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ABSTRACT

A variety of simulation approaches based on automated driving technologies have been proposed
to develop traffic operations strategies to prevent traffic crashes and alleviate congestion. The
maneuver of simulated autonomous vehicles (AVs) needs to be realistic and be effectively
differentiated from the behavior of manually driven vehicles (MVs). However, the verification of
simulated AV maneuvers is limited due to the difficulty in collecting actual AVs trajectory and
interaction data with MVs. The purpose of this study is to develop a methodology to evaluate the
suitability of AV maneuvers based on both driving and traffic simulation experiments. The proposed
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evaluation framework includes the requirements for the behavior of individual AVs and the traffic
stream performance resulting from the interactions with surrounding vehicles. A driving simulation
approach is adopted to evaluate the feasibility of maneuvering of individual AVs. Meanwhile, traffic
simulations are used to evaluate whether the impact of AVs on the performance of traffic stream
is reasonable. The outcome of this study is expected to be used as a fundamental for the design and
evaluation of transportation systems using automated driving technologies.

Key words : Autonomous driving, Suitability of AV maneuvers, Driving simulation, Traffic simulation
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AEFY FE3E EiAE Tl AT 2 A, T8 wF FHA B klo] midE oo itk A}
&7 Y25 *Hautonomous  vehicle; AV) =l W& AAY HIWL F3H7] s AeAket HAEAL
(manually-driven vehicle; MV) 71| 528 4 o] @Fdth dejuv ATl 7hs3 A&7t Al
2 HEHA ¥on, kAol HAEA 2 FaoA e AA A3 ofE& 3ol thLee and Oh, 2018).
A&ake] A 2®l B FE(market penetration rate; MPR)- 2035\ oF 75%7F E A2 o 4= 1 (Alexander and
Gartner, 2013), AH&3+9} HIA-E27F SAH O e TFUFF o] 4T 713 AEE Aoty E3] &%
WEF FFANME RS 1A FYPH = T2 AT S Hole AR sty BT nF s
ol dd 7Heiol 1 A5 RI=T $71E 5 9 THAramrattana et al., 2017; Lee et al., 2018b). weh
A EHUEF BN wF A HIFE e AlEdCld &8&o] Aot 7|E ATolAE
AEH o)A S o83ty TR, T2V8HTE, 7421 2L g AU LE T3t AT
A 9 THEEA PAe FEFS BHT A7 ta S EATHe et al, 2020; Nickkar et al., 2020;
Sohrabi et al., 2021). Ze\} AA| AE&xte] FPAE HE] AR AlEH A H4Kcalibration) B AF
(validation)el] thgt AT= vHISIFoH, o]d dAHES F53L7] A8 simulated AV A5 A

SE WQto] g gH T
A&7 Sl WE A F A AES B4t TGRS BUsh] A AlEE ol &8
LHoltt. AlEEo)AS o] &ste] A& o] kG 9 wEF A= TS EA5h7]d S simulated
AV AEe] d4HAo] FrEoof gt} wbs B Ao 4 wF AEdolds Tl 7dH
ey NAE AEA As 78 A 87

& A& o]AdQ SCANeR?| script editor &3 w5 AE#H ]S VISSIMS COM-interfaceel] 2|-&% {tt.
T3 AEdolde NEAEF &9 FAYH TA4E T ARG viAEAY] AT B4 HuE FHow
AHEH AT T3 alEF O A 3 AEAE E4S 3 MPR Wt mE HEW 2 HaE 9fte] w
5 AlEdoldo] &&HUTh B A9 A= car following paird] WHE T3 PE] HIWE 3l simulated AV
Ase AAGS SHsh=d 9ofrt At

2 A7 AL e 2 280 M e ALFR U7 7€ dTedE gebsta, & A7 A
< AT 37l M= simulated AV 71E2] AGA B7FE 9 AlEdold 28 Ve IHE
Stttk 4gelMs 4 9w AEdold 71 simulated AV A5 HAA H7PEIE A A8
At gl B AT AdE Qofstal, Ao S8t 2 &% AAAC gl M&skdt
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1. NHTSA X258 AlAaH

S33 71&2 dH ue} v T2 AERATLS At fdd kAR £ 2 &3 I gl FA4
197FA 9] AH&F3 A 2~H-S A o3I THNHTSA, 2018). A&F3) A 28lo] zt= Asa 9 2937 7]

