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ABSTRACT

This study applies reinforcement learning to effectively operate expressway hard shoulder running
(HSR). An HSR algorithm was developed, and its effectiveness was evaluated using the VISSIM
microscopic simulation program. The simulation evaluated two aspects: mobility and safety. The
DQN-based HSR algorithm found speed improvement of up to 26 km/h. Compared to the current
method, the difference in the number of conflicts was not significant. Considering the results, a
DQN-based HSR operation has a clear effect, and it is necessary to consider adjusting the current
operational criteria.

Key words : Expressway, Hard shoulder running, Einforcement learning, DQN, Microscopic simulation
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and Safety, 2023). =3+ Z4H&-L 20113 1249004 2022\ 078 o2 FF3HA 7H4ska A th(Statistics
Korea, 2023). ZLejuh, Q17 ZHAet 2] 191 7H9] Asak o) 37 502 s Asae] +5 S7ksta
At} AHEA SEU4E AR 2018 oF 2,3209F thellA 20221 d oF 2,550%F thE 371381 tHKorean
Statistical Information Service, 2023). ©]|2 % 2t&e] 7} A&HH 02 Frlsta Je AL AT E 4HE
At ddEe vdE TRHHoE 13T W ged] wE E] tE o s FIHAQl ' AAEE A
oAl el Bavt Aok 2 A gk v Azto]l £QFE B 71Ado] ofd wEedde 7MY

DESE Bl LE BA PAF A@sks sl A AHeIH AAT Ao BekwEt,

B ATE E B4 BAV B UEAe B2 F el ISERE gHoR 14EE AR
AT ERAOR Y5 A% PHE BIA Ak ISER AAAAE B LEF 2 3
A AL AT B Qo Aol 20E BA AZAY o] 8T F UES 585 /ol AAAE
M, e Bae 58 JEoR Buav, o] 71EE 20139 (OkmhE

o A
(Korea Expressway Corporation, 2018). ©]&1&t ZbAX2 9] AP&E 7|E2 AA E29] &
of - LFAke] dtkel] wet A-HH 7t AAEE AA ol t(Kim, 2017).
ek, B Age OA 3 B @A A4S st 155 R ZbdAEA ] H ohdd B
A gro] $43F A5E HQl AF A (artificial intelligence, Al) 7|HE A&5t] n548S 18T = Y&
Al 719t ZAAAZ2A &9 LdngEs MEstaa sk

2. 179 Yol A =i}

B AT T WAE @A FE FU DEER F AAREAT} LYHD gov], FEHOE AYA
H WA E 7B - $AIC o2 AT, Y T A9 WA gAA2A AYHE T2 3
A2 A 9 A ol A% Fush B, BT EY 5 B AT o) golFROs, Sl 9
i slof AR 2GR N9 RIALAY Bakel dAe ad He westenh A2

fl= ZAARA 257 A oY ARIF BASHs 71t T Bdolaw SEF 71 oMETF BASHA] g
k1 6%-?—% Aoz AdAstelon, 1 A3} 20209 1249 11YE AAsST
a

2

TolME WAz 2A Pl #E FFS Al oH, Hd & 1Fs =
—1 &7l A Al 71H& 2ARIAT o2 oA AR W8S HlR R AL 7R
1EFS NSkt olwf Al 7'M 7318152] Deep Q Network(DQN) AH&-3F5iTh 2] 7]
ol TR VISSIMS &-83te] N3 AN ZHAAEA &9 E3E HIbskdth vpAe
T A8F AE AL, olg vigoR % dad AFE AU
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1. ISEE JRER|

1) ZHAEH e
1&EE 2 ZPA2 2 A (Hard shoulder running, HSR)= R EEF = Eists} ke oWlEy} 243 A
o] obd UREAFAALE AR Zbd TS 58t YAHOE ERZEFES FTA

oA T %

7= 2529 7I"Holth(Korea Expressway Corporation, 2018). A& =2 ZHAAZA = T2 &3 Al 41
AT e tiqtRe] HE3 AZte] 2859+ W 2] @Yt Anlgor =2 B4 9l AR &
AE 235 Uebd < ITHKim, 2017). °]213 ZEARAE v, 95, 59, UEEE 5 v I71
A ARE I Qe j—ﬁﬂf’ﬂ’ﬂh 20079 9€ G5 AFIC-HAFICY 5.6km T HEE AHEY HoH,
2021L4 471& 74 FEAAN A, 95 5 1070 =419 F 253.68km TRIOIA 2FEIL loH,

¥ P32 <Table 1>J_"]' 2.

