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ABSTRACT

The most optimal route-search algorithm thus far has introduced a method of applying node labels
and link labels. Node labels consider two nodes simultaneously in the optimal route-search process,
while link labels consider two links simultaneously. This study proposes a turn-label-based optimal
route-search technique that considers two turns simultaneously in the process. Turn-label-based
optimal route search guarantees the optimal solution of dynamic programming based on Bellman’s
Received 26 May 2023 principle as it considers a two-turn search process. Turn-label-based optimal route search can
ezl 27 Junej 2L accommodate the advantages of applying link labels because the concept of approaching the limit
Accepted 2 April 2024 . . . .. . . .

of link labels is applied equally. Therefore, it is possible to reflect rational cyclic traffic where nodes
© 2024, The Korea Institute of allow multiple visits without expanding the network, while links do not allow visits. In particular,
Intelligent Transport Systems. All it teflects the additional cost structure that appears in two consecutive turns, making it possible to
rights reserved. express the structure of the travel-cost function more flexibly. A case study was conducted on the
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metropolitan urban railway network consisting of transportation card terminal readers, aiming to
examine the scalability of the research by introducing parameters that reflect psychological resistance
in travel with continuous pedestrian transfers into turn label optimal path search. Simulation results
showed that it is possible to avoid conservative transfers even if the travel time and distance increase
as the psychological resistance value for continuous turns increases, confirming the need to reflect
the cost structure of turn labels. Nevertheless, further research is needed to secure diversity in the
travel-cost functions of road and public-transportation networks.

Key words : Node Label, Link Label, Turn Label, Optimal Path Algorithm, Integrated Transportation
Network, Psychological Resistance
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HAAZGA dagE(elst HAFZEN)E = EFE X (Node Label: NL)oll 4 Al ZHE 1T}, Node Label 7]%F
HAA RN U soA T EA Y] HHH LA EE FA5t= Z10]th Moore(1957)% Node Label
7§ XI(NL Correction) %27 284S A3} T}, Dijkstra(1959)= Node Label SA(NL Setting) 274 Z &4
< AFIGEH. o] F <18]EL Bellman(1957)9] 329 2](Optimality Principle)E T3l FHZZ 17
(Dynamic Programming) 3ol Z&H o). o] HAH 2GS AFH A8F2 SHAA BHHOE 7|
Ag 4 91So] Dial(1969)7 Dial et al.(1979)l 2laiA AE L A+E At

HALt BAEE SHA Y AEA|(Link Label: LL)E 283t 27 28412 Lee(2004)°1 9] 3 4]
A A AEHJTE Lee(2004)= Link Label-S 2-83}o] 8= Alo] o] 34 W4 (Tumn Penalty)S A5
Bol wAE oA UES A F4 glo] 9T F sle AHoE FEqnh IAHTE N5k et
& Caldwell(1961), Kirby and Potts(1969), Thomas(1991), Choi(1995), Noh and Namgoong(1995)°ll 2&J3|A] =A|w
S wARe] IHH|go] BAEE FFES 57 T HE E AFHA

<Fig. 1> Node Label®} Link Label®] &85+ Z}o]H-& AWt Utk <Fig. 1(1)> Node Label 241 F
==, jol thall io} j == Ak FANE(A )T YERL Utk ojn EE HAs k== 23
I U & T Uth <Fig. 1Q2)>+ Link Label 24 F H = a, boll 3l a9t b FIE dAse= 3A0E&
(d,)E YERN I Utk <Fig. 12> & A} a2 23893 glgd F5& 2avl Jed F=2 a, b
o Hl&E A% A, & AYE YERI QT

(1) Node Label (2) Link Label
d.
N e
1 J_:l—-—u—-f J ) Ail # Ab
i B @ = i = }

<Fig. 1> Difference Between Node & Link Labels

AF7NA BAZAZIH7HA A7 AP AT 7HgE & o) o]t B 7HE A&sA &3 —c‘s}{— s
otoll thgt mHlo] B A9 AlZtolgt 2 4= 9Itk Node Labeld}t Link Labeloll A A& 4= &= A
Turn Label, Two Link Label®] ATHAE =T &= vk o] A43o) A Link Label®] th5 A 1°L Turn

