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Abstract

This study proposes an operational strategy for Demand Responsive Transport (DRT) using
Origin-Destination (OD) flow-based network centrality analysis to overcome the limitations of
fixed-route public transport. By integrating smart card data with physical road networks, an
OD-weighted network was constructed. Four centrality metrics—Degree, Closeness,
Betweenness, and Eigenvector—were calculated and mapped to key operational elements of
the DRT system. An empirical analysis conducted in Gangnam-gu, Seoul, identified optimal
locations for vehicle relocation hubs and service boundary adjustments based on the
topological characteristics of each centrality index. Unlike previous studies focused solely on
physical infrastructure, this research incorporates actual transport demand flows into the
network analysis, enhancing the practicality of the results. The findings are expected to serve as
a foundational guideline for data-driven smart mobility design and the implementation of
Mobility as a Service (MaaS) frameworks.

Keywords: Demand Responsive Transport (DRT), network centrality, OD flow, public
transport operation, smart mobility
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( B ) Construction of road network
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with adjusted boardingand u
Stopinformation alighting counts
by busroute

Figure 1. Methodology for suggesting DRT operations via sna-based centrality analysis on OD networks
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OD 55 7|t =2 YEYIE 155t 2 thadt 2ot 94 B2 AR A4S L2, ol 52 ¢
Asle 22 1S HA(PE Aosl =2 HEYA(6=(V, E W)E 7). ojuf AFA == A 914
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= Fojgto 24 AA| T2 S WHgsteltt). o]o] AuolE 7|¥te] AN RA S-ofaf QI AL A AR
7 AR Hlo]HE &8st AR 1 54 olsF(w)= FE5IUeH, o] & 7|E U EA 7Rl oot
OD S5 7|9t =2 YEQA (¢ = (V. E W))E HEH L= I3t

TEH Y EHIE o= SNAL 8 A7 A (Degree), -7 (Closeness), i7H(Betweenness), -3 €

(Bigenvector) F44 B4 +asto] 84 AR, LF I8 L 78 97 E2 7702 Adsqr. AFHo=
249 44 547 DRT 29 292 whgstel, sl 2199 =20 7xe} 4] ol 4-00] H=ske 29
A& AT £ AT A WAL AL FETE WIOE & Al AT AV AATIE
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1. E2 YEY3 1=

SR UYEYI(G= (V. E W)E TE3P7] Yol & WAy 473, =& H|o]e]S Table 13} Zro] &85} c},

Table 1. Road network dataset

Dataset Columns Source Size Purpose

Road Road Seoul Transport Big Data Platform, 25611 rows Construction of road network
Start intersection 2024 Seoul standard link information x 26 edges
End intersection
Road name
Road length

Road Intersection Seoul Transport Big Data Platform, 10177 rows Construction of road network

intersection ~ Node name 2024 Seoul node information x 4 nodes
Latitude
Longitude

Bus stop Stop ID Seoul Open Data Plaza, 2024 Seoul 12822 rows Generation of bus stop nodes
Stop name bus stop master information X 5 and stop—entry intersections in
Latitude the road network
Longitude
Administrative
district

Bus speed Timestamp Seoul Transport Big Data Platform, 3220824 rows OD network based on

by road Link ID January 2025 intersection—based bus x 4 shortest—travel-time paths
Link length speeds
Lane speed

2 A7 E2 YEAD Ak W99 B2 A% DAHTPE FE DAY A28 8 532 ouat
oh A3 2 HolHi 2 9ol UESIL TEE 251 glouk, 2} B0) A2 9 Fa wApge] dhet 914
= 38 Y02 Y TP Gk BAVE ek ol ShEsky] 9ol Mo B2 WA dlolelE Bl 24 =
2929 A% L F2 1A =58 NS00, o5 o) AE Lo AA) B 917(9)AE) JRE 5

bk
ARA wEt AR doleo] 9 A% AES J oz At
q ES

tof] APIZ B85te] 2 ARAo] 43 AT ARE FE5kn
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o A= HEERE Y AP 22 BT F, S B2 HEO| AR LC ARE Y0 FIFoRA 4

A =25 AA5E 3R A BAES IS A2 B2 24 3o KDTree 7182 28319

(Friedman et al., 1977). Figure 29} Zro] RE w2 0] 24| ¥ 2 E 722 A, AFAEE A4 =2 o
oE] 2 H|WolA| Y& Q1% TH LTS MHste] ehslrt.