<Table 1> Hard shoulder running faciliies in Korea

Lines Sections Directions Length Lanes
CheonanSamgeori Service Area - Anseong IC Seoul 225 4—5

Anseong JC - GiheungDongtan IC Seoul 213 4—5

Giheung IC - SuwonSingal IC Seoul 37 4—5

Singal JC - Seoul TG Seoul 7 4—5

Gyeonghu Seoul TG - Singal JC Busan 7 4—5
SuwonSingal IC - Giheung IC Busan 31 45

GiheungDongtan IC - Anseong JC Busan 225 45

Anseong IC - Choenan JC Busan 249 45

Nami JC - Choengju IC Seoul 43 3—4

Cheongju IC - Oksan IC Seoul 33 3—4

Hagui JC - Pyeongchon IC Inner 1.2 4-5

Jungdong IC - Seoun JC Inner 0.7 4—5

Hanam JC - Sangil IC Outter 0.92 5—6

Hagui JC - Cheonggye TG Outter 1.14 4—5

Nooji JC - Gyeyang IC Outter 2.04 4—5

Gyeyang IC - Nooji JC Inner 2.04 4—5

The 1st Capital Seoun JC - Jungdong IC Outter 0.75 45
Region Ring Jungdong IC - Songnae IC Outter 0.72 45
Songnae IC - Jungdong IC Inner 0.74 4-5

Jonam JC - Dori JC Inner 22 4-5

Seongnam IC - Pangyo JC Inner 271 4-5

West Hanam IC - Songpa IC Inner 32 4-5

Songpa IC - West Hanam IC Outter 24 4-5

Gangil IC - Sangil IC Inner 1.2 5—6
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<Table 1> continued

Lines Sections Directions Length Lanes
Sangil IC - Hanam JC Inner 1.2 4-5
Gimpo TG- Nooji JC Outter 1.32 4-5
The 1st Capital » .
Region Ring Nooji JC - Gimpo TG Inner 232 4—5
Pangyo JC - Seongnam IC Outter 2.6 45
Sangil IC - Gangil IC Outter 1.04 45
Manjong JC - Yeoju JC Incheon 33.61 23
Yeoju JC - Yeoju Service Area Incheon 0.54 45
Yeongdong Wonju IC - Wonju JC Incheon 0.66 2-3
Wonju JC - Wonju IC Gangneung 1.34 2-3
Yeoju JC - Manjong JC Gangneung 31.44 23
Seosan IC - Dangjin JC Seoul 5.8 23
Seohaean
Dangjin JC - Seosan IC Mokpo 6.5 23
Changwon JC Busan 2.1 2—3
Nambhae
Daejeo JC - Gupo IC Busan 1.4 2—3
Changwon JC Busan 0.2 23
Namhae Branch Naeseo JC - East Masan IC Changwon 6.65 2-3
East Masan IC - Naeseo JC Sanin 6 23
Honam Dongnim IC - West Gwangju IC Suncheon 0.8 2-3
Honam Branch North Daejeon IC - Hoedeok JC Hoedeok 2 2-3
Chojeong IC - Daedong JC Daegu 2.1 2-3
Jungang .
Daedong JC - Chojeong IC Busan 25 2-3

Source : Korea Expressway Corporation Public Data Portal, http://data.ex.co.ki/

?) THE2 JUXSH 29 WY
DEEE AAREA B D Fol B 7P A1 RAA AP TER| T - AM] B FH, 4
S Slert Al 29 B A A 5 A 2 e ARAY AFE SAARA 29 YR
of gtk TAAAEA €9 AT ol B2w 2
2R A2 AL P ANE NBHOE LYNZUE BT AL YHOE 1 glov] LY
fko] e Wa 5o et YHer e9Hn Yok
Z

A2 Y B ) 712 <Table 29 2om, V1A 0% AT} HAH T1he] BHY| AYSES
NEoE Bk AHEET} ckmh ol AABAG ZaT dAEE A AYSA Hm, HAR2Z A
2 B3 AHEET} OkmhE 2T FHE 147k ARG A ADA2E A A,

<Table 2> Lane control criteria

Classification Lane open Lane close
* Spot speed is less than 60km/h * When spot speed exceeds 60km/h for lhour
Details * Spot speed is expected to decrease below 60km/h » Bad weather(e.g. heavy rain, snow, fog, etc.)
* Operator’s decision(e.g. road maintenance, traffic crash, etc.) | ¢ Operator’s decision

