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A Dynamic Inventory Routing Approach for the Public Bike
Sharing Rebalancing Problem: A Case Study of Seoul

Jungyoon Koh - Seungtack Kim - Junghyun Lee -

Chungmok Lee

Department of Industrial and Management Engineering, Hankuk University of Foreign Studies

Seoul’s public bicycle system faces operational inefficiencies due to an imbalance in availability, resulting to
bicycle shortages or surpluses at specific times and locations. The current redistribution method is reactive and
based on human operators’ experience, and it tends to fail to proactively address real-time demand. This study
proposes a data-driven, proactive redistribution system. We first develop a prediction model for the number of
bikes at the stations, then propose “acceptable inventory levels” for bike stations based on time-dependent
demand patterns, and finally design a three-phase heuristic algorithm, called “Clustering-Routing-Relocation,”
to minimize deviations from the predefined inventory levels and total travel time. We also present a
proof-of-concept mobile app that implements the proposed algorithm to enable staff to perform rebalancing
duties. Experimental validation using real operational data showed that the proposed process may increase the
inventory-level satisfaction rate by more than 10% compared with the existing method. This study demonstrates
that a proactive, data-driven approach can significantly improve operational efficiency and user satisfaction.
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Figure 1. Geographical Distribution of Docking Stations in the Target Area (Gangseo-gu).

Table 1. Summary of Data Collection and Target System Scale

Item Description / Value Unit / Source
Datetime Date and time of data collection YYYY-MM-DD HH:MM
Station ID Unique identifier for each docking station Integer

Count Number of rentals/returns per hour (Target) Count

Temperature Air temperature °C
Precipitation Amount of rainfall mm
Wind Speed Average wind speed m/s
Snow Depth Accumulated snow depth cm

Visibility Horizontal visibility distance m
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(Temperature), 73<=(Precipitation), $-<(Wind Speed), 24
(Snow Depth), 7FA A (Visibility) 5 5 374 R4S 283}
of F 871 AA W dHolHAlS AAIS T

°o]& Tl F1,629,36071 9 AZA = T F ElolE Al
= TSIt A28 Yol M A A = AREAR] T F gt
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AZE 29REs 23ate] HlolHAlE T3 8%t
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(@)

TEEROE

ok oA 11778 oA ~9Al°ﬂ 1ﬁ°l@%ﬂ5%€hkl7&ﬂ1
¥4 P S Hol= dhd thed A 50738 L3 6A] 0

o] Z7tsh= B2 Y ZiEl A 33 FE & B, A
ol et o] & o7t &8 FRES 1T U

2

3.2. 7 dojis] £8 o5 BT A ALF A P

ZF o 8] ARA s o] 27] Ao g
9} uhd ek o ESit), WA 8 o F BEY FHES H
3l 3]# E.&(regression model)S F~H I T} <Figure 2>l 4]
Holzo] tfof & nit} £ 8 &= F 2to] & BT <Figure 3>
BE W4 89 Fe BT, i F53
4o F o ds HoEh 4 FLY Fo= AT
ApolE BYlom FAHORE P FET AT, FE&
QT Aztthel| 27t HFEHE AFE Bt oo wet o
%9 JQEE Eol7] 98l 8 A5 R¥ S BY ‘jaﬂ}:‘?r
o iololg}o}‘ﬂo”% REUYaEr ¥Ry 5
Aottt o mA 2 (machine learmng)

H]| JJ_3]'7] 23l AutoML 2Fo] B2j 2]l PyCaret&
fﬂiitﬂ, Random Forest @ o] & (Accuracy), F1 A
FEo HrEA R A 7HE 73 A5s B HE R

Random Forest @0l tha)] 18] = ©-A(grid search)
£ &3 stolHgetr|HE H A gstt) <Figure 4>9 W
% 8 5(Feature Importance) v 23, W3 FY 2 25

of| A <Al ZH(hour)’ 2} < 7]-2(temperature)’ 0] d|Sol| 7} Z G

Hourly Rental & Return Patterns at
Station 5073

m— Return
15
e Rent

5 \_.\NOM
5 012345678091011121314151617181920212223
Hour

(b)

Figure 2. Comparison of Hourly Demand Patterns: Station 1177 vs. Station 5073.