]_
& <Table 1>o] AANFATG. A&} REERA BHeT VBH FHL 7] AaHE ALAS
4 olAANE FANY AnE, BF, FFE AT F297 750 27U, o|F HYos B 4
Ae AgdoAS B3l FARLA S 487 715 ARSI

2 oo dp

<Table 1> Tactical and operational automated driving system(NHTSA, 2018)

No. Systems Details

1 Parking Stopping within a vacant parking spot

2 Maintain Speed Maintaining a safe speed through longitudinal control with acceptable following distances
3 Car Following Following a target vehicle at acceptable following distance

4 Lane Centering Staying within a lane through lateral control

5 Lane Changing/Overtaking Changing lanes an upcoming vehicle based on a projected path or hazard

6 Enhancing Conspicuity Controlling vehicle blinkers, headlights, horns used to communicate with other drivers
7 Obstacle Avoidance Identifying and responding to on-road hazards

8 Low-Speed Merge Merging into a lane below about 45 mph

9 High-Speed Merge Merging into a lane above about 45 mph

10  Navigate On/Off Ramps Driving on/off-ramps, which are typically oneway and steeply curved segments

11 Right-of-Way Decisions Obeying directional restrictions; one-way roads and actively managed lanes

12 Follow Driving Laws Obeying motor vehicle codes and local ordinances

13 Navigate Roundabouts Determining right-of-way, enters, navigates, and exits a roundabout

14 Navigate Intersection Determining right-of-way, enters, navigates, and exits intersections

15 Navigate Crosswalk Determining right-of-way, enters, navigates, and exits pedestrian crosswalks

16 Navigate Work Zone Determining right-of-way and traffic patterns, enters, navigates and exits work zone
17 N-Point Turn Making a heading adjustment to reposition the vehicle within a tight space

18 U-Turn Determining right-of-way, initiates, and completes a U-turn

19 Route Planning Using various information to define a route network including road segments

2. AlE301M J[Ht XIZ2F S Hof 2 A7

F8 =4 Al ZAeat AF AlolE 9% FetvlE e JPE B9 AR ofye} dRkz <l ﬁ%%ﬂ s
ABAZI A = W UlolA AAE oo & T8 4otk g Al B
FE 33 ANz"H 2 AojAzHe] TEEH7] A% dadF MY

(ArvindRaj et al., 2011; Han et al., 2014; Kausar et al., 2012). Atkins(2016)= AH-&F3o] wEFol Dl A= %JXH
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AZ8] AFAZro] SREH (WA S T ITH(Atkins, 2016). VISSIMS] Wi setry 24& 53
Tdo| 7hsdtel met wERF 9 Y 2 LFEEAS BT A7 = ATHAria
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2 AFdME 7Y 2 2% AEHAE 7Ho R THH simulated AV AF HAAAEE Hrlee W
25 MEstanh A7 9 HAE <Fig 1>o AAEHT 94, 71E 9 13 A%E EUE A

stk A4, 79 2 uF AlEHolAE ol &3t A&AY Ase T A

Z e 53] F3 A E )4 SCANeRY script editor ZET WE Al EF 0]
Q] VISSIM®] COM interface®l] 22 2HAS saslt). AlA, simulated AV A5 AAAE Hrigict F3) 9
WE AEFolAS VIHte R FEE A& AT niAEar o] FAYPEH EAHS HuTOoEH
simulated AV A5 et AAAS SRS 4 ot wepA B A7 FHH 2 car following pairell @& 74
A &9 As vla- 24 S 9 simulated AV AFY AAALS HUkske Aotk

M

Step 2. Implementation of simulated AV Step 3. E ion of suitability for simulated AV
maneuvering maneuvering
Selection of autonomous driving system Driving simulation (SCANeR)
| il | |
I Maintain speed } } Car following I Design of driving simulation scenarios }
L il i i

1

|

I

I Comparison of driving behavior
| biw AV and MV
|
|
!
|
|
|
[

I
Lane changing | | Merge
Il

+ Acceleration noise
+ Standard deviation of lane

Step 1. E i of AV ing l
requirements

Development of AV algorithm position and spacing

E—TR— 1

AV maneuvering parameters Traffic simulation (VISSIM)

‘ Deterministic ]- | :
: Design of traffic simulation scenarios }
L )