Source : Korea Expressway Corporation(2018), Hard shoulder running operation manual
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Coffey and Park(2018)& 1] =F A uyo} F(M) 1476 AEE=E2] IC 1~IC 9 AFo]9] 134km T-7HS ThAFe.
B ZHAARA = Al ddEE EFE A8t stk A4S S8 vAnEAEE el 22O
VISSIMS &85tk #2492 northbound®} southbound®] 27] W&o tisle F=glon, B4 ZAi
northbound®] 734 E3AIZte] oF 60% 74435411 southbound?] A% oF 43%2] E3YA|7to] 7HAstE a7}
et Bauer and Harwood(2004)= W= A EY o}l F) EAF 1E£E29] 78 7km 77+ A=
ZAREA TG0l WE AP EHE BAEAT ST ATFoNAE AEARA Al Aol thg 7 59
7t BAAEE AYA wo]= W (empirical Bayes method, EB method)< %3 £43l9th £ 73
o] AbaL BAIY] S ZAAAEA ¥ F SV A O E YENTE SFA|RE EB method w412, sd 11l
H S7HE AT AR CE [FonetA] ot ZHAAEATE WAL STl AAAR] FEFo] ATt

@5t7] g Ao UBNITE Ma et al2016)F AEERAA FAL WEAL 5o STFFOE 9 f&
]~7<4?<ﬂ§ AaA717] 915 A o' F2 2P Z A (dynamic hard shoulder running)E A|QFetG o™, 11 &
HE FAHAT £4S 98l vAagAEE ol 2208 VISSIMS #8393 VISSIM®| Com-interface

TS L85t Aol AFS TSI BAA S AR EA S Ao R i AATE oF 30%~80% A
st on, FRuFF] 15%~40%74A F7hshe E37F UEFT Kim(2017)2 ZHAA2AS] 84 &%
= A% AR AN S5 At A shth i ATE 2014~20151 E<F ZHAAEAVE SFH 8
9 222.6kmE WO E i 73] W F, £5 A8 T& o] &3tk AEAE A ANYPEEE A=
317] 913l Greenshield 23S AR&-sI o, EAZAR AH| 2 $£F C~ F«] 735 2P % }i% Y W &F
57 23 o 3A vehde, 4Ed AEE e Sl 70kmhE AN Y S22 A ST Ko et
a0 E TEEE ) A5 A-AA 730l U ZHEAEA &9 95 B4Rt ’3}?‘;5}. o] & 9fal Al
FTE 7 APE ZPAAE &9 7Rt vk A3 AREAS STk sid AT A= AR <
RIC-EAHC, FEIC-718ICY] F FREo2 AAsigin v‘i‘—@.éﬂr Pai}ixﬂ %03
d wE A diE As AT F Aom, HIc-FAHC
11.7km/he] $571 S713F A 02 YT

mlo

b

738} 8k<5 (Reinforcement learning)-2 x4 oA A A& s dste 7'M OE 7] A 85 (machine learning)
9] g Foko]ti(Sutton and Barto, 2007). 8 Y F-A I 5283 HXE éﬂ% 3% A By
O 2 QAFA T Bof, 2R FE Hof, Ao] EoF 5 thofgh Hofoll A A83ta ). B3] mEEokAE 7
HETA o], ZHd22 A, HZ0HY 53 2L 5534 2T T (active traffic management)ol] 73185 2
£

sh7] A% A5l FPEHIL ATh(Zhou et el., 2020; Vrbanic et al., 2021; Greguric et al., 2022). 733}8+<59]

T LaE oo E(agent), 37 (environment), “3Eli(state), 35 (action), 2 F(reward), 72 (policy)©] U™,
oo]HEV} A FoAEE T3 BAAS Hugste Wako g ggatA dnk 3&'5-‘)* oo]AEV} AT

F e BAL gusn, £ AT A ADAES AYSAL ARG 0T 2 & ok e o]
457} VIS A0S SIS, ASAEE of AuE 4 4 ATE A5 A Dok wire
ol HE} +qT Y5 Wrlshe AL AGH, oF 53} Y5 WYL Y £ U3 olF Fa

ﬂ![ﬂl
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3 A g 233 F5S 5T 5 AthLee et al, 2017). AAL ZE Ao i3l oo|AES 3%F

3, JeHlEke 483l tiste s 295t I MESE E 4 AUTHLee et al., 2017). ©]F
2 Y% A EAE nf23Z ZAH I ZA X(markov decision process, MDP)E 53l 2(1)3} o] A
UTH(Park, 2020). MDP2] “JEldol= @A AHlolA q5s 2T uf o) o8& IA E&
ZHAAL Qo AHZ2E A 5= A G s& °1]°]7<4E«] 5 oot TS weTh
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DDP = (S, A, P, Rry) ++eeeeseeetete ettt Q)

where, S = set of states
A = set of actions
P = state transition probability
R = reward function

v = discount factor

A A3 s oo METL B Ve Aol AROR s 54 AT rolAe] AE) A ok
BE AT A5 8 slA AoIHEA /bed BB WFOR 4 E 5 A ol A dolHE Ao
HEE A5 ok do] 88 L ri oW AEolA BEL AN We) e WIE dehich o
OHET} BB HaA HYW 8L Mol HEE B3 oo WES WE thE AU E LEFA BT O
2]2)%h 2ol BEAF 5 QItk(Park, 2020).