Weekday Hourly Rentals
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Figure 3. Comparison of Hourly Rental Demand Patterns: Weekdays vs. Weekends.
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S A WEE Yepdon, T AL (visibility) I F4 2= AL HEA 7] AA A3 2 A A Ao 3
(wind speed)’©] 1 HE oItk HF RH ] 5 <Table 2> T o] ZEA|AE 53 22 387 = o] Folzitt

9} Z¥o] ¢ RMSE 0.38, MAE 0.32 2.2 YePt) 28
o4 HE M= 317 RFo] FHEH o] thof Anjrt

B j . Bike Availability (Station 1103)
£479] 8 9L WY 5 7 k. <Figure 5> A

thodax(thof 2 1101) AA| £ 8.9} oS RYP o7 oS3 A3} MAX: —fBike
40 E t
& vlad e zolth 6% Byl A4 FLE FHD AT - ety
el 8 FF AU L BRHOE 5T Blshck
THH T2 A5 LA AL Aol ol 2 e & e
o] A A kol et FY o A WIS =8 & 9t} 012345678 9101112131415161718192021 2223
<Figure 6> t o142 11039] o S8 A 3L #50] W3S Hof & Hour
o} E A= 7|2 1A A1 7)1 F=S thAet7) YY),  Figure 6. Predicted Hourly Bike Availability Fluctuation at a
ool = WEAdl meh A1 #elo] dA4Te 4o s Sample Station.
Weekday Feature Importance Analysis Weekend Feature Importance Analysis
0.3 0.35
0.25 03
0.15 0.15
0.1 0.1 l I
BN N s
& @Qﬁo \@@ b@@ ) @Og@ @@\ %\\“@ & (Qqu _ \ﬂ@ eb@@ 3 QOQ%‘ . @@ @\\@@
<& yﬂz@ & q\"@x v b"Qz -Q\@\\ cfo*i
$® Q@OQ \@Q Q@'(’
Figure 4. Feature Importance Analysis for Weekday and Weekend Demand Prediction Models.
Table 2. Performance Evaluation of the Demand and Return Prediction Models
Model Metric Mean Max Min
Weekday Demand RMSE 0.385 0.653 0.114
MAE 0.327 0.606 0.093
Weekend Demand RMSE 0.378 0.654 0.113
MAE 0.319 0.614 0.088
Weekday Return RMSE 0.401 0.686 0.125
MAE 0.337 0.625 0.099
Weekend Return RMSE 0.376 0.668 0.106
MAE 0.317 0.602 0.083
Actual vs. Predicted Weekday Rentals Actual vs. Predicted Weekend Rentals
1 Actual Rentals 40 Actual Rentals
35
ﬁ —Predicted Rentals 20 —Predicted Rentals
9 25
7 20
. 15
10
? 5
1 N 0 ——
1o 123 45 6 7 8 9101112131415 16 17 18 19 20 21 22 23 0123456 78 95101112131415161718 19202122723
Hour Hour

Figure 5. Comparison of Actual vs. Predicted Hourly Rentals.
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oS ARRFE AR B (<Figure 6> FZ)S HIEOZE, HU)

AATH Q)P A AATH Q)8 A1 S ARYSF A
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(Inventory Fluctuation Index, ©|3} IFT) 2} ™35}, ofgjj 2} 22o]
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P73 vlofzets 54 Azl 425}
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QAL AR A1 g
B oA g A1 HE8 AF(IF)E 7|W o2 7} tf o
2o <27 A3 4~F(Inventory Band, ©|3} S) & A5 &3}

= 3otk A4 A 57 55 9T i HA AR F
dole B3 2 A4 HAZ AAHT v]E(Target Satisfaction
Rate, %) = A J3tAth sgtol 245 274 A1 H 7t 5o
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Figure 8. Overall Process of the 3-Phase Heuristic Algorithm.
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Input: Travel time matrix T, Visit counts V

Output: Best cluster visiting route R,

CandidateSet := @
EliteSet := ¢
fors:=1to Ny, do
R, := GeneratelnitialSolution(V)
:= Cost(R,)

Store (R;, Cost,)in CandidateSet

Costg

end for
EliteSet := Select top K routes from CandidateSet based on cost
for each route R in EliteSet do
Ryefinea := Apply Tabu Search starting from R
Update EliteSet with Rrefineq
end for
Ryeq: := the best route in EliteSet
Rpest := TrimRoute(R e )
Return Ry,

