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Abstract

Recently, autonomous vehicle is receiving much attention in various sectors including
transportation and public transportation. This study presents an adaptive routing algorithm for
the real-time demand response service of autonomous transit vehicles. The experimental setting
includes the real-time demand occurring randomly over time within the study area. Each
demand (service call) request the transit service from designated origin to destination. The
routing algorithm is designed to make U-turn and skip stops to improve service and reduce the
wait time of users. This study adapts Reinforcement Learning, one of the machine learning
techniques, namely reinforcement learning, which can precede a complex calculation process
in an offline process. Simulation experiments conducted on a testbed of the Chungju campus of
the Korea National University of Transportation. The simulation results show that the proposed
routing algorithm can improve the adaptive transit service over the fixed operation in selected
performance indicators.

Keywords: autonomous vehicle, demand response, flexible route, public transport, reinforcement
learning
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Figure 1. Research flowchart
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=E EWﬁRHkH | S, =5, 4,=a )

where, 7 : Policy;
v,(s) * The value of state a under policy ;

q.(s,a) * The value of action a in state under policy =;

4 A discount rate at time step ¢ (0 <y < 1).
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Qr,+1(5r,7ar,): Qt(swaﬁ)-ﬁ-a [TH—I + mSXQr,(Swva) - Qt(swar,)] )

where, o A learning rate coefficient that keeps avoidingpremature convergence;

r,., - The current reward;

v max@,(s,, ,a)  The current estimated value of the sum of discounted future rewards.
a

7atel5(Q-learning) €a1ElE WollA Aol T2 Q-valueso] HU|oE H o] o] Sh5Eoj2]= A 9]
T2 Table 16 Y. o] SH50] A|ZFE7| Ao, e a5z o] FEORE o]Fo]X Q-valueE2 0
o] gro g 27|35l ) o o] HEE P52 FHotHA Fgt FFof thet BHAL, oA Abe, 12|11 F 3t 5o w2 A
2 A JEE HF o R Q-valueE Yullo|Editt. o]et T2 31 BHEolo] th4=9] of|m A7 43 o] w}
2t el -5z 2] Q-valueSo] 29| gro =z £t 2F2 02 shiE JAUL ofo|HET} 240 P55
AT 4 J=F ol= Aol

Table 1. Procedures of reinforcement learning (Q-learning) algorithm

11 Set t=0 and initialise @, (S, a)for all s,€8, a4
2: Observe the initial state s,

3: Repeat (for each episode):

4 Initialise S=s,

5 Repeat (for each step of the episode):

6: Choose from using policy derived from @ (e.g. e—greedy)
7:

8

9

1

1

Take action a, observe, r,. .5,

Qt+1<5t7at): Q(%%)JW[THHW maath(sH_l,a) 7Qt(5t’at) ]
Set s, =s,,,t=t+1

0: Until § is terminal

1: End repeat
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Figure 4. Environment of demand-response service for autonomous transit vehicle
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AR Aol Aste] ET] FFAAT2 DelelA AN a7 AN THE b M AR Qg
t}. DTOAFEFo] A A e]o A e85t =272 Figure 40 AA5HAL ek, =2me] 6} 121 Xé oAM=
312t 7he g g o] 2AJE ATk TR F7bell 270 fE At 1719] Sl uAtR T QlojA] AR HF s 5 &S
2 917 Huo mte £ 12709 4 A7 AAE & QS Aged $4E TEs 4T
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2oz BREo] Hofxl o3 ko] AFHE % 7V 7k ARF R A7 e E o Shfjx|of X, 7t
ot 4] -B A7) BRAE] 4L Table 20] A7 212} g ekl Aot
Table 2. Origin-destination pairs with corresponding distances
Distance Origins
(m) 1 2 3 4 5 6 7 8 9 10 11 12 13
1 1,095 1,015 595 405 270 290 165
Do 210 560 435
€ 3 370 100 660 535
S 4 570 300 200 860 735
; 5 970 700 600 400 1,260 1,135
6 1,180 910 810 610 210 1,470 1,345
Z 7 80
. 8 500 420
I 9 690 610 190
o 10 825 745 325 135
n 11 90 1,185 1,105 685 495 360
s 12 200 1,295 1,215 795 605 470 110
13 125
AA A=) A A 2B 5N AT S HAE [ 25km/he] £ 2511 Qlom, B AtoA= AA|
= FPAE oo = oY A3 E fE 27E-E e{ste] o 20km/hE AT 2AH AlEdold 84
©1 212 27 Al £ 10x 10me]] DTO A2 2k £45Hs 220 o= efs19] oiet 25
O] A|7to] SELY, o= 20t |28 T &4 Q7 AIRITHA o]of th-g-ote] DTO Akl 22 524 2 5
FE= =2 Ao Hot AAHez LEEH % A A iAoz oA DTO A2 SAH-g-=H(Z| o)
15¢D 3} FL7t ofo]HE °ﬁ‘1‘°‘°l Hcﬂ 7*9}0"‘ 2 da8lE Yol A shsol XIs)E et

e I VP TP S
doz 3 DTO Ao 52 F5h) Bk 48t
2 3 Q0] AFER S50l Hhe] AAe BA 2 HsHe Aol S F
o] g0 o] Lol H& B9t BAA 57} o] Fol 2L W2 fo}oa 2 2714
A9 Fol Atk BE $2%5020] thell FAG BAF gro] Fol Ik, ool AEL U]

gl dshH sk QAstel BEE AHIAS ABste T Sk, webA o
A ZS 1 Fol 2]k 1A ghe Table 29 2] Aol thulsto] Aut= el 480 9
Sk Wh ol the B ghe U o0 AATTH, DTO Aego] 5742 H4 71% ﬂoﬂ‘i @%%ﬂ%
% o]% BAA7HA Ml 2R Fo] HAs| o|FolA] L 4 irk. TEE AAHL S B ghe

dhat Hak S000] $74L SHHAIZE 1) ol Zloleh, Eak Tt shate] Aol obd Z-9 e HAte] 10
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Figure 5. Rates of passengers served to destinations
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Table 3. Averages of service wait times and in vehicle time

Demand No. of call demand 1 2 3 4 5 6 7 8
Fixed route Wait times (sec) 325.1 362.8 348.5 349.2 347.1 352.6 351.3 344.7
Flexible route 189.9 197.2 191.3 213.1 215.3 215.1 226.5 2383
Fixed route In vehicle time (sec) 478.5 520.9 496.6 495.4 490.4 498.3 500.3 490.6
Flexible route 343.4 348.2 329.3 346.7 361.5 354.2 377.4 381.7

Demand No. of call demand 9 10 11 12 13 14 15 16
Fixed route Wait times (sec) 348.6 339.9 3479 340.8 343.6 346.8 3475 349.8
Flexible route 243.5 237.6 244.8 254.4 260.4 253.9 265.8 269.6
Fixed route In vehicle time (sec) 501.8 494.8 495.2 493.6 497.3 498.5 493.2 502.2
Flexible route 391.4 380.7 392.1 405.9 415.7 407.3 422.4 430.9