P;: — P[SHI — SIS, :s,A‘ :a] ..................................................................................................... (2)

RS R AL, BE 5 = s, WE A4, = o8] FHAA B B tig 7|Pigks YERY ohs 4
3)3 ZTh(Park, 2020).

R::E1E+1|‘S; :S,A‘ :a] .............................................................................................................. (3)

4207 v 03 1Aho19] kg ZHAE Bgol oA 8BS ZaA1A Bk Wk AL 2R kEHE
o 5o viee] e WA 0 AE S 0E A, ol BAAAE RlM 4B NES
B

£ B FF S A tig 7Iglgs s8] 98 AREETh

etetES A B9k A} o] dlo]HESt S 9 HeAES Tl S Eelsty AAS AR
ok A o] A Fhe AAE W] wEol A $E AH gAske Al VM E o] &3k
A AE3It) 7EX]8k(value function)s B4 A M-S HUlsls ShE oA EV) A2 $73-S EAE)
e B S FAG AR 4 4)9F ZThLee et al, 2017; Park, 2020)

G — Rt+1 t+z 72 t+5 ......................................................................................................... (4)

7FX %= AEl 7FR &< (state-value function) ¥} 3F 71X &< (action-value function) &2 TEHT. &
THA G A sollA AT oF A $ AA 2 E we 53 o BA 2 793 A 59 2ol F4
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Aelets duelEe IA 71X 7]4EslE(value-based learning) ¥ 7 271 4Fe <5 (policy-based learning) 2.2
P due|Ee 4% FFo] o FR BASE HAE AUAE dSske AT
(value function)E St5& B3l HAssle Aor & F Jow, 77 e 75 2+ ZejollA 7
F2 RS M e A5s AP 9ok A 7HA 716k Askeks dae]ES Q-#d, DQNDeep Q
Network) &©°] Atk AAE kA Dgk upe} o] ZF el th-&ate] A5E St ol FA7|gt

dugFe olgld AL AY e PYOE JHXITFE ARSHA g1 AATS SGeiA "okt
Ql A7 Zsletes ¢ E]|F O Z = actor-critic, proximal policy optimization(PPO) 5°] 1t}

2) Deep Q Network

Deep Q Network: Q-2]d& 7|Hko 2 w3 duglZo|t) Q-2Y &1
AAE 2 PHolth PE APSE A1 WS NP} FAAR B
A HA e 22T 7 Ao Aol Atk QY v 4 (03 Zol Q s BATTHLee et al,
2017, Park, 2020).

Q(S;_At)‘*Q(vaAf) + a(RJr +'anaXQ(5;+17a,)7Q(SJ;Aﬁ)) .............................................................. (6)

ol2igt Q-B'd2 FEet FFol that HRE AT Q-HlolES At AHESH, o)+ Q-2d el =it

£ EAolth tF AHY Ho QatE o83t Qs A HW, A&5HQ AH 9 5 o] W
g AA A thate] Q-Elol &9 #hs AlLtstal AAdske AL ofEFo] EA3th DONS Q-2 9] °¥
3 AE FES A ukE Aoz Q-HolE thal 4l& 2174 (deep neural network, DNN)& AH&3+ Q-]
EYIQrnetwork)E T3l Q FE FH3E WS AT

E3 DQNS 7 d A A (experience replay)”| 3} HR® 2174 (target network) A AA 7|HES o] &3te] o
OJMET} SR FeAgste] A& B (s, a0, )T WEE A A4 F, AZE ARES WA F=
skl Q e Yol Eol| Agg olF Tl AAFEES AdAlsta HEAA SgS T Tk EX AAT
o A 71E QUESAE BAS FHE /It QUES A9 FerlErt S5& Fal v 2Fritt
olE H A% TFY BE gt =3 A JU0lE Ho| dte WFoE TFHA gv TAV AT
ATk ool H3xF AL Al FEN TFe HXE A AT FAEL dote WFHoE T5E

F A=s g

4. ANAIA
IEEE AAAEA 9 71FL 60kmhe] £55 71F0 2 a1 Q) iAW TE2 8w oA AA|
Sl £ wEY Iy s *Eb%i HH 60km/h91 & E L& 272 A3 53 933 (breakdown) “FE] Il 3

232 1% B o) A AL 7PsA
£9 oal2 s TAT EFL 47
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Zdatetg Jlgh DS g JHEAEAN 2Y gu2(E e A7

ol Ade Aoz dddnt
79 DON 7|4t oo]HE= FofR 2 lM 222 of27hA] Yog l E3tar ojoupe} W= KA