2 OIZTSOIR|=27| 233, M232(2024H 48)



Tumn Label 7|4 Z|MZ2EHY otz Z i

Labelo] 289 HAZ 2 3ol tik HEZ ¢ 02 Afd A7l SAskA] =t
<Fig. 2>t B3 o2 /9 JHYPA(ab)E EHE = Tumn Label( 7)) A gl Tun Labelo]Z F

el 1" F T Abolo] ZAFE AL ou)dit) AL F Ao FIAZ T 7] W&o Tum LabelS 1L
HalA AEAE dugSS T HE B AN F AL IS FAll wFste 27 9ok
SA 7 Y] e Al Ao A&5E AR FAHT] W&ol Tum Label 719 HAH Z-AS T53517]
AellA Al el ALE FaE F N AHIAY 7,9 T, = H88he Wgeto] dasdith <Fg 2> UA
3|Ho] xgste BIET2E UERN I Aok AR HL 3709 BA(a, b, o)2 RHEHI, 2 FA9} A A
o] B HH8(d,, dy)°] WFE= FAEA £Ao] IhE T 0]¢ HEo] ﬂ%i(Tl,)ﬂr 32T,
Arelel A vpehhs Bxle) Se) AN E(d, )0 A TE T Aes & T Atk

f
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<Fig. 2> Turn Label & Cost Structure

oje}zko] UESL A HIEFEE RO AFHoE HEL 5 gvhe Ho|l Yebdol® AF7HA Tum
Label & 283 HAH 2R AA A Gyt & 5 AUtk w}aw Tumn Label 7]§He] 227 2 &kl of 4
AR =t EAH A HA AFHAAY A& AR5 AT Aol Fasith

£ A+ Tum Label 7]9He] HA A 284 0] o] & 3l A4 & A}fﬂl—a— AEZ o] ) 1) $4 Tum
Label 2 BAH = A7 28A8 =23}51H, 2) Link Label 273 2843} vl wate] 7129 v &725
AES Y, 3) FEA SAAELS oz Ad4d Badksd gisty “slr] der9] deveE =95k

I. A 2%
1. =EXEX[(Node Label) 7|t} ZFZAZEHMY

Node Label 719} 227 2 &4 (Moore 1957; Dijkstra 1959)2 S rollA BE =719 2 HH| &EL]
(Optimal Cost Tree)S T3l =212 2)(1) ¥ <Fig. 3>3 2t} o7]A B34S Node Label 2 EAIE &
A(ij)E HFEH o] FolA = A BHAF 3

A7|A 7'l 2 pollA e zkA] HAu &
Ay B vIE
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<Fig. 3> Concept of Node Label Based Optimal Path Detection
2. B=2(Vine) 7|8t HXAZEM

Node Label & A-&314 F &3 Ato]o] & wigsts kS TF53 AF7t ALEAN T o5 &

(Vine) &2 75330t Vine €718 754 T e %%*é% UeEl 7] 13 80124 wE%e] U-Tume
FFsE7] faiA A-8H ATt Thomas(1991)0l SJeil A AILH L™ Choi(1995)°l SJeiA wAzE F
el <38 53 (Cyclic Trip)S WHgshs Wetoz Z*%o}%lt} Choi(1995)= Zteret wswe| 34g 5
A HH20E Eehs ke ARSI Q) B <Fig. 4>9 o] ARRAE AP BE HATF3
el A& AZE (i, j, HE FIAH(A,;, A, I-HE(d,;))E TP At 53] ==
S}k Apolel = & 1] S8l SAEE oA Bellman(1957)9] H A xzd0] wEekA] Kate 4%
o] UEPAT Choi(1995)E UES T WES B34 HAHeE G=8t= kS AA &

% = min (ﬂ—” + Aij + dijk + Ajk" er) ............................................................................. )
A7IA 7't & oA TR H AN

