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ABSTRACT

In the foreseeable future, connected vehicles (CVs) will coexist with traditional vehicles (TVs)
resulting in a complex mixed traffic environment and the success of CVs will depend on the
characteristics of this mixed traffic. Thereforefdse the large scale deployment of CVs, it is
important to examine how CVs will influence the characteristics of the resultant mixed traffic.
To achieve this aim, this study models the mixed traffic of TVs and CVs, and examines the
traffic flow disturbanceefficiency, and safetyintelligent Driver Model (IDM) with estimation

errors is utilised to model TVs since it incorporates human factors such as estimation errors.
Whereas, connected vehicle driving strategy integrated with IDM is utilised to model CVs
because it incorporates driver compliance, a critical human factor for the success of CVs.
Moreover, two classes of drivers based on their compliance levels are considered, namely the
high-compliance drivers and the lesompliance drivers, to compreherally investigate the
impact of driver compliance on the mixed traffic of CVs and TVs. Two simulation experiments
are performed in this study. The first experiment is used to measure traffic flow disturbance
and safety while the second is used to measuredtfiie flow efficiency. Furthermore, a total

of 7 mixed traffic environments are generated in each experiment via different combinations
of TVs, CVs with low compliance drivers, and CVs with high compliance drivers. Another
important point considered the simulation is the spatially distribution of CVs in the platoon.

As such, three platoon policies are investigated. In the first policy i.e., the best case, the CVs
are spatially arranged with a motive to maximise benefits from CVs whereas in the second
policy i.e., the worst case, the CVs are spatially arranged with a motive to minimise benefits
from CVs. Finally, in the third platoon policy i.e., the random case, the CVs are distributed
randomly in the platoon. This study demonstrates the importaribe spatial arrangement of

CVs in a platoon at a given penetration rate and its impact on traffic flow disturbance,
efficiency, and safetyMoreover, findings from this study underscores that CVs can supress
the traffic flow disturbance, and enhance t@affow efficiency, and safetyhowever, traffic
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engineers and policy makers have to be cautious regarding how CVs are distributed in a traffic
stream when deploying these vehicles in the real world traffic environment.

1. INTRODUCTIONAND LITERATURE REVIEW

Connected vehicles (CVs) are trehicles equipped to providerrrounding traffic information

to driver's via vehicleto-vehicle and vehicleto-infrastructure or vehicleto-everything
communications. Vehicle-everything communication includes vehiclesyfrastructure,
pedestrians, aftermarket devices, and any entity that may affect  dyMamids.Note that
this study considers manually driven CVishe key advantages of CVs include enhancing
traffic efficiency by alleviating traffic congestion, improg traffic safety, and reducing traffic
emissiongKim, 2015) For the foreseeable futyr€Vs will need to ceexist with traditional
vehicles TVs) (i.e., thepresentdayvehicles wittout communication capabilitiesndwithout
driver assistanceh a mixed traffic environmerdnd the characteristics of this mixed traffic
will govern achieving the potential benefits of C\U&ie resultant mixed traffic flowf CVs
and TVswill have complex characteristics because of the diffexemntvelcular dynamics of
CVsand TVs. Adding to the complexity are the human drivers contrdivgand TVs. This
study focusses on the microscopic modelling oftineed traffic of CVsand TVswith a focus

on human factorsand investigates the impaaft CVs ontraffic flow disturbanceefficiency,

and safetyn the mixed traffic environmenthe amplitude and duration of traffic oscillations
are utilisedas the measures of traffiow disturbance and modified time-to-collision and
deceleration rate to avoitie crash ashe measures of traffic safetyloreover, This study
computeshe average flow antdheaver age speed of the mixed tr
(Edie, 1963)as measures of traffic efficiency

Current research anixed traffic modelling haicusedon the mixed traffic of connected and
automated vehicles (CAVs) and T{&.g., Fernandes and Nunes, 2012; Ghiasi et al., 2017,
Gong and Du, 2018; Jia et al., 2019; Jia and Ngo2016; Jiang et al., 2017; Rid®rres and
Malikopoulos, 2018; Ye and Yamamoto, 2018; Zhao et al., 2@18)mated vehicles and TVs
(Bhavsar et al., 2017; Calvert et al., 2020; D. Chen et al., 2017; Z. Chen et al., 2017; Levin and
Boyles, 2016; Rao and Varaiya, 1993; Talebpour et al., 2017; van den Berg and Verhogf, 2016)
other intelligentehicles (adaptive cruise control (ACC) or cooperative adaptive cruise control
(CACC)) and TVs(Arem et al., 2006; Arnaout and Arnaout, 2014; Jerath and Brennan, 2012;
Kesting et al., 2008; Liu et al., 2018; Ngoduy, 2012; Schakel et al., 2010; Shladover et al.,
2012; Vander Werf et al., 2002; Wang et al., 2016, 20T8%, TVs, and automated vehicles
(e.g., Ni et al., 2011; Talebpour and Mahmassani, 2@k&) CVs and TV¢e.g., Guériau et

al., 2016; Talebpour et al., 2016; Talebpour and Mahmassani, 2016; Xie et al., 2018; Zhu and
Ukkusuri, 2017, 2016Modelling the mixed traffic of CVs and TVs using simulation paésag

is another embraced approach other than analytical modelling due to the ease of model
development and the flexibility to test models in various futuristic traffic conditions. The traffic
simulation packages such as VISSIM, AIMSUN, PARAMICS, SUMO, ei@,sometimes
integrated with the network simulation packages such-&s @NET++, etc., to model the

1 ACC and CACCcan be treated as AV and CAVwith Level 1 automation



mixed traffic(Kim, 2015; Olia et al., 2016; Rahman et al., 2018; Rahman and Atye?018;
Sommer et al., 2011Henceforth, the term mixed traffic represents the mixed traffic of CVs
and TVs.