B
2 58l HAo YF AHHIL A& Ak ol AR HS BEF J1E AFEC] HAZA, 7hd
SEAols e £ RSl B3E B Ao Aol AR AU Lo BE BE BT of 23
g B9 Aol 20 B PAIE A7t Yok

1. 473E He
B ATAE A AF A7) Bav B £H 22 LS wEoz 435y swne] A0AeA
9 YnYEL ALSAT AARZAE LFUTHE AL TEFP T} AANZE AT L A8
A oH . 2305 E B olo|WE} AAARAE A

mlo ok oX [ Ho
)
i
o,
o

o}
g
Fae)E

of e =2 9ol sholM(python)3} Shol EX) ol nefeld ol g3ttt soluie] S
a2 BHE 93 PAREABUCIM Aol Fhssitks g0l Ytk sl EAE stoln

2 A% 2B Aot VAN, BHAE B Aol GPUS Y + ot e A
o

S
1
ot

2. ALAEH 2 W2

A AP AAH Po) whet A RES AHAYIT FAT + UES AL FHLLY 3
B, B, BEFS Aot o8 MO ool HEL T <Fig 1% o] IEEE AANEA £ T
ol FREE RERR teh A2 Y, A A THLeE AAsaA 5
WES Ads) 44k Ao] FAST B ATAAE o) ZEE B FALE 442 Agsar

HeSaoE A8Ee oA B4 WA JRE FE AL dEs
o7lolr, $Ae nEER ADARA £ T2k ABHolH YEYAE JnlFth B ATol4E ool
EolA 45, WEF, A YUYRE AFFES s

BB (Action) & ZAREA £9 GLYZANN Ao MES ol Tk AEL elulshel, & ATl HE

ARE AP, A F AN Aok AT AP ol T/ ol YFS T AUNE B
Aol Fasith ABAR A9 ded WEFRVL 702 WS AT @ AAE WS Zo)
G & ek wepA] B ATOIAE o WEL 1T B9 ARHES WY

il
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B Reward) & O AES BEe| WAl BBE &
Aol ZARAZAT} SYH = T2ke] F2F A

State
‘ Reward
HSR control agent Expressway Environment
Control HSR lane depending on the Using VISSIM and Com-interface based environment module execute
state of the expressway environment action and deliver state and reward information to the agent

VISSIM Network

Environment Module

State Measurement

Generate Rewards

Action Execution

Action (Lane open or close) 1

<Fig. 1> Reinforcement learmning based HSR operating algorithm overview

V. 7Aststg 71b A=A 9 ¢xdF 83 2t
1. 83 "II1E Qs A0l HE/NT 75
AFNME dA ZAAZAE Y8k THH Z3E5S Bl 5T oo|HEI} &¥5tE W
jsf}—— vl Hristaa stk o) & 98 mAREAEY oA VISSIME &858 AA 15z 7t
S AEYolA ol TAIATE £ AFeA A e Sl AREE AR e 71 FIC-FAAZIC(H &
W) R S 1SR ZMHARA L7 T B wEE AX wFE, AEAE A5 &9 ol

740
g A8 9 a3 Hrlel Fa3d HolE 1:]’] golde st AU
A O 71RIC-FLAIZIC DA ) 7S ¥ 59kme FRICg o] F 37kmellA Aol E
WAEE At ok =3 g 7 F 5 ARE IAEE H2AALAE, 242 AR R
3L A sAEE AR, BE AFo] T Jhesith. FUHH R A olfld wEHF FEY
ARE T 3MA7E Slow, Z18ICe] A AZ A, ARICe Y A= A, dE 2 147} fiXsk
Atk 5T AlEE A WEY I U <Fig 2>9 ZTthKorea Expressway Corporation, 2022).
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HSR Section(4+1Lanes) 3.7km

& r-y

Giheung IC Entire Section 5.9km Suwon-Singal IC

<Fig. 2> Target expressway segment for analysis(Giheung IC - Suwonsingal IC)

2. AIEd0|d HIE/T Hat

A EF ol YESH T A4Hcalibration) S 753+ AlEH ol REo] A4 nEA3S AEsH BALE &
JA=E 2go] genEE A= AL Tt} oy A4 3 Qo] Fdetvg el 7|8 e IUE ALE

S A 7I8TE, AEEY 22 ARE AAY T THIARNE &5, BRI T AT AA
o} zfol7} ' 4= 9lom, ojyg Aol B4 A= AFT 4 gtk