Ay ARG WS
dije - BRIk W&

<Fig. 4> Concept of Vine Based Optimal Path Detection

."°

213 EX|(Link Label) 7|8t X™AZEMY

7 Ao 4] Bellman(1957)9] A 2715 WEstAA 3 A
235 o Th Lee(2004)= Choi(1995)2] 370 <4

g el AL A(a, b)
2 FdSAE 4(3)F <Fig. 5> 2ol 39 =AY (EQl] AIsthe ¢ NdoE =3t oby)
2 2 39t 7 e A3 Jaz FdFE A1) 2o] Fgo] 7Hs3th Link Label 716 JA A=

o

— =3

S YESZ) Aol 27 S HAHL WHYHT Y B o7} 24D 4@ 2
of r—s3t PANEL wEVgoE Fs FAo] Basith
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% = min (ﬂ-”" +d,+ A, ﬂ-"b) ................................................................................................ ®3)

7 =min(x" | bEI?)

A71H w0 29 ol PLa(b) e ERAAA HHu g
dy, = 3&(ab)® ¥I&

A, o HIWb)Y v

I’ . =3xcyt s Jaxs

2}
7 2 rdA ZFRE 7R HAHHE

<Fig. 5> Concept of Link Label Based Optimal Path Detection

Il. Turn Label 7|4t A7 268 d3E &
1. 0|2 7|4t

Turn Label o] = 7] ] JAHA A Abol & oJu]etH <Fig. 5>ollA 3| Z(ab)et 22 7Mdelth £ 479 Tum
Label 7|9+ H A 282 % 719 Q1 Tums 13t o]« 370¢] A48 & H(a, b, )2 UERDTE o]
- (ab)e T, 2, - (be)E T,2 22 JERH™ Tum Label 71%ke] #2742 EAS 2)4)9} <Fig. 6>} 7]
Uebdith ojuf F 14 TumS 2 7% 412 Bellman(1957)2] HHZ7e] dAx o2 4@ty & 5 9tk

o714 =2 Tumo] SLF (D)} Z&AHA()2 TAE JSBRE /A9 HHFPH &S ¢4 414
3t o] QaFETh o7]7bA= Link Label 7|8 HAZ 243} A3t webr =24 57} 84
H 23)9 r—s 7 FIANEE con|go g FHsE FAo] aH:

i

. T :
¢ =min(z""" | T,ET°)

7% =min(7"° | c€T?)

371 7 2w ol Tum T, SAAWAA AH 4
A, FE(e) vlE

Cc

dryp + 832 AWT, Tl Mg
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<Fig. 6> Concept of Tun Label Based Optimal Path Detection

Tumn Label 7|WF HAA RGN L= = 7] W& d,, & F3 3719 F2E FAshs Aol

Jehdtin 2 4 9tk o 29l] 98] <Fig >3 o] dAb)Ae] AAAZH G A Ty)

[S]

o W gL AAATY o] FAE HA(h)E )BT UBA HAboZ BATAZ Hes) £
webA Tum Label 719 AHAZEAE d; 7 FASHNA G5 HA Link Label 719 2

Eio] w5 TYHL

- T, _ min (7TT T‘"’"‘r dT,.,Tw + dbc + AC, 7-‘—"’Tu) ............................................................................. Q)
A7IA dy, B H(be)S] HIE

deTJl’
an: /‘)__-\i II.TTy
e N

b -__; C

<Fig. 7> Concept of Tun Label Based Optimal Path Detection
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2. HISTE &&(d, ) Al AE
2S5yl 2J31 A Turn Label 718k 3274 AL Link Label B3} HlwajA ZE v E&72E ZF3IHA
sze) Sl A et Hl8(dy )0 F7HE s AellA Aok At dy = A S
© E2uEl] AzuARE hFo R & AN YEhdt. <Fig. 8>2 EAERS| A&sA A=
Tuzzrt d&H e A M TAse FYH S-S ot HHEA wgste d2E YEh ME}.
DL $31-(ab)ol A 3N 8(d,)7t HFET FAD)2 HlI&(A )0l ALHT A 23 H(Q), AR(O),
TER@)E T3 F7F AEE(A Yol B e BT Qlnk oW dy o TS FE, FA
(@)X Ba(c)7HA 9] AR, & skt wsFo] HstE B} AlEslsto] F3n]gol Hkgst= 2o 7t
Sotthe Zlolth ol# ek ek AEFaA T o] T dEe] Wte] FuEA ol w2 Al =H e 2
g 4 Ak 3 B AT AHATE AN Ye FEY EAEE UEYIAA S5 F v S
22 Azl i Aed WeE Hgste AR 282 Atk 3749 FAE AL
Label®| d, ,, HI&72E F31A Labelo] Al%3]A S thal 7H8 3k 2-Link Label, 2.5-Link Label, 3-Link
Label 52| Wl&727} ol¢} frAle sjdoz A8d Zojnt. 3
Turn LabelQl 1.5-Link Label 0|02 3gst= A Aaio] @
B HEAD F27F Uehud old A3 He A=

