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Abstract

Vehicle platooning through wireless communication and automated driving technology has
become realized. Platooning is a technique in which several vehicles travel at regular intervals
while maintaining a minimum safety distance. Truck platooning is of keen interest because it
contributes to preventing truck crashes and reducing vehicle emissions, in addition to the
increase in truck flow capacity. However, it should be noted that interactions between vehicle
platoons and adjacent manually-driven vehicles (MV) significantly give an impact on the
performance of traffic flow. In particular, when vehicles entering from on-ramp attempt to
merge into the mainstream of freeway, proper interactions by adjusting platoon size and
inter-platoon spacing are required to maximize traffic performance. This study developed a
methodology for establishing operational strategies for truck platoonings on freeway on-ramp
areas. Average speed and conflict rate were used as measure of effectiveness (MOE) to
evaluate operational efficiency and safety. Microscopic traffic simulation experiments using
VISSIM were conducted to evaluate the effectiveness of various platooning scenarios. A
decision making process for selecting better platoon operations to satisfy operations and safety
requirements was proposed. It was revealed that a platoon operating scenario with 50m
inter-platoon spacing and the platoon consisting of 6 vehicles outperformed other scenarios.
The proposed methodology would effectively support the realization of novel traffic
management concepts in the era of automated driving environments.

Keywords: automated vehicle platooning, cooperative automated driving, heavy vehicle, micro
traffic simulation, operation strategy
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TRt AU @ 5 Faste] E AaF A Akl e 9 4 4 lth(Davis, 2004). 2 AFollA=

aAlA W5 AlEEolAd T2 1RQ1 VISSIM2: o]-8-5to] 3 Fafo] w-gof rll= Y= thdsiAl 24513
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EA5HATE. Van Arem et al.(2006)+= CACC7T 55F EA 0]
©] MPR (market penetration rate)©] 60% ©]dd 4= SFa-gl 723 FFS nx|= Aoz Yepyith
Aria et al.(2016)-2 W SA|EF|0] 42l VISSIM ] Wi+ u}atu 2l 519
° ‘11 R Aol ARkl Aol WsR =P agdo] SHE L AH|A o] W S AR ArE 9
24 Sl 9= a3t 2l 2107 YeRETE Zhong et al.(2017)2 CACCO| tigt #2jxt2 [ 37125 &%
24 EHo|A BEA51E o, AHAE CACC A3 (mixed-traffic), FHA = CACC A|$t 2} 2 (restricted
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A ol HA| & A o STl FAH FE nA = Ao w FA I vHH thE H=ke] 7
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0] 25% o141 Aol A A7} slaEE A& vrebrh. Shladover et al.(2012)+& MPRe]| i} ACC2F CACC
7F &L 2 G a-ge) uX]= Gl digh 24 35k oH, ACC A9 =92 2880 & 9%
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7|1& Aol EA o2 AAeh T T ot 283 7] (Platoon size), AW 1_7—31(Intra—platoon
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Platoon Size

|

Inter-platoon spacing

Intra—platoon spacing

Figure 1. Parameters for platoon operations

Table 1. Platooning parameters of literature reviews

Platooning parameters
Author Contents Platoon  Intra—platoon  Inter—platoon

. . . Speed
size spacing spacing
Gouy et al.(2014) Influence of heavy vehicle platoon 4 7.5m/35m 55m 89.99km/h
movement on adjacent vehicles
Amoozadeh et al. CACC platooning strategy 7 Ilm 70m Maximum: 108km/h
(2015) Maintenance: 72km/h
di Bernardo et al. Analysis of platooning behavior 8 22.16m - Initial speed: 99.72km/h
(2015)
Tuchner et al. Platooning behavior using - 3-30m - Minimum: 0
(2015) interpolation Maximum: 61.2km/h
Maintenance: 54km/h
Park et al.(2015) CACC platooning - 6m - limited speed: 110km/h
Lei et al.(2011)  String stability strategy of 10 Time headway: - Initial speed: 72km/h
platooning 2s, 1.5s, 1.0s, 0.9s,
0.8s, 0.7s, 0.6s, 0.5s

Santini et al. Change in platooning behavior ~ 8,16 ~ Time headway: - 80km/h
(2017) while forming platoons 0.8s

3. 7I& A+efe| 2EHY

2459 T Ao M= AlBlo] S ol §3ko] ACC, CACC, A E|E7ke] S ReA ZHe| wiks B4
She ol TR gon, ARk hT 84S s 720 A750] 9% EAS A B 2UFY
O] 7t te] whet 30 el A A SR Qlek, 7]Ee] AP TR B Aol = 2
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Design of simulation scenarios

= Mainline traffic volume » Platoon size
= On-ramp traffic volume « Inter-platoon
= Heavy vehicle rate spacing

