ILBEE L 11T A T HX I 14 25 it B

P B R S 8 40z BE VL IC B AT P R A
. PRI PR 2R 2SR 50 AN A S5 R Y ) s (1] ik
filh, SEE SR )2 1T K Sl 5 SR B e B AN 8 A BE 2L
HE, IR IR SN T S B B — AR R
3.3 SHREMITIMEES KR
3.3.1 EMITMEENEREE

AR 2 X s E I Bl o 45 58, 456 954
5B B 2 A Bﬁﬁ@ﬁﬁﬁﬁ}ﬁﬁfﬁmﬁ‘?ﬁ?ﬂz
RO, HoA A i Bz SR TN e e 1 25 i R 1A
=30 —EFIR -

01 = qo(1) + q4(2) + ¢4(3) - ¢:(2) - ¢:(3)  (30)
0= qo(3) + ¢:(2) = ¢2(3) (31)
4= q:(3) + ¢2(3) + ¢.(3) + ¢5(3) = 3 X ¢,(3) (32)
= qo(4) + q5(4) = q.(3) (33)

45 = qo(5) + qo(3) + qo(4) + q4(6) + q4(7) -
q5(3) = q5(4) = q5(6) = ¢5(7) (34)

= qo(7) + ¢5(6) = ¢,(7) (35)

= q5(7) + qs(7) + q5(7) + q,(7) = 3 X ¢,(7) (36)

= qo(7) + q5(8) = q5(7) (37)
45 =qo(9) + qo(7) + qo(8) = ¢5(7) - ¢,(8)  (38)

BB T B 9 1) 7€ 25 347 DSRS0t e 42 31 28 il
VIR ARSI M S 8 T, M B 67, FIEE
BIECR 310 AN/, AT 43 B K R AR b S 0
X3P

HA A SE I B R 4R,

x3 TEEEREZFERSEIZE

Tab.3  Parameter settings of train speed and departure headway

B i ATHEHEE(km/h) K EE R min 3L
LI 1 29 10 90
LERERTOTL I 2 29 5.5 35
B i 3 29 3.36 75
Rl oo mlE 4 29 6 45
T R S 29 6 450
MR O Sl 6 29 4 35
Mg . 2 0 7 29 4 50
Ml a b g 8 29 4 60
IS T 9 29 8 270
F4 HMRASEHIEE
Tab.4  Settings of other cost parameters
S8 £5'4 B I
o = EHUES S 06 RUEEEKITHE
7, — EIE R 0.4 firily
0 JG/min I ] A% 0.16 igﬁgﬁ
8,  Jth BE MRS EE A 8750
54 Si/h Hﬁ%éﬁ%iﬁgmug 05
e AR, A& TE SR B R B S T g AR

Prashant S 58 B, 45 B B A% 75 SR MR 4n
R5HR.

YR 3.2 iz ERTBRIr 45, G211 20224F8 H
8H—8 H 12 HLA S 202248 H 15 H—8 H 19 H 3t
1071~ TAE H £ B TRPR BE 19 25 Uit B A5 21 45 5 B 25 Ui it
W6 Fs .

3.3.2 FEMEERBHENEMNTINERE

FRAJE S PR 25 i 25 fan AN PR A
iR, BACPIRINT .
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Tab.5 Price demand elasticity in each period
05 N1 i1 SIS e SO 1 9/ RN 1 = 33 8 G S =1 e ST =1 Ve I R G SR 3
FLPI% 09176 0.243 6
TR TR T e 0.3923
TR JE U v U 0.0923
L 12 D [ -0 0.043 6 0.9176 0.917 6 0.2436
M g M T H o g 0.3923
W g e = L 0.092 3
W0 125 168 )5 0.043 6 0917 6
*6 BHEERE A select q,(i) from passenger_flow where ¢ between i and j
Tabh.6  Passenger flow in each period
Ifi==3or7and 1 <j-i<2, j>torl <i-j<2, <1
B E B A I B e i
(i) =q0() - {1 = E (i j) - af
L 5:30—6:59 21096
else if i==2 or 4 or 6 or 8 and j==1 or 5 or 9
ATV L R I .00—7: ; ; i)
HEIEETY L 7:00—7:34 31059 q( ):‘IO(L)'{ - E(i, ])'aj}
Hhrpue i 7:35—8:49 117 402 End if
BRI JE R O 8:50—9:34 39225 ifi==3or7and 1 <j-i<2, j>iorl <i-j<2,j<i
9
R oy U ) U 9:35—17:04 122 561 g:= o) = Y [aoi) = q(i)]
=i
W A I T . g 17:05—17:39 33498 else if i==2 or 4 or 6 or 8 and j==3 or 7
e . g 17:40—18:29 68 724
7= (i) + > [a0)
N g e i O L g 18:30—19:29 54 805
else if i(==2
e e W i S 19:30—24:00 72 419
B M AS BBV . S0 BARS:
A} A3 A}
P RN

BB S ] A% B B/ IS 8 A R 25 i B ] O A A e oK

i
or4
9

or6or8andj==1or 5 or 9
7: = q,( )—]Z] [90(/) = a(1)]
else i==1l or5or9andj==2or3 or4or6or7or8
0=+ 3 [ali) - al)]
End if
A2, madR(12), R13), HEAE B AR| =[S Py-(1-a) Py S ali)
7 i B ST 0 R W U 0 B ST 4 lect . ¥, b Z from pasenger o where 1
F# For i in range (1)
U 3. 7EE TR 2 M ERE b, LR (18), LY
S 19V RIS 20)H 55 B UG 45 i B i bzl
B4, T NPT 40 B v i, S
R3S E SRR B 1 s A 1 $ (e
BYES: ST BNATHUR 4 I B % I A5 1 minX = =g
B % 2 I 16 ) K 45 1 B /N, Sl ok 5(26) 3 AT
AR I BT R, PSR ) e h
SN 4 B A, ss=[[ - Sl
YR 6 S8BT R A . i 5t
(25) A B S HT TS TR RS 25
L
LRy