Autonomous driving algorithm

Smoothness — Pseudo code -l 1
Analysis of traffic performance |

|

l * Throughput }

+ Average speed }

Control of AV maneuvering * Average crash risk }

SCANeR Seript editor module

¥

Result of suitability evaluation for Simulated AV

—e— e

VISSIM-COM Interface

<Fig. 1> Overall research procedure

1. XI8xt HE 27AKE HE

2 AFoAE AEARe; HAbEALY] AF §A00 Afol7t AT AL T st on, 7|E AFE Faste
A-gAE Aol tigk 37119 aFAERS BYSHTh A WA= safetyolth AEAbE FHAEFS] cut-injout
TS A9sta 222 YE43 A o] Bl F HAlE deterministico| Tk, AH&FY A]A~EIS AR A
ol 23 uwe} FHAR, 71, 2§ 58 A FU(Lillicrap et al., 2015; Wang et al.,, 2021; Zhang et al.,
2019). ol we}, AEAE HAEAdE g 5UT ZHME F €8T FPYEE Hole 4o
AT Al A= smoothness©] . AF&A}e] F- 715 Ao £ 9 /SRS dASHA 1A
33, lane offset& Z733t] HgHQl F8& A Ystr] ol A&+ smoothness$t 3 E4-S 713k

(Paden et al., 2016; Lee and Litkouhi, 2012).
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2. AIEZI0|M J]Et X2kt HE T

F3 9 wF AEld FHNM A AFS T AsiME AEFH Vs AR 2 daeF
Aol g7t AA ALFYS AT AxHoRE S5/A, AFFF 5o TUF Ao 715 A=W
73, Bz 39, 7 5o FWEF Ao 7ol SAITHNHTSA, 2018). & AFollA= o]23h Al2=Ho] T
SHAS W T AR Ase THLA ST AT A2gH 7w A e
geetA e destAzlE AS itk AA AeAke] A g Bd, FAl7E 5 AlEE el 84
AA FAshE AL F=F AL @757 il AEA As FAEE B AEdHoIAE FAT
T UTHLee et al., 2018a, Lee et al., 2019). & AFoA = SE/A), AFFF F2HF, 7 it 4711
9] 7150 FEEHAL W] A& AsS F43et7] 95+e] SCANeR9) script editor &3} VISSIM-COM
interfaceS ©]-&-319TF. SCANeR+E= AV, Advanced driver assistance system(ADAS), Human-machine interface(HMI)
of thet HAE % 348 BF sl AF Ao 2ZEYojo|th SCANeRY script editor &&=
MNEAE G2 £5, 7HEE, 25718 E% 28 T de T Y2EE AF3h VISSIMS PIAH 1
T AEdold EIor A Ass RIHs] AT mAA AR ©ee &4 AZEgojolth
VISSIM-COM interface= AAIZF 25 A% 21]01 9 IEF ?}H performance #4}0| 71538t} 3 9 wE
AEH el BHA A&aF AF Ao gk 2+ 715 due]Edd thg pseudo code= <Table 2>l Al
Atk &2k A AE AT gevE g2 7SN BE Level 4 AEFY T et
ghrlE] #hS FarstSithAtkins, 2016). AHEAF As Alo] EarelFel AHEE B = Oge 2 Y
st gebrE g F 8ol 7hssith

1

<Table 2> Pseudo code of the maneuvering control algorithm for AV

Algorithm 1: Maintain speed and car following

Input: AV speed at time step ¢ Vf1 V. AV headway at time step ¢ H,A v,
front vehicle speed at time step ¢ V'

Parameter setting: target speed V'*"9°' =100km/h; target headway H'"*'=0.6s

Process:
/| Maintain speed mode /| Car following mode
For t=1,2,..., T For t=1,2,.... 7T
if V;A V< Vtur'!/ct& V;A V< SOk'm/h if HAL Htur(/tt& VA V< VFV
return VAT = VAV 43.6m/s* X 1sX3.6 retun VA" = VAV+0.4m/s* X 15 % 3.6
else if I/f,A V< Va,rget& V;AVZ SOkm/h else if HAL Hturq(t& VAI VfFV
return V4 = V4 1.8m/s" <15 % 3.6 retun VA = VAV —0.4m/s> < 15 % 3.6
else if V"> ploreet else if HAY=gloroet g AV = Y
return VAT = VAV —1.8m/s* X 15 <3.6 return VAY = VAV
else end
return V;ﬁq = V;A v end
end
end

: AV
Output: AV speed at time step t+1 V.
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<Table 2> Pseudo code of the maneuvering control algorithm for AV (continuation)