4

t ‘ s
' | Ag
Ty —— 4AC__ dbC . d
e '| D ?| be
.............. >
A, dr,r, A, dr,z, Ap dr.r,
T, d T e
A, ab A, -4 | — §
@ Turn & Turn Cost Structure @ Turn Right & Turn Left @ Tumn Right & Go Straight @ Turn Right & Turn Right

<Fig. 8> Cost Structure of T

3. Turn Label A 3l

Dijkstra(1959)7} A A¥F Node Label 24 7%t X4 2842 B4 == ¥ (Next Node Set: NNS)ol| 41 2]
SAA oA 7HE HA4e] v g o R YEhte =5 AEste] 245 2183t} Lee(2004)= Link Label 74
7Iek HA Gz gAY 3 3k (Next Link Set: NLS)oll A 71 # a9 W02 Yehes Ja5 A9
sho] 233l A EHA Dijkstra(1959)7F Al A HohﬁT——-_‘ 2123 t}h o7] A% Turn Label 24 7|8t HZ A=
gAlo] o R AeH F QUeS AHE FlA HESTH

X4 <Fig. 9> HA @99 JIE F L= Tum LabelS T35317] 91814 71de] 28 9 23w
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r, 55 QAsH= 7MEe s BAgEen & A7e o714 AAE MES Y] 43S FElA e
T53th <Table 1> @ & ZolA] Tum Label 719 F2RA 9] o] FagS RoiF1 rh
>0 ~ B 0 -
e "o
y— . L

<Fig. 9> Network Transformation Using Dummy Nodes and Links

<Table 1> Tumn Label Detection Process for One Link

T, 7, Cost Back Turn
- (D-a-6) A, -
D-a-® -
O = Turn Label &4 7|9 HH A= *—H% A&7 et =09 w58 <Fig. 10(1)>3 20| 4
N =Bt 47 FAR o] FolA Yok ST O, BT @7F Far & %LOM HES S <Fig. 102)>
9} Zro] BA5}e] Dijkstra(1959) 2 Lee(2004)7]- Z1E3 Label 4 34 S Turn Labelol A E3}HH <Table 2>
o} 2ok &4 313 Zd(Next Turn Set)ol A 488 Tums AEste] o &4 TumS 2 83kl %4

& I F Tum AFTE 63 B4E APAHODO, ©OG), D@, DB, 2@, @@E).

(1) 4 Nodes and 4 Links Network (2) Network Transformation
) g @ L <) (r h—-h 1 (2) 1. 4 L -»(s)
<Fig. 10> 4-Node-4 Link Network and Network Transformation
<Table 2> Turn Label Setting Based Optimal Detection Process

T, T Y de 7, Cost Back Turn Next Turn Set

- G0 0 6 B}

. ®D3 0 3 i { ®DO, ®DV }
©DB O 0 5 GWE) { ©DOQ, DRD }
Se) O] 0 6 S0 { RO, @D }
©0O O] 0 7 ©0Q { 2@, V2D }
®2® Q@@® 0 6 ©0) { D2D, @D® }
@06 - { DD )
O0® @a® 0 76 1)

8 OIFTSYR=2N| TI233, M22(2024H 49)
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Bellman®] A z7o| Z3et 2 ZZ 18" (Dynamic Programming)©] 2&F|o] 2] sollA oupak
TumlZ HAZE T3 @9 & g2 ofet 2.