Figure 10. Finding a Cluster Visiting Route Using the Tabu Search.
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Figure 11. [llustration of Three-Phase Heuristic Algorithm.
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Figure 12. System Architecture and Data Flow.
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Table 4. Comparison of Pure MIP and Heuristic on a Very Small-Scale Instance

time (s) incumbent Penalty Travel bestBd gap (%) nodes
0 537.485 537.48 0.005 54.026 89.90 0
10 213.1717 213.123 0.048 89.733 57.90 82960
15 213.1717 213.123 0.048 95.150 55.40 148357
20 210.755 210.707 0.048 100.934 52.10 205531
30 210.755 210.707 0.048 110.144 47.70 324659
50 210.755 210.707 0.048 125.433 40.50 593066
55 210.755 210.707 0.048 128.843 38.90 659933
MIP 60 210.755 210.707 0.048 131.516 37.60 716439
70 210.755 210.707 0.048 137.707 34.70 852196
75 210.755 210.707 0.048 140.460 33.40 916009
85 210.755 210.707 0.048 146.587 30.40 1052389
90 210.755 210.707 0.048 149.529 29.10 1112838
100 210.755 210.707 0.048 157.393 25.30 1246179
110 210.755 210.707 0.048 167.806 20.40 1379247
120 210.755 210.707 0.048 184.852 12.30 1514582
123 210.755 210.707 0.048 184.852 0 1551280
Heuristic 13.94 258.866 258.8 0.066 - - -
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<Table 5>0f| o] o] MIP 58] 28 |- A ZEQ AR 13]  Z7F incumbent 3 B0} W2 Z4 3 3hs 715319101, ©]
2oesd 2ANNE 27| AF Fasls sk w F20x & AE ARt AR 7SR e 2E dagge] o ¢
7t A gl o oo AT g2 9Fg7790]d Tk o] £/ T HE S e vt £, & AY A Fox
Aol AP A s = HUH o Z AAHY O NN R4 H datglFo] Bs] mE S Algsks Aol 234 ¢,
$H8 0|91 126,000% o o] AlLF ATt o] Tl = BAF g2 FLT AL A ShollA sle] FE SHAME s RY S
ok 6564 Aol MEFTE 3 513 gk(best bound) & 27] & 3T T oS HAFETh
461191 A A123he] BHa 260002 ©] 30l = 2F 50855 2.1, o] ol 2oy 293 A2 #A qtEs 5=t Sk AA =
whe} 2 F Gap 0F22.5% %2 FrA E Atk <Figure 14>=MIP = 9 oA 9] Aot MIP 8|82 A ZE 4 F7}
2 28 o] B2 314| &4 (branch-and-bound search) 8o A & 2 X WHE RS 8T A Wy 79 A 77
7 gh4=0] 43 gk(incumbent) 2 313 gk (best lower bound) 2] A17F  AT] F7Fste], AA A AZE Yol FEE =23k Zlo
U H3kE B Eo)h B4 27 QAo A=l o] ol vla ot BHA, A FEjay dagE EAE 9
A w2 A o] FoIA| A} o] Foll = gk Bk BT AA W] AR Eefste TEE VWeR HAAH o A RIS
gokth. ol B AJzho] S/l whet A Bl Ar|7b A SHHEE ARt FRe ERHOE Aol glon, AA &
A1 o]of whe} B &0} § Fo] ZhAaFHE RojErh 93} 5Y3 3-shift ZANME A AZE voll kY F o=
Table 5. Comparison of Solution Quality and Runtime between Pure MIP and the Heuristic Algorithm
time (s) incumbent Penalty Travel bestBd gap (%) nodes
20 8779.765 8779.750 0.015 4611.706 47.50 0
375 7671.298 7671.210 0.088 4951.287 35.50 1069
639 7121.574 7121.490 0.084 4951.287 30.50 5631
770 7051.113 7051.020 0.093 4951.287 29.80 6389
853 6946.755 6946.642 0.114 4951.287 28.70 6391
998 6785.187 6785.073 0.114 4951.287 27.00 6392
1247 6764.672 6764.570 0.102 5009.409 25.90 6413
1250 6760.922 6760.820 0.102 5011.993 25.90 6414
MIP 1541 6706.796 6706.690 0.106 5040.331 24.80 6427
2139 6702.772 6702.667 0.105 5067.174 24.40 6451
2160 6635.775 6635.682 0.093 5067.528 23.60 6452
2271 6627.895 6627.802 0.093 5068.992 23.50 6459
2994 6622.364 6622.271 0.093 5074.131 23.40 6487
4115 6622.363 6622.270 0.093 5079.205 23.30 6615
5386 6622.363 6622.270 0.093 5079.205 23.30 8263
5499 6580.283 6580.187 0.097 5079.205 22.80 8405
6564 6568.831 6568.733 0.098 5079.205 22.70 11142
14038 6564.201 6564.103 0.098 5085.455 22.50 25678
60 7093.289 7093.080 0.209 - - -
300 6807.422 6807.210 0.212 - - -
Heuristic 600 6777.153 6776.940 0.213 - - -
900 6752.696 6752.490 0.206 - - -
1800 6619.490 6619.283 0.207 - - -