1) Construct theroad network  2) Add bus stop coordinates 3) Find the nearestroad 4) Create stop-access intersections
to each stop And add them as nodes

>

A
o—6——0

Orthogonal projection of the bus stop coordinates onto the road segment

QO Roadintersection A Busstopnode

i »

=— Road . Stop-accessintersection

Figure 2. Process of creating bus stop entry intersections
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Table 2. Passenger origin-destination dataset

Dataset Columns Source Size Purpose
Boarding and Route number Seoul Open Data Plaza; 41674 rows X 52 Passenger OD
alighting counts Route name boarding and alighting estimation

at bus stops Standard bus stop ID

counts by bus route and

Bus stop name stop, December 2023
Hourly boardings

(00:00-23:00)

Hourly alightings

(00:00-23:00)

Bus stops Route ID Seoul Open Data Plaza; 163856 rows X 7 Identification of
by route Route name Seoul bus route information, stop sequences and
Stop sequence number January—April 2024 paths for each bus
Bus stop ID route
Longitude
Latitude

At MALAE 734 JHE d8ote] 574 OD 552 Az 43|
Table 4o A A|Stct

Table 3. Bus passenger OD estimation based on adjusted boarding-alighting counts

Algorithm 1 Bus passenger OD estimation based on adjusted boarding—alighting counts

Input: S : Station Set, S= {5}, 5, -, Sy}
B, : number of boardings at S; at time #
A;, © number of alightings at S; at time ¢
Output: Matrix OD!; = {OD}; )where OD\;,eZ_
: estimated number of passengers boarding at S; and alighting at S; for 1 <i<j < N at time ¢
# N. Total Number of Stations in the specific bus route

1. Initialization
11 OD/; <0, Vi,je(1,..., N}
DR B,

[\

# Initial boarding at the first station

2. Sequential continuous OD estimation

4: for j =2 to V. // Tterate from the second station to the destination
i—1

i
5 Ct%ZRk, ‘ // Total passengers currently on board at time ¢
k=1
6:
7: it A;,>0and C,>0 then
8: for i=1 to j—1 do // Distribute alighting passengers to origins
OD!; — A i
9: A N R
YR
k=1
10: R, R ,—OD} // Update remaining passengers from origin ¢
11: end for
12: end for
13: R, =B, // Add new passengers boarding at current station j
14: end for

672
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Table 3. B

us passenger OD estimation based on adjusted boarding-alighting counts (continued)

Article

Algorithm

1 Bus passenger OD estimation based on adjusted boarding—alighting counts

15:
16:
17:

18:

19:
20:
21:

22:
23:
24
25:
26:
27:

28:

3.Scaling (Expansion)
B
A

a,—B // Scaling factor to balance total boardings/alightings
OD); 0D, %,

4. Integer Calibration (Largest Remainder Method)
Ffj% ODZ-']-* | ODf]J // Fractional parts

oD/ — | oD}, | // Integer parts
Deficit,— B

while Deficit > 0 do

(u,0) ﬁargmax(i,j)F;{j
ODL{Znal,tHODL{Znal,t_i_ 1
Fl «——1 // Exclude from next iteration

Deficit<—Deficit, —1

end while

// Find pair with max fractional remainder

return OD/"ek!

Table 4. Example of results from estimated bus passenger origin-destination flows

Stz Total  Total . Aligh-  Aligh— Al‘lghi Al‘lghi
Route no. Stop name Seq. B S boar—  aligh— Hour Remaining tings tings tngs tngs
1D dings tings PASSEEETS ¢ stop 1 at stop 2 at stop - at stop
(alighting)  “"® : P P 343 344
123000010 Jongno 2-ga 1 100000001 132 0 00 132 0 0 0 0
Intersection
(00075)
123000010 Jongno 2-ga 2 100000004 0 0 00 132 0 0 0 0
Samil Bridege
(00025)
123000010 Seoul Museum 3 100000028 112 92 00 152 3 0 0 0
of History
-Gyeonggyojang
-Kangbuk
Samsung Hospital
(00079)
123000010 Yeongcheon 4 100000362 160 322 00 160 6 0 0 0
Market
(00081)
100100224 Nonhyeon—dong 3 122000019 72 268 22 264 7 2 0 0
Hill
(00065)
100100224 Yeongdong 1 122000017 144 0 23 144 0 0 0 0
Market
(00063)
100100224 Hakdong Station 2 122000018 188 213 23 188 7 0 0 0
Exit 5
(00064)
100100224 Nonhyeon—dong 3 122000019 46 224 23 154 5 3 0 0
Hill
(00065)
CHEt W Est8] 2], Al 44 4| 45, 2026'F 8 673
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3. 0D 38 7|8 =2 HE3I 715

oA 94 P53 £ YEYIA(G= (V.5 W)o] 57 OD 55 dlole(op/ )2 Agstel, 4223l
£ 4071 45 OD 38 7|9 £2 EQA(G = (V. £ W)E FEoks 1L 7|80t ol gagt w2
o AA4E Fol hFLF ©]§719] o]F MR YET 715X (W)= MIsl Bgolet. £ A7 HE OD
55 Hlo|El2 DRT %09} 4410 2 huE o2 71gelA 27, A ) WAE o} 500 74 B2g
Uheh the) 2] Eproxy) 2 B43HATk mebd £ Qo] AL ArhAQ) 44 ofZo] obd, UESD 4] 7