Algorithm 2: Lane changing
Input: AV speed at time step ¢ Vf V. driving lane of AV at time step ¢ Lf' Y, target lane at time step t 77;

remaining time until diverge deceleration lane at time step ¢ RZ{'°"9°;
headway between AV and following vehicle on target lane at time step ¢t 7,7,
headway between AV and leading vehicle on target lane at time step t "%

Process:
For t=1,2,.... T
if R]t‘” ver9e < 8s
return 77, = Z*V+1

if 7> 245s & H > 245
return 7" = 71,

else
return V,‘i‘; = VtA V—om/s? x1s % 3.6
end
else
_ AV, 1. AV _ AV
reurn 772, =L°"+1; V7| =V,
end

end
Output: AV speed at time step t+1 VA" ; driving lane of AV at time step t+1 ZA"
Algorithm 3: Merge
Input: AV speed at time step ¢ VtA V. AV acceleration at time step ¢ af v, driving lane of AV at time step ¢ LtA v,

target lane at time step ¢ 7Z,; remaining distance until merge acceleration lane at time step ¢ D,"“"%%;
headway between AV and following vehicle on target lane at time step ¢ """,

headway between AV and leading vehicle on target lane at time step ¢ H'“%;

Parameter setting: perception-reaction time of AV t" =0.5s

Process:
For t=1,2,...., T
(e
AV _ 1 AV, AV t . _ AV
return SSD; "=V 't + W L, =L""—1
t

if HTH>2.4s & HTE >2.45
it VI s AV or VTE > yAY
return VA = VAV +2m/s* < 1sx3.6; LAY, =TI,
else
return VA" = VAV —2m/s* x1sx3.6, I =TI,
end
else
if q1rxel‘gez <SSD{4 v
return V,ﬂ‘; = VtA V—dm/s* x1s % 3.6
else
return V;‘?{ = V;A V—om/s® x15x3.6
end
end
end
Output: AV speed at time step ¢+1 fo{ ; driving lane of AV at time step ¢+1 L[i‘/{
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3. Simulated AV 7{S HAM I} 4=

Simulated AV A9 AR NEAF 3 wEF G2 HriEm #H PHELS <Fg 2>0 AAEA
LT AlEYoIAE NEAE T o] FHAEH A4S B3 ASAe} vAEA AF EA HaE 54
S AARte g2 At A I 4EAE 7R FY e g

FAMALE AT F v MADSE o] &3tth MEAE @9l F3 EAo] nd A&at A5 AR
A HI7IAF = 714542, lane position EFHAL, spacing EFHAZ AASALE 7MEASL 7R BF
HAAE ou|akH, lane positionS =S FAMORRE 2 FA7HA Y AgE YERATHKo et al, 2021;
Jang et al., 2020; Jung et al., 2021). AH&27} HI ARG AR TE 71448 B lane position EFHA7F F&+5E 2}
&2t FYEA L safety, smoothnessstTHal & = QIth. B3, spacingS FHAFF| Aol A APape] &
n|7kA1 2] AZE ou| s Park et al., 2019; Jang et al., 2020), AH&2}7} HIA-EAR T spacing EFHA7}F 2
S4F A&A= safety, deterministic?t FHEAF S Hols AOE T 4 Utk 71441, lane position E

FHAY, spacing EEHAMY] 4242 7242 Eq. (1), Eq. (2), Eq. 3ol AASFAT

o

&]7]4, AN: acceleration noise (m/s?)
a,: acceleration at time ¢ (m/s?)

a: average of acceleration (mys®)
n: number of data samples

n o
N (P —LP?
stdrp= \|‘ =~
n
o714, stdLP : standard deviation of lane position (m)

LP,: lane position at time ¢ (m)

LP: average of lane position (m)
n: number of data samples

3 (57, — 5Py
L PRSP PPPTPPRPPPPIN 3)

n
714, stdSP : standard deviation of spacing (m)
SP,: spacing at time ¢ (m)