226 Jungyoon Koh - Seungtaek Kim - Junghyun Lee + Chungmok Lee

FadE =S Al ¢ $83 4gs TS HolFrh & Ho nudd-L MIP
S 2 R Sl AlRo] EAZ ] M= G £ Y B s sl 2A9] 2718 SolAY Bed 7t

at7] Slal, ool e 24 2H~HE H 13] BEI=F A AL Ao o]Fo] BE AP Ay A A719 7t

A TY ZU2HE AN I B F UAREd AS BT A8tk F3sst

&3 A5 Bl o] 4P MIP 8] 2E 2 A3

& Ul A% 24 29 FAXEVOR MBANL. oo gase A ula

<Figure 15> 73 A7t @& A B4 o] Wsts

UEH 2102, b5 Hee 883hs 7-Foll B4 27| 5-E A dare]Fo] AA| &P 24 thel ekt &332 Q1A

o e BX%e as Bylon, AR FAdME A& S Brel] sl @A &9 Z2AZ 9 S vt

Al o] HFE T v, 9 RO R Agshe A ole dagEe é%ﬁ THIE $ %’B‘}E A& Ex2

ol 94 A o] F B2 gho] AAHE 4TS BYTh 20224 69 F YF Y] HA 9 HOHE BROZ AN

ol FY2HE T WEOE AT A & I3l Al s, —f—%ﬂ A F(KP)E %7 o] Aojgitt. o}

= o, O S o 8ot A AEES AE e g Ak SaelEd] AR A8 ThsdE Wrke] fEl Al

R Ay ? Ao A1 Bty sl As) Sl frElst AP AEAES I LSt on, BE AFA Z shift-EY

A A&t WE o2 AT ¢ Jlom, B ATt Ajtete 23l tia) daelE AW A 27 0 ' A gst itk

7P REE 58 O W 880l F2 & de BA oA - AR A £FE VEE 2 A7 3384 AT T3

8,000+

=
o
S
2

Objective Value

6,000

5,000 1

Pure MIP: Incumbent
—==' Pure MIP: Best Bound
Heuristic

0 2000 4000 6000 8000 10000 12000 14000 16000

Elapsed Time (sec)

Figure 14. Objective Progress Comparison between MIP and Heuristic Solutions.
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Figure 15. Comparison of Global Objective under Different Cluster Visit Constraints.
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Table 6. Comparison of Simulation Results: Current vs. Proposed Process

(a) (b)

date time proposed current date time proposed process current
process process process

15~17 64.29% 53.87% 15~17 96.19% 83.93%

06/01 17~19 57.62% 56.85% 06/01 17~19 95.24% 85.12%
19~21 60.48% 57.14% 19~21 93.81% 82.74%

15~17 77.94% 66.37% 15~17 98.53% 82.14%

06/02 17~19 72.06% 63.99% 06/02 17~19 97.55% 80.36%
19~21 73.04% 66.07% 19~21 99.02% 82.74%

15~17 76.17% 63.39% 15~17 94.39% 81.85%

06/03 17~19 69.63% 61.61% 06/03 17~19 94.86% 81.85%
19~21 73.36% 68.75% 19~21 95.79% 87.80%
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Table 7. Performance Comparison of Redistribution Results by Values (Nov. 13, 2025)

Time Window Metric a=100 a=0.001 a=0
1517 Optimal Inventory Rate (%) 46.80 54.85 54.85
Over 5-Bikes Rate (%) 70.58 79.61 79.61

17~19H Optimal Inventory Rate (%) 59.90 72.82 71.84
Over 5-Bikes Rate (%) 78.83 87.38 87.38

1921H Optimal Inventory Rate (%) 56.02 73.79 71.84
Over 5-Bikes Rate (%) 81.26 90.78 91.75

Table 8. Comparative Analysis of Redistribution Performance: Accurate vs. Inaccurate Demand Forecasting (Nov. 13, 2025)

Inaccurate
. i . Accurate Forecast
Time Window Metric ) Forecast
(Baseline)
(Error Case)
15-17H Optimal Inventory Rate (%) 54.85 47.57
Over 5-Bikes Rate (%) 79.61 76.21
17~19H Optimal Inventory Rate (%) 72.82 53.40
Over 5-Bikes Rate (%) 87.38 80.10
19-21H Optimal Inventory Rate (%) 73.79 45.63
Over 5-Bikes Rate (%) 90.78 83.98
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