Simulation expenment

» Simulation environments and platoon implementation
= Derivation of measure of effectiveness (MOE)

Data collection

» Simulation for each scenario
= Individual vehicle trajectory data & Aggregation data
= Calculation of conflict rate

Effectiveness evaluation

= Efficiency(Speed) « Safety(Conflict rate)

Development of platoon operations strategy

= Logic of determining optimal platoon operations
scenario
= Allowable platoon size for each lane

Figure 3. Study flow
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L] Qof| A Al Q]stgith. wE T SR HlEol et SAFE BAATE Rhgotal o, sFEAH &2 wEE AR
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o} TR0 EH A9 Ay @ S0 wetr B E Alue] o] shgsiith. AES tiFRe] 71E &

Ao A AR FHA7)7E 10 ofskel& rafsto], 2 Aol FAA7E 49, 6, 8H, 10t= A-8-51%t.
FRNAL A2 BA] W19k 100km/h 2 F33 vle] 71219 100mE Fa5te] Some} 100me 45519
t}, ojuff RE sFE1e] 27]9t W 1AL FUR 0 2 HASIct sHEAte] 27]+= A AAIE 10x4 7+
12] 37191 12.8mE o851 2™, - W7HE-2 European Truck Platooning Challenge 20169 %71t 2F= A
ZAF MANO] #37EEAQD 10mE ©]-8-5Fth(Eckhardt, 2016). 94 53t shEt #4444 oieto| g of whet
ArFer F =71 4 ol= Figure 40 AAISH o™, AlEe|o]4d Al Fe=-2 Table 201 A|AISHAH.

Hyundai XCIENT
10X4 cargo truck
Vehiclelength

about12.8m

s 1 I
Wﬂ“ﬁ,_,[”cﬂ%% T ‘000

intra-platoon &;r&;;ena‘ggruzk
“’ﬂ?ﬁﬁg Challenge2016
MAN intra-platoon &
spacing

2 4 6 8 10
35.6m 81.2m 126.8m 172.4m 218m

[e)
2

Figure 4. Specification of heavy vehicle platoon

Table 2. Details of simulation scenario

Separation Number of cases Details

Without platoon ~ Mainline volume (LOS) 4 cases A, B, C, D

On-ramp volume (LOS) 4 cases A, B, C, D

Percentage of heavy vehicles in traffic stream 5 cases 5% 10%, 15%, 20%, 25%
With platoon Mainline volume (LOS) 4 cases A, B, C D

On-ramp volume (LOS) 4 cases A, B, C, D

Percentage of heavy vehicles in traffic stream 5 cases 5%, 10%, 15%, 20%, 25%

Platoon size 4 cases 4, 6, 8, 10 vehicles

Inter—platoon spacing 2 cases 50m, 100m
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HENZZO AaFaAE 2= 71E2-0lA AAIRE VISSIM ZH4| mhetalg ghs 274ste] F+@ st (UK
Department of Transportation, 2016). P|=i2}&2158+2](SAE) oA A olgt A& A F level 49] g ol=
2ol sigshe e o-85k.e™, VISSIMOA 77t uhetn| e ZE2 Table 3 Al ]ﬁ'»ﬂ' Ty HE
WA S AT 1A 0 2 FAste] RS o Ao ® AAdsta Akg Bl AlEA @A4dste] fLAst
ek Ao ApFEH whetnlEs Aeatel sdstAl AAste o, SAAS {AISH] fis VISSIM
Wiedemann 99 model®] m2tn|e 5 o|-§5te] SIS A skaate] ¢ BT AaatolH 35
P& ote Ao 7Hst oM, @A R oliAl= arefskA] gtk &2 Aol A sk T 50met
100m= F@st7] 98l Equation 12 0]-85k5iTh VISSIMellA 2Fzke] 7+A-2- car following model 9] 723
SElE ol sle] TR, Equation 18 7S SA81] SIat B4 CC0S AHFAZHCC) ] BAE
LiebdTt,

091'_'. HJ‘O

Inter—platoon spacing = CC0+ corr o 100 Q)