7T7'(4s) — min (7T7'(24s)) =6

7 = min (7)) =6

OOR—-CRP—-Rd® : 6
OO-DC—-B2—Q@—d® : 6
O->0->Q->2->@—- : 6
DO-C—>2—-D : 6

4. Node ¥ Link =22 N7

Turn Label 7|9t A7 28k 314 ol A 2-Turn (3-Link)S 3 Mol 1834 H™ ]+ Node ¥ Link <=3+
ZZ(°]8} Cyclic Path: CP) 5348 WAL 4= 9T} Node 3 53 (Cyclic Path) U-Turn} P-Tumne] &2
2 238 33 Lee(2004)7} o418 v} 2Eo] Link Label 716 22|74 2 koA wrgo] 7153t} 33
Tum Labels Z-8-3l¥ Link <3H&3o] JH=7] vl old tig B HEV} dasith

2 Turn Label 718 AR Az etz o)A 37] PAE FAo 22]st7] WE) Link CP 2 Node
CP7} AAE 4 Aok Lee00d)= nFENA FElA Node CP= 7He3ttha AF38l9eH o= <Fig. 11>
3 2o B30 WS oujdith 3 wEWA LinkS AYESE A d4z o7 YA ¥7] o
ol <Fig. 12>% YA Feth Yd o g =2 wFH-E Node CP7} 7F53t Link CP+ 81857 ¢4+
o}t ¢ tiFuEHolAE Node 9 Link CP7} YERA] Rethy & 4 ok aE%e] S4¢0 wahA
Node ¥ Link CPE A ZAgGol 4 He|F oz Mists FAo] a7Hth

(1) Network (2) Node Cyclic Path
\..I_/Tb A N a ----- P
]
(_\[-/] I:\‘[/;I

<Fig. 11> Generation of Node Cyclic Path

(1) Network
b

(~—( )

<Fig. 12> Generation of Link Cyclic Path
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o Rl

2 AT AHIATE SEA 7}‘:x}Li T2y 5 TAHEE o Esss 123
Tum Label 71%F H2AZSHFAHZ AS Atk 20223 59 31Y¢ €Y ASRE 7|F02 54 TAE

S 61571 GAke} 114H o= *éﬂOi ATE 5] FAF HA}F Tagln B 342k G AF TagOut TE7] 9
e B E B4R HA]-&FH 6157 GAIA Y EE S5 HE7]= 73110tk <Table 3>
97 |IDE 748 A F EAEE #E =4S YT QT <Fig. 13>2 FEE EARERT Y
& YER I itk

H‘l Ay

>~

<Table 3> Smart Card ID and Station Name and Line

Terminal ID Station Name Urban Railroad Line
0152 Jonggak Line 1
1846 Suwon Bundang Line

: Transfer Station ‘

<Fig. 13> Seoul Metropolitan Urban Railway Network and Transfer Stations

FEA TAEEY AZPA HEH= FANETTE 2(6)NA FEIAR BN w9t
Wt @AE ZIbels BEMAREAR) 2/2% AERAKD) tE HEAL o A©A dy g, =

10 =TSR =EN| 237, TM22(2024H 42)
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Ol

The

B« (W,dW,) 2 Aste] AEsta e ol 27 TumolA A0 $hgo] Yehtes 43s A A
I AgHE(FhoE Y EE = Zolth o714 g W, > 09 W, >0 FE, 34 ab} bt B
T B3ggo]l agt AP Ags Yeile seElR ¢ A4 olE o =
(7" "ty e+ A7 ) dy = W00 A, = H,

n
gt Atk ol FFHYE P FPAKA ) AFW/ARN(H,/2)F BAFPA(t,) $FIT

- T .
& 2;5) 7 ' =mi

) ) H,
= min (7 T‘”+5 o« (W W)+ W+ =+t

T
9 ) : ‘V)

™

<Table 3-6>2 HHEEE T4 5t=
AT H) & YERAL §lom Al
F7lES7IIDE ¥ B, dHoE BRE JAE F 615/ME FAEHJUTE <Table 4>9] - A+ 95
& 9 98 xoksto] 142970 2 FEH AT <Table 5>9] 590 Wahd 348 & 250872 )%

il

TYxAMe] FoE 140170, Hefo] BAd 52 LI07T/NE FAEEUTE <Table 6> =418 HHuja1H
& 1SARE AEI=eRIZEA T 347) eAle] WYEITE A% Tume F 4,809717F A=A eH oF
A&o 2 Fpo] Yefue A& L1787 AAF o2 F5H AT