B AFdA s AR 257 F olgo] EAshs 73t F 3 2020 12€ 11€9] ASE A3
How, dF U] o 6AIFE A 104744 4A7HS T o2 YEY T H4ks AL o] AlZEete]
B%9 £5 & <Table 3>¢F 20} 15 & A5 A F4=2FA AEEE FFHolE L9 VDS 73t
WEF A5E AT

B4 77091 7] ZIC-FHAZICE AR E Yol 24 TARE &% AR HAH A2 &9
"ok gl AR AE7) N olge AuE Ay o TARE AR E ZoE YEhge
™, 24 104 o]Hel= HAHA @ ASRE Yehyth 2 AFdAE o8 nEdESs 7] A
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<Table 3> Data for calibration

Time Volume Speed
General lane Dedicated bus lane General lane Dedicated bus lane | Volume-Weighted average
6:00~7:00 4,936 - 90.78 -
7:00~8:00 4,447 424 56.94 91.76 59.97
8:00~9:00 4,605 303 80.86 99.1 81.98
9:00~10:00 4,915 289 81.71 98.19 82.62

Z43% Felve e FH HALS <Table 4>9F 2ow, ko] T Alojo] #HH CCO(Standstill
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distance), CC1(Gap time), CC2(Following distance oscilliation) & Z43tA Tt F714 0.2 UAIH H-32(temporary
lack of attention)@& IEtHEE 2AsIGoH, 0|99 FetuEHE 7R ALY

<Table 4> Simulation model parameter range and selected values for calibration

Parameters Selected value
) probability 10%
temporary lack of attention -
duration 1.5s
Longitudinal control CCO(Standstill distance) 1.5m
Wi
iedemann 99 CC1(Gap Time) 1.85s
model
CC2(Following distance oscilliation) Sm

A AT ety e Abgste] AlEEOlA 3o B TSRS

2ol hehdth, VISSIME] A% J1EH 02 YEYLE FUI 3 )

ek AT HA U S= AR AP /FICFANLIC ol theto] MAA G2} Az
FRAGE 4e Telstel AW WEY HEBEY SRS WA OH, <Table 63} LTk HA F AF
doliol A ZHE £t A BEF AEHE S5 A et 233 selest 488 AoE
B

<Table 5> Results after model calibration - Average speed(km/h)

Time Multi-run 1 Multi-run 2 Multi-run 3 Multi-run 4 Multi-run 5 Multi-run 6
6:00~7:00 87.29 85.79 84.81 84.04 84.5 86.15
7:00~8:00 61.08 65.49 65.34 63.00 63.73 53.26
8:00~9:00 83.19 86.01 87.71 84.90 85.81 76.02
9:00~10:00 86.23 85.59 86.41 87.51 87.62 86.04

Time Multi-run 7 Multi-run 8 Multi-run 9 Multi-run 10 Average Standard deviation
6:00~7:00 89.33 83.54 84.63 82.03 85.21 2.05
7:00~8:00 58.53 59.14 63.68 66.21 61.95 4.02
8:00~9:00 80.64 86.6 86.87 89.45 84.72 39
9:00~10:00 87.49 87.67 86.52 87.38 86.85 0.77

<Table 6> Comparison of actual speed data and simulation results

Actual
Time Simulation
General lane Dedicated bus lane Volume-Weighted average
6:00~7:00 90.78 - 90.78 91.69
7:00~8:00 56.94 91.76 59.97 62.21
8:00~9:00 80.86 99.1 81.98 86.54
9:00~10:00 81.71 98.19 82.62 89.83
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<Table 7> Mobility effect of reinforcement learning based HSR operating algorithm
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<Table 7>3} 2+

&

| ¢F 70km/h £5 F2ol| A

Time Average speed(km/h) Difference Time Average speed(km/h) Difference
Current(a) DQN(b) (a-b) Current(a) DQN(b) (a-b)
0:00~1:00 100.36 100.69 -0.33 13:00~14:00 86.86 85.17 1.69
1:00~2:00 100.74 100.73 0.01 14:00~15:00 86.11 86.02 0.09
2:00~3:00 101.74 101.58 0.16 15:00~16:00 87.37 87.36 0.01
3:00~4:00 101.19 101.48 -0.29 16:00~17:00 58.92 57.00 1.92
4:00~5:00 101.18 101.36 -0.18 17:00~18:00 31.22 3241 -1.19
5:00~6:00 98.89 99.13 -0.24 18:00~19:00 30.86 3091 -0.05
6:00~7:00 91.99 91.68 0.31 19:00~20:00 30.94 31.04 -0.1
7:00~8:00 61.62 66.53 -491 20:00~21:00 29.90 30.70 -0.8
8:00~9:00 65.59 91.63 -26.04 21:00~22:00 39.16 40.52 -1.36
9:00~10:00 89.50 90.12 -0.62 22:00~23:00 47.30 52.63 -5.33
10:00~11:00 87.12 87.04 0.08 23:00~24:00 98.98 98.63 0.35
11:00~12:00 88.91 89.35 -0.44 24hr average 75.23 76.79 -1.56
12:00~13:00 89.21 89.34 -0.13 - - - -
<Table 8> States for opening and closing the shoulder lane of DQN based agent
Classification Multi-run 1 Multi-run 2 Multi-run 3 Multi-run 4 Multi-run 5 Average
Lane open 72.51 71.72 68.03 67.61 73.97 70.76
Lane close 77.32 59.45 56.33 76.98 80.09 70.03
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<Fig. 3> Time comparison of shoulder lane opening and closing
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<Table 9> Comparison of safety effects by HSR operation method