Table 3. Platooning implementation parameters

Automated
Division Code Definition \éisfin;f vehicle Platoon
" (SAE level 4)
Spacing ?éaél(()i)s dll distance The desired distance between stopped vehicles 1.30m 0.5m 10m
Headway time Headway (in seconds) 0.90s 0.6s 1.4s/3.2s
(CCh)
Following variation — The distance in addition to the allowed 4.00m Om Om
(CC2) safety distance that is permissible before the

vehicle=drive unit moves closer to the
preceding vehicle

S, Thres}lold 0 . Seconds before reaching the safety distance ~EH Os Os
entering following

the driver starts to decelerate

(CC3)
Negative following ~ The maximum allowable speed difference 0.41km/h Okm/h Okm/h
threshold (CC4) when following vehicle is slower than
preceding vehicle
Positive following The maximum allowable speed difference 0.41km/h Okm/h Okm/h
threshold (CC5) when following vehicle is faster than
preceding vehicle
Acceleration Speed dependency Influence of distance on speed oscillation 11.44 0 0
of oscillation (CC6)
Oscillation Influence of vehicle acceleration during car 0.25m/s*>  0.4m/s? 0.4m/s?
acceleration (CC7)  following oscillation
Standstill Desired acceleration when starting from 3.50m/s’  3.8m/s? 3.8m/s?
acceleration (CC8)  standstill
Others Acceleration with Desired acceleration at 80km/h 1.50m/s*>  1.8m/s* 1.8m/s*
80km/h (CC9)
Lookahead distance Number of vehicles that can vehicle can see  2vehicles  10vehicles 10vehicles
observed vehicles forward on the link
Smooth closeup Vehicles slow down more evenly when No Yes Yes
behavior approaching a standing obstacle

CHEt W E55| 7], A 363 A| 25, 2018'H 42 73



Article A Methodology to Establish Operational Strategies for Truck Platoonings on Freeway On-ramp Areas

3. ALzl Bt A '

FPoh= T Bt FHEE(kph)E o8t Bt
AF2E 4= Qltk(Joo et al., 2016). SFAAS
Ehli= ]Lit & (Conflict rate, CR)= oI5t 0™, 7]E2] Ao AL == S5 U4E E-8oto] 2
Tl AEA AARE A ;oleh, FFE-L ANNG AFFE A o] F0| 35 AS5A5E onRitH (3 5E
SAF/AFFFAT/AN. &, F A AGFF UA UH] 5 o2 BetE= £
B & Aok o]  AFFE2 " Abgol ;ﬂ‘ﬁ_}‘%’% —5?%_5]'—15 = 2nfe
G EEFJL SD (safety chstance)@r FD (follo 5}
2 355 gttt S AFFF Al Had A 7]’ /‘alxﬂ SR 7 A AT 7
< Equation 201 A|A|SFR . 2 Oq:lLoﬂ A idde vetidi= A&
= A EFE AT JAASHL 7| A A S & RdFS st g JF-2A gl AlLlstaAnt. FFa(0)
£ Altshs 412 Equation 30f] AA5HLCH, BE FAAIZH) &t BE A (Woll titt A5 1-5 Alitetal
ot 24 Al ZF time step i = 708 HIARE A= & A SEAh S A4(F)+= Equation 49 AIAISFA 0 H,

O_.
S
=
8
mlm
*
gb
2
)
N |-‘_>|'_‘
9.“,
>
%9,
o
o _H.
o>
off
rlo
w
)
N
i
)
HL
i)

FE k= oI E(following) S A AZHe) B AFHN) ol thste] Alitstatt. HiZkeate] FF-E(CRr)2 dldat
ol BlzReAtd & 7E o Agateto] 2k KA QD 1l B BIARE A (M) L wo] el it 4552
A

A¥st sk 4%-82) 422 Equation 5O AASHAC B, SAjolA] dhAae 5 HA ke ok
Az EHH

T

Conflict ,8D> FD )

Conflict determination = {Natconflict,SDé FD
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CiY G 3600
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CRM = (A
Py Byt

where,

SD . Safety distance
FD . Follow distance
C : # of conflicts

i Simulation time

j o #of MVs

t = Analysis time(sec)
N @ Total # of vehicles
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Extraction of individual vehicle trajectory data by simulation experiments

Data extraction when following vehicle is manually-driven vehicle

Calculating number of conflicts Calculating number of car-following events

[ |
v

Calculating conflict rate of manually-driven vehicle

Following Vehicle Leading Vehicle
(Manually-driven vehicle) (Manually-driven vehicle
or automated vehicle)

e e

Figure 5. Procedure for calculating conflict rate
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Table 4. Comparison of without platoon / with platoon

Efficiency Safety
110 1
108 09
106 0.8
104 I < 07
< 102 ... T 06
= 100 5 o0s
” 02 .
:(2) B Without platoon #Z With platoon O.; B Without platoon Z With platoon
Without platoon With platoon Without platoon With platoon
Average 102.99 102.19 0.22 0.31
Standard deviation 2.02 3.48 0.10 0.13
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Figure 6. Average speed by mainline LOS
Table 5. Efficiency results of ANOVA (platoon size)
ANOVA
Sum of squares d.f Mean square F Sig.
Between groups 290.916 3 96.972 8.286 0.000
Within groups 7443.192 636 11.703