Demand No. of call demand 17 18 19 20 21 22 23 Average
Fixed route Wait times (sec) 347.5 344.5 346.1 349.9 349.6 348.8 348.9 347.0
Flexible route 264.6 272.8 270.0 270.2 280.3 275.0 283.7 2449
Fixed route In vehicle time (sec) 474.0 494.7 462.9 472.8 497.5 499.0 494.1 493.2
Flexible route 423.4 427.3 4314 430.8 443.6 4339 4451 396.7
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2022). DTO #}9] 54 A2 A4 g118E52 25 a8 B E7 787 22 7|12HE & 0], 973
717k 5) 2] 7% o] 84}t P2t RFoA EHAHAS L 4= QU
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Figure 8. The average number of U-turns per episode
Table 404= &4 A =A48 dagE9o AL 23 & 5ol 25 579 AU A7} Al E= AlF o] A
Axl= L AR dotiy] QJejA && 955 Brt o n Aty fESIgo] XA, 2|igt, Bk 4
29150} WAl EATES AN ek, HAG 0L FEL A A4 BA] L o2 EE BE 55 5230
AA TFFLL G, AR 10 ol Be GHe) B2 AR A e AoE tehiith, o asd fHs
o A HQ WAL 2302 B 37 71702 T Holuhx) gk ZL02 oF 5 QIgieh. oleh L AL WA
AHRSISR I SIS S Gloleh. 3 WA A9 5291 29k A WA ARZS] 591 St 50%9] W7} ol mlAEEe]
815742 ow &2 5 olgfe] TiEJL A o 4 9k, o] e BRI WA GRIOR olgf A2t s
]

Table 4. The statistics: the number of U-turns per episode at each demand

Demand 1 2 3 4 5 6 7 8 9 10 11 12
Minimum value 0 0 0 0 0 0 0 0 0 0 0 0
First quartile (25%) 0 1 1 2 2 2 2 2 3 2 2 3
Second quartile (50%) 1 2 2 3 3 3 4 4 4 4 4 4
Third quartile (75%) 2 2 4 4 4 5 5 5 6 6 5 5
Maximum value 2 7 9 10 12 11 10 13 8 10 13 12
Average 1.1 1.8 2.8 3.1 3.3 3.8 3.8 4.1 4.3 4.2 3.9 4.4
Standard deviation 0.9 1.3 1.9 2.1 2.1 2.1 2.1 2.4 2.1 2.3 2.3 2.5

Demand 13 14 15 16 17 18 19 20 21 22 23 Total
Minimum value 0 0 0 0 0 0 0 0 0 0 0 0
First quartile (25%) 2 2 3 3 3 3 3 2 3 3 2 2
Second quartile (50%) 4 3 4 4 4 4 3 4 4 4 4 3
Third quartile (75%) 5 5 5 6 6 5 5 6 5 6 5 5
Maximum value 11 10 9 12 10 11 11 11 11 11 10 13
Average 4.1 3.8 3.9 44 44 44 4.1 4.2 4.0 4.5 3.9 3.7
Standard deviation 2.3 2.1 2.0 2.4 2.2 2.3 2.3 2.3 2.1 2.2 2.3 2.3

] 2 %ﬁ% i% ol AH| AN ARES 108 o2 o] % BA 7]
ol DTO Aeko] B3 Aul27h 14413} u] e 2wt

ed
ol-g<t %7—1.’%—4 t93.5%7F 102°] Wl H52 == AU ELF oF 67.5%]

272 Journal of Korean Society of Transportation Vol.40 No.2 April 2022



KIM, Hyun - YOO, Seonhyung - LEE, Jinwoo - BAEK, Beomyeol - SHIN, Junghee Article

S 710] 1042 ool Yot EAA 7Tl A ofatet 4= Jth AAIT 22 -9 t)-8 54 A=AAE gaejE] A
A& H2 DTO AFF2 248 54 o2 th7| A7k} FYPAIZES 102 oW 71522 95% of/do] AHIAE
dolt 28u 3& =9 5Fo] S7kolHA SHAR AT EEe] Aot 54 AR F < 5% o|WellA 108
& zatshe AL7H A SlekFigures 9, 10 ), 182 54 A2 QuelEo] e ark A4 55 4
Qg e YENTY FRE Telste] 44T AW hELE Aol Tuolol Bris A AL 4
A3t
Table 5. Served rates at origin stops and arrival rates at destination stops in 10 minutes