A FAEE 7INroR o 2 A =& 245
2t =74 OD #gof diste] 7|& =2 YELZ] ML Bt ST

(Dijkstra) 12| 5-S #-gslo] S Hl-go] HAoHE 24 H2E &3t o] =29 At H=2(p)E 7+
k= AN A (e p)oll D OD 4] 524 238 Tttt 2 917 0] HE 7154 (w)E g A S B3}
sl BE OD Z29] 47 8.5 =4 §Hlslo] 4F&31H, 0|2 Equation 13} o] 4 ojgic,

W, =3P, ey

A) G=(V, E, W) : Base Road Network Weighted B)G’=(V, E, W) : Passenger Demand-Informed
by Average Travel Time Network via OD Flow Assignment

Figure 3. Comparative analysis of supply-side travel time (W) and demand-side passenger flow (W’) in urban road networks
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1. 344 Z|E U DRT 84 40| #H

SNA2] FAA EAof|A= A2 S (Degree Centrality), v+ 5443 (Closeness Centrality), 7] 5473 (Betwe—
enness Centrality), 18|11 1-3HE] F414 (Eigenvector Centrality)& 58 X E 2 &85t tHFreeman, 1979).
A4 FAHA2 UEYT HollA £ Lort ohg LEot W1 Ql= A2 (edge)d] 8 7IWHe = S H, A4
FAAOl 2 e T et Ho o] 5o L 7heet  EVF Wol, SZFH Q] HIA T gakEo] =2 L EE 9]

Qbc}, Ad Aol A= ol & wF HER A F8 A™E AHsl= A EZ -85 THScheurer and Porta, 2006;
Jayasinghe, 2014; Kopsidas 2023).

CoN) =Y zpi %] )

TH TAAL B LA M EYT Y b BE L E7HR] 9] Hot A)7t upt 422 & S4che A #o]
THFreeman, 1979). &8 S4A0] =2 L E= B F A7 got ET Aol A& =2 4= 9l
DRT A=ke] tfj7] it e9A4e Fislstr] 93 LE2 8-85)7]0] Agtstth(Scheurer and Porta, 2006;

Jayasinghe, 2014; Kopsidas 2023).

CAN)=— 1 inj 3)

7 A2 B LEVHUEQ T Y of 2 & A4 1] T A= Aol fIX]otE ALE S4 o= Aol
(Freeman, 1979). o7l &4A]o] =& == Y EL T Y 552 Ao5AY uj7lish= 1+ 5

95 (V)
con =y 8N .
i<tk e
Cp(N): == wiNTHA
gpt EE O T pALol O A A 2 S
gjk(M) e E Y AU E S

it
rir

iZ 3t

AR

t
L

IHHE S-S Oo] d25 X9 5 1ot 94 TAY Jds Rt A B, Fast ot Y
o} WAESH AZxE o] Q=71E HUsk= x| Eo|th(Bonacich 1987; Bonacich 2007). 1-§Hlg] EA14o] =&
I T ©@ed] o8 87F =& A[fo] o2l ¥ WA A Q=3 Ao AdE ARS oulsteE avbAQl 2t
ZF A2 S 95t M2k @ F A2 28 755t Agryzkov, 2019). 02 $ FAA A EE0] BFZ 0 2 =7 LE}
U= L E= HERTA fA1H 02 995 2|5 A &5} F 587t Ao S5 w5 FAA ¢
B2 A9 7]5& 73 eth(Wang, 2011). & A7 o|2ftt S4HA4 542 71N e R A&A T HER A +
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107 =2 A¥et Avl= Table 59 ZoH, 1 A4

Table 5. Results of centrality analysis on the passenger origin-destination network

Degree centrality Closeness centrality Betweenness centrality Eigenvector centrality