Total 7734.108 639

Post—Hoc test

Subset for alpha = 0.05

Section N 1 5
Scheffe 4 160 101.03
6 160 102.44
8 160 102.60
10 160 102.68
Slg. 1.000 0.937
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Figure 7. Average speed by heavy vehicle rates
Table 6. Efficiency results of ANOVA (heavy vehicle rates)
ANOVA
Sum of squares d.f Mean square F Sig.
Between groups 62.447 4 15.612 1.292 0.272
Within groups 7671.660 635 12.081
Total 7734.108 639
3. 2UTY MEoIM oY 2
WEHAAS A5 fldl BIRREAY] ASES 245 24 A On—ramp®] AH| 2 g<of] High daF
Bop R4 AE)2 0] Qo] £ 202 ehton], 29 a4 A EeHe thA 2R nE gl o] 2}
o7} Q= A0 2 Vebith. watA] Balo] AH|s fo] thE 2UAIE AF B FUTA] thet 22 AN
Sh9.00, ol thet #4124 A= Table 79} Table 80 AAsAT, 423, 5 29+ 25 227
g 455 Ael7t sAH 7 FofRt Ao RAE ]I,
Table 7. Safety results of ANOVA (platoon size at 50m inter-platoon spacing)
ANOVA
Sum of squares d.f Mean square F Sig.
Between groups 0.165 3 0.055 3.615 0.014
Within groups 4811 316 0.015
Total 4.976 319
Post—Hoc test
Section N 1 Subset for alpha = 0.05 >
Scheffe 6 80 0.266
8 80 0.282 0.282
10 80 0.306 0.306
4 80 0.325
Slg. 0.238 0.177
Table 8. Safety results of ANOVA (platoon size at 100m inter-platoon spacing)
ANOVA
Sum of squares d.f Mean square F Sig.
Between groups 0.131 3 0.044 2.700 0.046
Within groups 5.129 316 0.016
Total 5.260 319
Post—-Hoc test
Section N 1 Subset for alpha = 0.05 5
Scheffe 4 80 0.308
6 80 0.330 0.330
8 80 0.331 0.331
10 80 0.364
Slg. 0.710 0.394
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Figure 8. Conflict rate by mainline LOS (Inter-platoon spacing: 50m)
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Figure 9. Conflict rate by mainline LOS (Inter-platoon spacing: 100m)
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Estimate average speed (7/s) of analysis section for each scenario
and manually-driven vehicle's conflict rate(CRE 5g) using trajectory data

Article
Factors affecting traffic flow performance patterns
» Mainline volume
Platooning operation conditions{Platoon size, Inter-platoon spacing)
v
721 .
(1-gaz ) 200 < o e
v Yes
(CRELs — CRIER) + 100 < g5 — Unsuitable safety
v Yes
Derive optimal platoon operations scenario
Figure 11. Algorithm for determining optimum platooning operation conditions
CHeBAR SYESY SR MEHAT} HUTA BHel] 5] A5 S8HSE Agetart. 2 24
AR ASF(L0S)E Hd Bt TAEE(V,00)2F ¢ 01U 2] 2ol 7F Y oH= 3538 mhetn| e 23 A1) Al
(Ve A B8-S FsHs AlU2] 20 45-0] Zo)7} gl A0 2 watsl 24 ae4 SHol A4 A
Q= woolqith. At LY REAS Hol=A] Il 27142 Equation 601l AIAISHIT. 29 8-&4 Sl
A Agstrtal st Aue] e 8 g o e ok Jot A O] A vAEAe] ASERA, 4
=5 AAI7} H1&-9] oJu)2 235k Q1Y) iR Equation 7] o2 HFYRt 2A41& A A5 A5 ufat
o8 29 2 AU 2.0 458 BH(CR )& ABlA5E 24 45 B(CR T HlLste] 1,9 Aol 459
Aol7t gl A0 2 WSt ol WL AX Wekd AF TYLGZAL FYFY wetuleel 2279}
DHNA ) 202 ek 5 et
T
Acceptable , if(1— 7?5)*100 <e
7[05 (6)
. VfOS
Unacceptable , if (1———=)%¥100 = ¢
LOS
(7

CRY™)*100 < e,

Ef ficiency determination =
5 1 f (E?OS_
— CRypg)*¥100 = ¢,

Acceptable
Unacceptable ,if ( CR

Safetydetermination = {

where,
V . Average speed
CR : Average conflict rate
LOS : Level of service
A Platoon operation condition (platoon size, inter—spacing)
Tolerance of etficiency pertormance reduction (=1%)

: Tolerance of satety performance reduction (=1% or 5%)
Journal of Korean Society of Transportation Vol.36 No.2 April 2018
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