stdSP =

SP: average of spacing (m)
n: number of data samples

F3 AN EYolAE 7Hte 2 A&7 BIAE A ET 7154, lane position EFHX}, spacing EEH27}
2ol A&t AEel a7ARe] e Ao wEF 9o HERAE 430 uF AlEdolde
&2k MPR W 3te] wE ga8d 9 A HuE S oE AMEEHS
THuFY, it £, W3t crash potential(CP)E A3 Th AT FH B
A wEF HERAE Frish] S AR= AHEEY, SHaE 3 =
Hae SUEnh CPe 54 AllA Skl Adatgatel
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(deceleration rate to avoid crash; DRAC)7} &b 1+ Hth 7H5SE(maximum available deceleration rate;
MADR) Et} & &< 9|3 (Cunto and Saccomanno, 2008). THA] Z&] 4, DRAC®] MADRET} S5 ,\}
TR0l Zrlela, Ao s WER HEHAI} AStEE AR AT 5 gk HTF CpY AHEA
7¥7} Eq. @)° AABIET HAEAoZ Ag3e] MPRO] HS4E nER HEU2v) 4" AS
simulated AVe] A%Fo] AA G & & ok

rr r

ol

o714, CR: crash potential for following vehicle at time ¢

P average of crash potential
DRAC: deceleration rate to avoid crash for following vehicle at time ¢ (m/s?)

MADR alaz’""a”): Random variable following normal distribution for given set of traffic and environmental attributes
(ay,0y:--,0,) (/s?)

n: number of data samples

Requirements of AV
maneuvering

Safety, Deterministic, Smoothness

Algorithm of AV
maneuvering control

Driving simulation(SCANeR) Traffic simulation(VISSIM)

Comparison of driving behaviors between

. ;  MP
AV and MV Comparison of traffic performance by MPR
Selection of suitability index Selection of traffic performance index
* Acceleration, lane position, and spacing ¢ Throughput, speed, and crash potential
' '
Analysis of AV pair and MV pair Analysis of traffic performance
interactions 3
No thsfy Yes __— Satisfytraffic performance ANe
—___requirements? hymcreased MPR"
Yes MPR(Market penctiation rmite)

Suitability for simulated AV maneuvering

<Fig. 2> Methodology of suitability evaluation for simulated AV maneuvering

V. ¥4 A3

Mo

1. MADS 7|4t Simulated AV HE HAEM HI}

o] X¥H F 223km4 Algaﬂow LﬂE%Er 6}951@ %{ o FH=A HAEE 71mE A3
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o, Zt BT Alelolls HA AHAAAL 215mol| tig 2B 77HS EFSHTH(Ministry of Land,
Infrastructure and Transport, 2020). =&k, A&} B H]2-&Ato| th& car following pairdl] W& 23t 454}
& AU s Ao, F 1089 JAFAE Byt APE FYsHATh

<Table 3> Scenarios of driving simulation

Section ID Road alignment Length(m) | Section ID Road alignment Length(m)
1 left curve 500m 500 13 left curve 1,000m uphill slope 1% 1,000
2 left curve 1,000m 1,000 14 left curve 1,000m uphill slope 3% 1,000
3 right curve 500m 500 15 right curve 1,000m downhill slope 1% 1,000
4 right curve 1,000m 1,000 16 right curve 1,000m downhill slope 3% 1,000
5 uphill slope 1% 120 17 right curve 500m uphill slope 1% 500
6 uphill slope 3% 360 18 right curve 500m uphill slope 3% 500
7 downhill slope 1% 55 19 left curve 500m downhill slope 1% 500
8 downhill slope 3% 165 20 left curve 500m downhill slope 3% 500
9 left curve 500m uphill slope 1% 500 21 right curve 1,000m uphill slope 1% 1,000
10 left curve 500m uphill slope 3% 500 22 right curve 1,000m uphill slope 3% 1,000
11 right curve 500m downhill slope 1% 500 23 left curve 1,000m downhill slope 1% 1,000
12 right curve 500m downhill slope 3% 500 24 left curve 1,000m downhill slope 3% 1,000
1) THEE 20t 2A ZHn}
FH AEdelde 2Ry FHE NE A& B vIAEAe] FAAHAEE 0|83k car following pairel
w2 FPPe)E BT Y FHoA Y AV pair®t MV paird] FHEE T2 G A= <Table 4>°]

<Table 4> lllustrative example for speed profile by car following pair

Unit: km/h

AV pair

[
H
1
!
i
i !
95.6 H ! Range for
i Following AV
!
i
H
!
1
!
¥

speed (km/h)

distance (m)

——Leading AV ===Following AV
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<Table 4> lllustrative example for speed profile by car following pair (continuation)