Node Centrality Node Centrality Node Centrality Node Centrality

1220021100 0.0246 1220021100 0.0985 1220005100 0.2095 1220013800 0.5978
1220011100 0.0205 1220022300 0.0983 1220019100 0.2041 1220063205 0.4292
1220013800 0.0205 1220020500 0.0981 1220003500 0.2009 1220147200 0.2982
1220020000 0.0205 1220027600 0.0981 1220014500 0.1931 1220013000 0.2953
1220048900 0.0164 1220019300 0.0979 1220014300 0.1905 1220063204 0.2858
1220053000 0.0164 1220028500 0.0977 1220005700 0.1891 1220013801 0.2340
1220046900 0.0164 1220028900 0.0974 1220031100 0.1842 1220159001 0.2151
1220063300 0.0164 1220020600 0.0974 1220034100 0.1826 1220147201 0.1817
1210040400 0.0164 1220030000 0.0972 1220015300 0.1807 1220063203 0.1421
1220024400 0.0164 1220018000 0.0970 1220021100 0.1786 1220012901 0.1210

s A} AE FHAL 12200211000.0246) =574 7P 5.8 ghe 7| Zah0n, 49 47 2574002 o)A

o gh2 Baste] 4riAo R Bela AANo] $44 2 0R LreRtth, o) s lESo] thao] BRA A

Q2¥ LT 559 H/1P0RA DRT 94 AFF0ze] B8 7Fs4S Uehieh, 23 F44 BAAE
O

ku
I
o o
Py
m
Ho
8
o
o,
.

1220021100(0.0985) L =7} 7MY =2 4 & HRA o2 A9 d L E57 At A
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ESSHEHNI Y 8 = ES2RE AR A A o 7P 7Pk 3o EAIRES AlAR 55 A8 S
19191 1220021100 =71 24 SHANAE 2G9S 7153 AL, s A13do] Bes] 2 =7 B2 7t ofy
ﬁ' HIER T AA| 9] A7 a-&4d& =3t 4 = DRT 24 7] ARG =A 9] A4S SAlol 2511 9l
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Figure 4. Results of the centrality analysis

Table 6. Spearman’s rank correlation analysis among centrality metrics

Degree Closeness Betweenness Eigenvector
Degree 1.000000 0.251068 0.285177 0.086180
Closeness 0.251068** 1.000000 0.379931 -0.146374
Betweenness 0.285177** 0.379931** 1.000000 -0.101497
Eigenvector 0.086180 -0.146374** -0.101497* 1.000000

note: * p < 0.05, ** p < 0.01

2 5474 (Degree)S L =9 284 AAA4E, <4 44 (Closeness)= UEH T

ﬁ = : Tgl
I &4/ (Betweenness)2 3 559 571 92, 159 E F44 (Eigenvector)2 9 U= LEote] A4
=) =

N

o
& 7oz & A9 H 9 ol
24 4k, oo} S 23 544(0=0.380, p<0.01) @ 9 F44(p=0285, p<0.0DT AR §]
T FD Y HTBAS Bk ol YEAD el d BTHo] $AL BeH ABYo] 948 CA4E, 5
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g AlRl: MSAl BT Al

MEEHA T 22 Y EQIE gt o 345t 44 B4 Aats S, ZF A B A7 F35H
e EA LT ES A 02 A0 DRT 29 A2ke ©&3F 4= 9)tH(Table 7 &),

Table 7. DRT operation types based on the characteristics of centrality metrics

Centrality metric for optimal

Key component Functional role . .
location selection

Origin—destination stations  Serve as the origin and terminus of the route and are ~ Nodes with high degree

essential nodes for vehicle operation; typically located centrality
near transfer hubs or depots, where all services must (e.g., 1220021100, 1220011100,
stop at the beginning and end of operation 1220013800, 1220013800)
Mandatory stations Located in major demand-generating areas between the Nodes with high betweenness
origin and terminus, forming the basic backbone of the centrality (e.g., 1220005100,
route 1220019100, 1220003500,
1220014500)
Vehicle staging station Locations where vehicles in an idle state (without active Nodes with high degree,
calls) wait, with the aim of minimizing the response closeness, and betweenness
time to the next request centrality (e.g., 1220021100)
Vehicle relocation station Serve as buffer zones to relieve demand concentration in Nodes with high eigenvector

specific areas, maintaining a balanced vehicle supply and centrality (e.g., 1220013800)
maximizing the availability of the entire system

A, A8 F4l4e] 2918 = 120021100, 1220011100 5-2 th=2] 7H4 w2} 23 wrgho} 9lo] i
559 %%1?% &0l 7Hg g Aot 2 AtellAE ol A 8FAE 7184 478 (Origin-

21
i 1=

of, F WEFET s AGE ol ALH Ao HIEYS 78S
SRl 7|40 2 883} 7

71EH Atole] 98 59 HRE FAote 4 7 FFF(Mandatory Stations)> "7 FAAF0] w2 k&
1220005100, 1220019100 52 4 22 2|3}, o] & ke B Zth = Aol X|5h= Rl 7} of, AAIE ofof
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o 3
2, DRuE FAAHA B £S R LE 12200138002 T45] AFE £& 57} B Bt opy
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