. Type of conflicts
Classification - Total Average hourly
Crossing Rear-end Lane change
71& 0.69 1528.28 347.49 1876.46 78.10
DQN 1.04 1801.29 400.67 2203.00 97.79

B ATINE DEER 0F B3 BAE 23] 9 g G B AARRAE vt w3
Moz 9] skl B 71N AgHuA Ak olF W AW FAGYE /W F B A7

FAol 23 DONS A4 teo2 AAE Astets 71Wd DON 7t ZHaatzA] 9 g+
< 7Estsith 7idRk DN 71 W.J_i}iﬂl %%‘ dagjFel '3 Brkshr] fls mAasAlEE el
Z2IHR] VISSIMS Z-83to] FHA 7IFIC-FdAZIC 77| AA| 1452 YELAE T8I T
S8 AlEdolAd vES A= A4 % oH *‘Xﬁl WY, EE9 FARIES A"sAH. 753 MEN A
g 83 ZAAEA 9UAE aarte G ol A F 7HA SHdAM A olF
A4 ¥4 A3 DN 7nke) &4 W A7 mE2A S5EE 237 Yeh e

pale) A9 o AT A By
H, olm) A7 Hrh 26kmhe] S A Esbb WA P DON J18 Ao REE 7E &9 /1F

Vol.22 No.4(2023. 8) The Journal of The Korea Institute of Intelligent Transport Systems 75



4£ERT 10kmh £& °F 0kmhe] 58 7|22 HAAZAE =
FHWACI A ek SSAM= &8st w9 WA 438 vlasisith 4 43 71&
AollA AEE A5 Aol7h A4 ok 10kmh £ 29 7]Eo] A Z 9T
2 Posiglal A8 A7Ed FARE At ESE0IT et @A ARE A 9l 18
AARA =G Aol vis) 2 Aol e DON 719 do] M ET} ZPAARAIE 293
2 o]5A4 B ZWdA HEF Aoz AHETh £ B AT AHE FHHo
A2A &9 71E —#t «l é ﬁﬁsﬁ—“ﬂ ook ok i &

Mo
of
QL
b

fiu
Lo
fy
i)
32
O
o
=)
oXx
M
1

N
X
R

i
NN
o
£>'_\I|_,OR

5
o Ho

O

i 4y

o N
2
SRR

=2
29

i
ky
%
ﬂL?(_:
o o = W
4o Al kX (o o rfo

= of of e

™
ey
4
off Pﬂ
I
f
kv)
N
=
o
L)
ol m[o

50

ko o
Vs
rr
i
X
bt
ft
o
S~

F7HHo g2 18T 5 Y= ﬁ;% e H&Oé% %ﬁﬂ Aok 18ar oA
Fo] gold SHolA A e E o of it
ol9} A B AT @ 7HA| SdAVF EAS
T2 o2 B9t E}EW fﬂxﬂ Ak }ixﬂﬂ YEHE E 7&—% rﬂs—?‘g T ola, o
i<

:L
poll
Z
o X,
2
3
re
-1
2
>
=
M
ot
1o
k1
o
il
rlo
ki
Ib
brt
ftl

d l&_ 71%2i 7}71;4@1]7} © TFRA la" A7
Sl d?ﬁoi 24 Ol% 7?%—*3 o] qith. ¥ A= zrdAEA 9] AHAQ %‘ Pihs %@.“3]'933“1, ZAAZA
g0l FFE 9 R vAe T nHsA XAtk wEtA FE AFE Sl oled S B4
& Fart Aok A WMAE B Ao EAEA Yo tHAd vAE S 2457 S
SSAMS &3t} AN SSAMO] 9 Al AZAEHY] 4% dFolghs diE AEE B43 o= o
g 53l Y s AR o= RS a8la AAl nEARE 4F ol Akar Ao Y
= = 7 e A7 8110 EAF & ok kA FE AFE Tl hdAdel gk g £4o]
g2 dart sk