Average Standard deviation Minimum Maximum Range
Leading AV 96.00 0.10 95.71 96.13 0.43
Following AV 95.67 0.37 95.00 96.13 1.13
MV pair
140
130 ‘.‘ """""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" t
2 AYY N L Ny
:-g 110 Range for ll Range for
= 100 Leading MV iFollowing MV
2 i
g 90 i
80
70
60
NOWNON N N AN N '\ NN ’\ ’\ NN N N N N NN
,\Q\ "19\ '136\ &3’\ (06\ ‘QQ’\ ,\()\ Q)Q %Q QQ '\\q"\(b Q \6-9\\ {OQ\(\Q\\Q;Q\\QQ\WQQ\,"\Q\,DS)\
distance (m)
= Leading MV  ===Following MV
Average Standard deviation Minimum Maximum Range
Leading MV 107.85 6.88 88.45 121.83 33.37
Following MV 103.05 7.75 89.07 133.15 44.08

AN AHEAHE AFES 100kmhE %#6}111 %33 s W l Hlx}%i} %%ME A& EE Blof
Fhsh= FHE Bk T A SHoA e ®
A5 BAF Ay AV pair] 9= Al 33 X}gXH zﬁﬂa‘i EE%WM 2} 0.10km/h, 0.37km/h =
Aok L?ioﬂ MV pair®] FHEE TFEHAGE 47t 6.88km/h, 7.75km/hE EA E o] 248217} BIAEAR

A o w8 FshE Ao® UEpytth B3 FHELY HAUgH HER] AolE UEhle X9 ¥
= A —?FE &2k Z447F 043km/h, 1L1Bkm/hE AEEHJT A-F vA-EAe] FREE H9e 4
37km/h, 44.08km/hZ =ZFUTh Wb MV pair THH] AV paird] F34%T EFH 2171 7.08kmyh(SF 31H)),
o] W= 37.95km/h(SF 50H)) W Aoz EAFT

Ay

do o 2

[e)

3

(98]

4

2) Simulated AV HE AN HII Ao}
B AFolME simulated AV A& AAEE H7Iel7] A% AEE 7HEA, lane position EFHAL
spacing EFHAE A4 Th 2429 pairell gk H7HAFE 7| SAFE <Table 5> AASHATh A&

AR BAER] SfEago] B Aoz Yehton o= uA&3 AR} HIHEA s1Ee s
of 7}EEo] Jf-l }7} 74 A2 BAET E3 lane position 3 spacing EFHAA} B HIAFEALE
E} A&7} v Z=Z5] 9] simulated AVS] 752 safety, deterministic, smoothness®l| th3+ & FAL&H-&

Zote ZoR L}E}kﬁ% AV pair®} MV pairell 3] 2 B7EAE 7F SAAR] Aol ERlsE 8]
ﬂ%’s}oq ttestE THSIATE. w4 A, 7 B EE 95% AT BAHSE Fog 2Ho](p<0.05)7}
ZA8= A0 2 YEloH, <Table 6> A8+t
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<Table 5> Results of descriptive statistics for suitability index by car following pair

Index AV pair MV pair
Average Std. Minimum Maximum | Average Std. Minimum  Maximum
Acceleration noise(m/s®) | 02714 0.0000 02714 0.2714 0.3755 0.0804 0.4871 0.2797
Std. lane position(m) 0.0930 0.0000 0.0930 0.0930 0.2495 0.0606 0.3475 0.1523
Std. spacing(m) 31.0000 0.0000 31.0000 31.0000 60.9759 23.9574 90.2800 34.1186
Std.: Standard deviation

<Table 6> Comparison of suitability index by t-test

Levene’s test for equality variances T-test for equality of means
F Sig. t df Sig. (2-tailed)

. . Equal variances assumed 34.679 0.000 4.096 18 0.001
Acceleration noise .

Equal variances not assumed 4.096 9 0.003

. Equal variances assumed 22.391 0.000 8.170 18 0.000
Std. lane position .

Equal variances not assumed 8.170 9 0.000

. Equal variances assumed 41217 0.000 4.054 14 0.001
Std. spacing .