Demand 1 2 3 4 5 6 7 8
Served rates at Fixed route 93.8 934 93.7 93.5 93.5 93.4 93.2 93.1
onigin stops 1n Flexible route 1000 99.5  100.0 98.3 99.0 98.7 98.9 97.9
10 minutes (%)
Arrival rates at Fixed route 69.0 61.5 69.3 69.5 71.0 68.3 67.3 68.9
el T — 940 920 950 923 902 908 874 876
10 minutes (%)

Demand 9 10 11 12 13 14 15 16
Served rates at Fixed route 93.3 93.1 93.2 93.1 93.1 93.9 93.3 93.8
onigin stops 1n Flexible route 97.1 97.1 97.9 96.4 96.3 97.7 96.0 95.7
10 minutes (%)
Arrival rates at Fixed route 66.4 68.8 67.5 67.9 67.5 67.2 68.5 66.5
L T - 854 8.6 8.2 831 815 833 804 788
10 minutes (%)

Demand 17 18 19 20 21 22 23
Served rates at Fixed route 934 93.8 93.6 93.1 93.5 93.5 93.3
ongin stops 1n Flexible route 96.2 95.8 96.1 96.1 95.8 95.2 95.3
10 minutes (%)
Arrival rates at Fixed route 68.0 67.7 68.2 67.8 67.4 67.2 67.7

destination stops in

) Flexible route 80.4 79.8 78.1 79.5 77.0 78.1 75.8
10 minutes (%)
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Figure 9. Served rates at origin stops in 10 min Figure 10. Arrival rates to destination stops in 10 min
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7Aetets 9 4= AH, BE, AolHE, 87, BA o 2 4okt dlo]HEs SE57 0] 28X et £ 2], DTO
Apego] 912] Fo] T Aeof whet ojH PFo] M A, F, 18 5)S Wl FAR A sttt ol o]
AET} &3t oA F5stal, E7 Ao whg 52 Aol s HA otz 7S F5te] DTO Aol X4
o] 4 Ar = P& 4 AT st ZITh e} A2 o] Q-value= B7He Sh5H|olEH 7 HhEof At
A AL da8)Eo e 1 A AU ti 71E o2 4] A R(EESQ S Vo s A A7}
21 0] Mu| A 7 E, Hat 7|AI SPAIZE, FERIE, 1082 o] M)A 2A8)E 54 Al A H|wste] 4
e A ohaa 2ok A, 248 A4S O R of= AH|A 2 FH A2 A9 100% E/95t9e
U 14 2 290 A4 oF 3%7t Al EH o] Aok Bt @A dlth(Figure 5 FX). B4, 14 A Hit
2 o] ot AH| A tf7| A7 B 5P ARE A Fol| A ZF2E oF 1,670 EEE ATt o] Ak T4 kAo 2
Fol &4 a7t 2 A 7| AZt FEA T o] ASHAT 254871 YA 08 FUIoMHA 1 kA
B FAN A= Aot Aol UEHTh AR, 54 H2A8A d118EY 12 S e R & 78
ol S7teel et 89| Rl F7loke As & o XN A 25 850] 1091 o)<l Afoli= &
A A2 A N7} ghAshs 2% 0] Yehdtt o] d¥tH o R tigus a7t B2 9= It 22
A7 via} A o2 3ok Qe EA| D g d ot e v LA 8jo] agAolts o R sfAS 4= gtk
A, 54 A2 deEe] e} Hie 7| AR} FAIe] Z2E2 10=o|] SR & Ao} e5513]
oh 1 A7 54 AL 2597 I oA BE SAA H A} B S EJAT 254871 STt
WA 96% 202 ek v 1A AL 69-93% W= 1 #fo]7t A Vel Qi
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g 4 AT

AR, B = Fett S4S H42] A7l ofat AlZE o] Table 2049 Zo] A2]7|E o & §hgsto] ©
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HS5A7]= Hollgt $38-& Fol g5 ol HHA7HA] A 241 F0] HHs| o] 7o 2] 2] 9FZ 4= Slth= S §FY
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