B 2 PR 2 KO Y S AN T A R O AURS
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Fig.3  Pseudocode of fare discount model combined with actual
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iz B A ES PRECUN(39) s o

2114424 — 168768 - o, — 248472 - o, + 311 616 - a, — 980488 - «,
-267984 - o, — 438440 - ay — 579352 - @y + 496944 - E(2, 1) a,
+939216 - E(3, 1) - a, +939216 - E(3, 2)-a, - 248272 - E(2, 1) - a, - a,
+939216 - E(3, 4)- a, + 313800 - E(4, 5)- o, - a5 +549792 - E(7, 5) - a;
4939216 - E(3, 5)- a5+ 549792 - E(7, 6)- a, + 267984 - E(6, 5)- a5 - o,
|AR|=|R, - R,|= <P-s
+549792 - E(7, 8) - ay + 438440 - E(8, 9) - ay - ay + 551392 - E(7, 9) - a,
-248472 - E(2, 1)+ a,>=939216 - E(3, 1)-a,>-939216 - E(3, 2)- a,’
-939216 - E(3, 4)- a,> - 313800 - E(4, 5)- a;> - 267984 - E(6, 5)- a;’
-549792 - E(7, 5) - s> -939216 - E(3, 5)- as> - 549792 - E(7, 6) - a;’
-549792 - E(7, 8)- a,®— 551392 - E(7, 9)- a,’ - 438440 - E(8, 9) - a,’
(39)
Te 35U RN = (40) T 7 o
|AS| =[S, - S,|<S
~16 469 858.86 + 101 260.8 - a, + 149083.2 - a, + 376 560 - o, + 1078 958.4 - a, + 160790.4 - «,
+263064 - ag + 3476112 - a, — 3987 133.8 - E(2, 1) - a, - 15728686.5 - E(3, 1)- a,
+12097264.97 - E(3, 2) - a, + 949550.70 - E(3, 4) - a, — 890876.79 - E(3, 5) - a;
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=[+1454406.39 - E(3, 4)- E(3, 5)-a, - as +727203.19 - E(3, 5)" - a? <8,
~188280 - E(4, 5)-a4-a5+563529.6-E(3, 4) - a,> - 4448463671 - E(4, 5)" - a,>
+2420805.53 - E(3, 4)- E(4, 5)-a, - a5 - 6907220 - E(4, 5)- E(6, 5)- a5’
~141707.49 - E(4, 5)- E(7, 5)- o’ + 188280 - E(4, 5) - a’ - 172357.02 - E(6, 5)" - a,>
+70721020 - E(6, 5)-E(7, 6) - as- o, - 1607904 - E(6, 5) - as - o — 123326667 - E(7, 6) - a,”
-507815.69 - E(7, 5)-E(7, 6)-as-a,—1015631.38 - E(7, 5)-E(7, 8)- a; - a,
-3046894.13 - E(7, 5)- E(7, 9)- a5 -y - 101563138 - E(7, 6)- E(7, 8)- a - a
~-1015631.37 - E(7, 6)- E(7, 9) - ag - o, — 930995.43 - E(7, 8) - o>
~1015631.38 - E(7, 8)- E(7, 9)- oy - oty — 808764.50 - E(7, 9)" - a,> — 77732.86 - E(8, 9)" - a,?
+674942.25 - E(8, 9)- E(7, 8) - ay - oy — 263064 - E(8, 9) - a, - a
+329875.2 - E(7, 8)- > —479992.41 - E(7, 9)- E(8, 9)- a,>+ 3298752 - E(7, 9) - a,>
+263064 - E(8, 9) - a,’
(40)
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Fig.4 Comparison of load factors before and after optimization
in each period
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E, = Y[a() = q(D)]a, - Fy i=1,2, 4,5,
i=0

6,8, 9; j=3,7 (41)

EizE g, KBERTEERe. RTEIEA
TR, S PTI0 g Alk 1E R S Bk
5395500, EEMIAN 1.2%; FEE AT dn
HRAE AR I RN 8@ 1% FCA (4 1)1HE:
ATAS, A ISR AR R 3 s s 18 025 7T, ¥
TE R[22 TE N .

BT e W S P 2R L

Q, 117402

5, ST LESSE A T HIAEAS ©0= 0 = 21006 =07 (42)
ST V- 4120 i I R 40 2 010907 _ )
BRI BRI R p e ss i e, T an=(41) 70, T 2845
R7 IINEHEER
Tab.7 Discount rate calculation results
= B s e R=a e B AT Ve F=n =3
i R T
P 0.1579 0.0516 0.061 6 0.1526 0.075 1 0.070 8 0.1337
*8 EREMUINEEREMHHRITEER
Tab.8 Calculation results of passenger flow and full load ratio before and after optimization for each time period
i BL SRR TUN iR SR TUN Jtit AR BN T
Eb e R 21096 30112 1.260 1.799
T TR s R 31059 28 945 2.624 2.419
Rt g I 117 402 109 071 2.828 2.627
R R I TR o Ry 39225 34 381 2.812 2.556
LG e i) - 122 561 136 079 0.879 0.976
MGG e DA T O g 0 33498 30 833 2.058 1.894
W H o g 68 724 62 995 2.956 2710
W e U U P g 0 54 805 43 501 1.964 1.559
e e A 5 Y- 72419 84 872 1.154 1.352
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