Equal variances not assumed 3.065 5 0.028
Std.: Standard deviation

2. VISSIM 7|4t Simulated AV S &AM mJ}

B Ao A= VISSIM-COM interfaceS E3l THH simulated AV} HIA-E2}7F EA)H Ao Ao wE

T HEd2E BAA TS CITS ASAR 730 T Aarhd 7o 2 A% 1 dsargol Wi
3] dbgshe EA40] k(o et al, 2021). # AFoME E%—Ol |gsta EEM S=7F & AglA
of A&t gl uiAEAe AF E4S B4sh] st AulaaE Boll sidets wEE 4500th/AIE Alvt
ek ieonabu 2 2 |
g 3 Seoul o 8 .
9. SN - L gl _ - Singal JC
Suwon-Singal IC

Gyeongbu Freeway

,4
A
N

N i Giheung IC @

“Ulsan w Segment affected by accident

. i ] Singal JC ~ Giheung IC
S ; «  4~6 lanes for south bound
SGw A san
SOl Vs i +  Flow: 4,500veh/hour
Length : 10 km

<Fig. 3> Study area
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< 5o 7EE 24 vEqaE 94 FOR AA nEEEN FASIES T
sr] flske] ks sASAT B4 i 7Rl AAE 4789] VDS HAZICA 5E He = 38 uF
Agek gl FHE ARE U-Values T8t ATskglon, A4 AT A3 25 01 °J3t=
Ueht A4 nE5E9 fAR T B0 et al, 2019; Jo et al, 2021) g8, FANHC-7|BIC T
ol AR Re Tk AT Ao RRE FRE Ikm-SHRR 0.5km bl theh Aarg el

[©)

WEF HAEZULE BAsT AEHCIA AlYe] 2= MPR 0%, 50%, 100%2 2433
s

o, & 103 w&

1) DST WA 2N A

A3k MPR WSt e AT YA BEF AEUNAE BN Aoto] FRAFY, BF &=, B
CPE M3tk ANYFAL FAUHC/IFIC T W ALBY AYOERE FFE lkmedHi
Oskmel FSHE F Lskm Frolh vl BEF HEHs S B 71EFAFE <Table

7> AABFATE MPR 0% MPR 100%%1 334 B+ £57F 26.37km/h(SF 1.374]) S718 AS=2 U
Elton ol BE ApFFo] HAMEAR] ARt A& A AL E M LEEE o] FEE O

2 BEAMFEYTE MPR 27} A B £57} ol wel B3 u B ko] 289. 8EH//‘] ZO8 Ao =25
th 39, B CPY %= MPRO] 7184F ZhAshe #ES Holo MPR 0% thH] MPR 100%<! 7%
Wit CPe 9F 2.038) ZHAshs o2 Yeigth A&aks 44 £5 9 o)AAYE FA8t Fa3517] o
ol MPRo] 7185 nE/F9 HiAe] SusE 2o et HEFTH 2=, MPRY 57}% 9

0

|

By P £55 Z0N7|1, UF CPE LAaA7)E Ao Yeh) nER bl bAdd) $HF LA
o] BF FHEHE ACE EHHIJTL MPRY| WE 1EF HEAXL HIIAR I FAXCE 74'017]' At
A AF37] $15t ANOVA 42 FH3HATh 4 23, 2 B/ EE 95% AE oA SAZC=Z
o3k 2o](p<0.05)7}F A= A2 YEL O 1 <Table 8>0 AA S TE wWebA simulated AV A% 1L
TR Ax¥2x SH] e 720 s Uty & 5 it

<Table 7> Comparison of traffic performance by MPRs

Throughput (veh/h) Average speed (km/h) Average CP

5000 100 0.0012
——
4800 95 0.0011

4800 0.001 %l
4700 90
4600 T

0.0009 +
0.0008
4500 E
80
4400 0.0006
4300 L 7 0.0005
L

0.0007
4200 70 0.0004

85

Average CP

Throughput (veh/h)
Average speed (km/h)

B MPRO% B MPRS50% B MPR100% H MPRO% B MPRS50% I MPR100% H MPRO% B MPRS0% H MPR 100%

MPR 0% MPR 50% MPR 100%| MPR 0% MPR 50% MPR 100%| MPR 0% MPR 50% MPR 100%

Average 4482.40 4678.20 4772.20 71.80 82.65 98.17 0.001009  0.000875  0.000497
Std. 109.23 96.60 92.99 0.35 0.68 0.37 0.000036  0.000042  0.000055
Minimum | 4314.00 4480.00 4586.00 7123 81.42 97.65 0.000936  0.000814  0.000423
Maximum | 4654.00 4830.00 4930.00 72.38 83.90 98.80 0.001056  0.000947  0.000622

Std.: Standard deviation|
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<Table 8> Comparison of traffic performance index by ANOVA