Ao 2 B At A At daugEe v vAREAEY N Z2O9S B3 =FH Zolth
AEH oM Ao AFEL AFFETERY, AZWHEYT 22 2o ne} FA o, A E2F FYsh=
$AAY F3 e zfo|7t 2AISHA Hk uR A2 B AT A AFEE VISSIMY] A A(EE &2
THl 59 ZlskTEIF AlEEolA Ao A AU FEFS FA et AN A2 Lo hae Fe
Hels AAE dxe A Fo)ha 2 & M E S E F e T2 220y, 1
g Eojof & gioth FF olgfgt AlEH MY AE B ATE FEl AFAE 52 AT AHRE ==
T As AeE ddn

ACKNOWLEDGEMENTS

B EES FREEFA} FUT CAE BEF QoAREA BN L 2971F AT AT AAE

REFERENCES

Bauer, K. M. and Harwood, K.(2004), “Safety Effects of Using Narrow Lanes and Shoulder-Use

76 PA=TSYUR=EN| M227, M42(2023H 88)



Yz}

of>

T nEER MR 29 2W2F N 47

Lanes to Increase the Capacity of Urban Freeways”, Journal of the Transportation Research
Board, vol. 1897, no. 1, pp.71-80.

Coffey, S. and Park, S.(2018), “Operational Evaluation of Part-Time Shoulder Use for Interstate 476
in the State of Pennsylvania”, Advanced in Civil Engineering, vol. 2018, article ID. 1724646,
pp.1-8.

Greguric, M., Kusic, K. and Ivanjko, E.(2022), “Impact of Deep Reinforcement Learning on Variable
Speed Limit strategies in connected vehicles environments”, Engineering Applications of
Artificial Intelligence, vol. 112, 104850.

Kim, J. S.(2017), Evaluation of Traffic Flow Efficiency and Safety Hard Shoulder Runnings for
Freeway, Doctoral Dissertation, University of Seoul, Seoul, Republic of Korea.

Kim, S. G. and Park, C. H.(1998), “An Analysis of Breakdown Cause at Freeway Merge Area”,
Journal of Korean Society of Transportation, vol. 16, no. 2, pp.53-65.

Ko, E., Lee, S. and Kim, H.(2020), “Comparison Before and After Implementation of Travel Speed
in Shoulder-Use Lanes on Expressway”, Journal of Korea Institute of Intelligent Transportation
Systems, vol. 19, no. 2, pp.36-47.

Korea Expressway Corporation(2018), Hard shoulder running operation manual.

Korea Expressway Corporation(2022), Study on the installation and operation standards of hard
shoulder running using Al

Korean Statistical Information Service, https://kosis.kr/statHtml/statHtml.do?orgld=101&tblld=DT_1
YL20731, 2023.04.20.

Lee, W., Yang, H., Kim, K., Lee, Y. and Lee, U.(2017), Reinforcement Learning with Python and
Keras, Wikibooks.

Lousiana Department of Transportation & Development(2022), DOTD VISSIM parameters.

Ma, J., Hu, J., Hale, D. K. and Bared, J.(2016), “Dynamic Hard Shoulder Running for Traffic Incident
Management”, Journal of the Transportation Research Board, vol. 2554, no. 1, pp.120-128.
Ministry of the Interior and Safety(MOIS), https://www.mois.go.kr/frt/bbs/type010/commonSelectBo

ardArticle.do?bbsId=BBSMSTR_000000000008&nttld=97993, 2023.04.20.

Park, S.(2020), Development of Traffic Signal Control Model using AI Technique, Doctoral
Dissertation, Ajou University, Suwon, Republic of Korea.

Statistics Korea, https://kostat.go.kr/board.es?mid=a10301020300&bid=204, 2023.04.20.

Sutton, R. S. and Barto, A. G.(2007), Reinforcement Learning An Introduction, The MIT Press,
England.

Virginia Department of Transportation(2020), VDOT VISSIM User Guide.

Vrbanic, F., Ivanjko, E., Mandzuka, S. and Miletic, M.(2021), “Reinforcement Learning Based
Variable Speed Limit Control for Mixed Traffic Flows”, 29th Mediterranean Conference on
Control and Automation, Bari, Italy, pp.560-565.

Wisconsin Department of Transportation(2021), Vissim Calibration Parameters.

Zhou, W., Yang, M., Lee, M. and Zhang, L.(2020), “Q-Learning-Based Coordinated Variable Speed
Limit and Hard Shoulder Running Control Strategy to Reduce Travel Time a Freeway Corridor”,
Journal of the Transportation Research Board, vol. 2674, no. 11, pp.915-925.

Vol.22 No.4(2023. 8) The Journal of The Korea Institute of Intelligent Transport Systems 77