<Table 4> Link Data (A, minutes)

Departure Station Arrival Station Travel Time(minutes) Subway Line
Noryangjin Daebang 2.5 Kyungbu Line
City Hall Euljiro 1 ga 2.0 Line 2

<Table 5> Pedestrian Transfer Time (W, , I¥,., minutes)
Transfer Ti
From Station Transfer Station To Station rans. er tme From Line To Line
(minutes)
Yangjae Gangnam Yeoksam 35 Sinbundang Line Line 2
Songpa Garak Market Suseo 1.8 Line 8 Line 3
<Table 6> Headway of Urban Railroad Line (/7,, minutes)
Line Headway(minutes)
Line 1 37
U-Line 55

A AT HEHE FEA ZAEE SIAEE Y AA5 Y (Trip Chain: TO)oNA EAEE B (S)E
BE 183 A0 7 F 8270305(TC)7F BAE ATt <Table 7>. ©]5 AASHARE thA o2 615719 o 3H
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|

The

A5 ODE TS A7 242724702 YEIG o FE OD 532 7,889,088(F )02 F=H S Th

<Table 7> Trip Chains with Railroad Trip(S) in Smart Card Data (2022.5.31, Tuesday)
Sequence Trip Chain Count Sequence Trip Chain Count
1 S 5934399 21 BSS 603
2 BS 1028076 22 BBSBB 525
3 SB 982691 23 SSB 471
4 BSB 219220 24 SBBSB 470
5 SBB 37342 25 BBBBS 401
6 BBS 28370 26 SBBBS 223
7 BSBB 7963 27 SBSBB 197
8 BBSB 6384 28 SBSBS 159
9 SBS 5194 29 BBSBS 99
10 SBBB 3515 30 BSSB 76
11 SS 3458 31 SSBB 9
12 BBBS 2171 32 BSSBB 4
13 SBBS 2090 33 SSS 4
14 SBSB 1272 34 BBSS 2
15 BSBBB 1115 35 SSSB 2
16 BSBS 1110 36 BBSSB 2
17 BBBSB 724 37 BSSS 2
18 SBBBB 685 38 SSBBS 1
19 BSBBS 666 39 BSSBS 1
20 BSBSB 608 40 SSBBB 1

2. Al4z2|2 &t

AR ATE 49 A A&5E Bdtso] Yehe A8 g Ay Agts sdske Ut
ATete SHoE ZAsIATh ol sl A6 FAFFAA 8« (W, + W, | W, >0, W, >0) &
£ 6=, 1, 3, 5, 10, 15, 20, 25) <=2 Z7/MAHT. ol ZE OD 7+ H45n &S #gato] Az
A&shE BAFAA (W, ,,>0 Wy, > 0)7F Yeht= 3709 A58 A abe @09 DE3A v, )9l &

o] go] He FS BAs] 1% Aolth

EE ODZF A o] ﬂ%koﬂ uel FA4% B7F A= <Table 8>3 2T} =0 & A& B3PSl ts)
A AlE A Agztol gle AHE F 39 051181(%)2 YERTE g7t F71shEA d4H Hsss
S $BE BASE 202 BAHG FNATAFAI A5H BaABEo] et B9 wg
& AR Z2OSWA =259 FFolM A& BaYo] BA= FSFH (v, )0l 00] = Aol HERT

ol Alute] ollA el g7t uiet o] A gte A =71 Fske e BAkSE Ae BolFal k.

12 DTSR =2 TI233, M22(2024H 49)
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<Table 8> Assigned Trip with Psychological Resistance Parameter (ﬁ)
Vn1
8 : B/A*100 (%)
Total Assigned Trip : (A) (W, >0,W,.>0): B
0 61521664 314875 0.51181
1 62078552 50894 0.08198
3 62175224 9830 0.01581
5 62189919 6145 0.00988
10 62209664 2052 0.00330
15 62217010 134 0.00022
20 62218433 17 0.00003
25 62232332 0 0.00000
v.d &
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