ANOVA
Sum of Squares df Mean Square F Sig.
Between Groups 437192267 2 218596.133 19.734 0.000
Throughput Within Groups 299085.600 27 11077.244
Total 736277.867 29
Between Groups 3514.939 2 1757.470 6552.462 0.000
Average speed Within Groups 7.242 27 0.268
Total 3522.181 29
Between Groups 1.406.E-06 2 7.028.E-07 311.322 0.000
Average CP Within Groups 6.095.E-08 27 2.258.E-09
Total 1.467.E-06 29

! 7] <& 8ol A A Aas Y weeduy e st gad A5t
Agdolde 7o s S . AlgHodE 7o R FAEE At AEol Al dRe FE
Bl HP‘I‘EM AalAs AA Ao FIAR s a7dn 28y AEAte FPARG FH viAE
Agke] Faag 25 A50 AR AL FYYEL HFE AEdelAE FIY A7e R 4%
olty. WebA & AT B A4 e ALFH AEdold £4& AT simulated AV 75| AA

A& Hrrste HHES Ndsidth

E dAFolre T3 AEFIAY nF AEHIHE o] 83+ simulated AV A5 AAHFE BIEHA
o M, A& A5 2T A safety, deterministic, smoothnessZ 3 2J3lH o™, sl - FAMS Hr1e
F e ARE 71EAS, lane position EFHAL, spacing EEHAE AAAT A Ao] 715 5 maintain
speed, car following, lane changing, mergedl THdF &ig]Fo] 7N 2™ SCANeRQ| script editor =&}
VISSIM®| COM-interface®ll &=t F3) Algdo| i Maxg &9 FPPe) A4S B A&
HZA-&2ke] As 54 HuwE 50 R AMEEUT AEake BIAEAET 7HEA S, lane position EFH

A,
A, spacing EEARZE e 02 et simulaied AV A STAGE BEG Ao BAHUL E
® AEF AZAL LA Sk 25 AEAelEE oGSk MRel 31U Sk T Hz

e Faastel mEF Aue] Hd 3 2YESA] FUHE Aoz YU
£ 7o) Ao ABAGIIE AWOE AEFH DA 05 G B A simiatd AV A55)
A =]

=

SEZ AEFY AV, AEFY YA, ERuseH Aes
FHEL Yo ASFH =9 e =2 A F7L Thel=g
°‘°l **74]5]71 AeiMe B 2T 248 FrHd F e Aol 28] BeFot. & Al
A AAIEE simulated AV 24 H7E PHELS B2 A WL ofdo] AlEdolde HEdS FH|
A 72 A7AEE 282 F Aok AEdeld 7t AT SAdA e AF It FEA] B4 9 F
A Bk AEAY Q= simulated AV A as 7Vssit). kA By Aste 7hE JAE

of
-LJ
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ol =2 kd SES AN F o, kdd ALFdo] Thed Hte EEFOEAN B2 kdA B
ZholEgi]l AAZE e e AL R o ddth

B Aol AAE simulated AV AF AAA B2 Wl dig A EE Eol7] fsiAe dedt 22
F7H QL A77F stk AA, HIAEA LAY FHHFRE o] &t HIAEA AT FEE A% ¢
g /e davt ok & dFAMe AEdeld 7Rk A&ar AT Aoldd 23S FAOY, 4
A2 SAAE o2 FAYEE 418+ simulated MV Aol tigh 22 7do] o FHT 44
o] FXE simulated AV ¥ MVE 7|Rto® HAAA Qe wF FF £40] 75T Ao Jddth &4,
TAR mARe 22 GEF SRS o AeAte iaEAe As 54 248 73T 2avt Aok
GERAA Y G AFEFY-S 23 navigate roundabouts, intersection, crosswalkell teF 1B E NES F
o F7H4<l simulated AV AE9] AAA H7PF a9 vpA Yo 2 ASFEFY 9 2HFHS e
2 A7 H9E gt e AEAe] Ass 1S BTt vk FF AEAe] A FAFRI} £
e Afde /‘12‘3‘11 old A4t g ASE Fol Boh Bud A Aoyt e ZoE J|tHnh B AT
o A= AEFY TY o)A B 27 AN AlEY oA Moz wEH B4 Al car following pair

of w2 63‘535“ H W E 53l simulated AV A58 ALAS SRt o7t Atk A AEe FF A
Tl thek AAZHQ] £4E 3 dEH R AL 7hed 7es MLsh] A ARl o] B
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