Throughtheanalytical modelling and numerical sifation of the mixedraffic, Ni et al. (2011)

modi fied the reacti on t-following pnadeléGippst ¥81)ytoo f t he
distinguish between TVs and CVs, and showed that with the increase in the market penetration
rates of CVsthe lane capacity increased alebpour and Mahmassani (201&nployal a
prospect theorypasedcarfollowing model (Talebpour et al., 2011and IntelligentDriver

Model (IDM) (Treiber et al., 20000 modelcarfollowing behaviour ofTVs and CVs in the

mixed traffic, respectively. They reporteduppressedscillatiors, fewer collisions, and
increasedhroughputasthe matket penetration of C\Viwasincreasd in the mixed trafficZhu

and Ukkusuri (2016¢onsideredN e w e takfdl@ving model(Newell, 2002)to updatecar
following states bCVs and TVs in the mixed traffic, and reporethancednobility benefits

(in terms of both total travd¢ime and distance) with increasing market penetration rates of
CVs. RecentlyXie et al. (2018havemodified IDM based on a genegarfollowing model
framework for TVs and CVs, angavedemamstratedsimilar benefits of CVs in the mixed

traffic environment

A major limitation of the aforementioned studiesti®e modek utilised b simulatecar

following behaviourf CVs. The models considered assume that the drifudlly complywith

the information povided and thugheycompletely ignore a critical human faddothe driver
complianceln the case ofCVs, drivers receive critical information such as the position and

the speed of the leader, the space gap to the laguErming safety critical situatns, any
traffic incident at the downstr e dgeycomply c. , a
with the information or not. Note that if drivers decide to ignore the informasilbrthe
advantages of CVs will be nullified. Therefore, driver compliance is a critical factor to
incorporate when modelling the microscopic characteristics of CVs in the mixed traffic
environmen{Sharma et al., 2017)

Moreover, almost all the studies excéf@lebpour and Mamassani (2016ignoreddriver

errors such as perception and estimation errors when mode#liigllowing behaviour of

TVs. The role of human drivers in controlling TVs igually important since drivers take
operational (steeringacceleration/deceleration, monitoring, abdaking), tactical (lane
changing responding to a sudden event, deliberately driving slow or fast etc.), and strategic
(origin-destination points etc.) decisionisroughout the course of driving. However, due to
limited perception, anticipation, and judgement capabilities drivers are bound to make errors
that caneopardze traffic efficiency andmoreimportantly taffic safety. Hence, driver errors
shall be incorporated when modelling the microscopic charadatsrist TVs in the mixed
traffic environmen{Sharma et al., 2017; Treiber et al., 2006jese deficiencies in modelling
carfollowing behaviour of TVs and CVs can cause underestimation or overestimatios of
potential benefits of CVs.

Another major limitation is that the previous studies overlooked the distribution of CVs in a
platoon i.e., the spatial arrangement of CVs from head to tail of a platoon when investigating
the impact othe penetration ratef CVs ontraffic flow efficiency, and safetyNote that CVs
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have only communication capabilitie&d are not equipped with sensing technologies such as
cameras, RADAR, LiDAR, etc., to gather infortiom about TVs. ThusCVs can only receive
information from other CVs, and oarfollowing scenarios the information will be useful only
when the leading vehicle is a CVhis study demonstrates thaat inefficient arrangement of
CVs in a platoon carchallengethe consensusmong previous studiethat traffic flow
efficiency, and safetglwaysincrease with an increasetime penetratiorrateof CVs.

Motivated by the limitations and gaps mentioned abavehis study DM with estimation
errors is considered to simulatarfollowing behaviour of TVs whereas connected vehicle
driving strategy integrate(CVDS) with IDM i.e., CVDSIDM (Sharma et al., 2019hs
adoptel to simulatecarfollowing behaviour of CVsCVDS-IDM explicitly incorporates driver
compliance behavioumwhich is modelled using Prospect theggahneman and Tversky,
1979) Liu et al. (2017) did proposea methodology that incorporatehe ADASaffected
driving behaviourmodelling (driver compliance, perception reaction time, and ADAS
influence) Driver complianceas perLiu et al. (2017) was modelled as a randonumber
whereas in the case of CVBIBM the driver compliancenodellingwasbased oitheoretically,
behaviourally, and practically sound prospect thediy comprehensively investigate the
impact of driver omplianceon the mixed traffictwo classes of driverbased ocompliance
levels are considerethamelythe highcompliancedriversand the lowcomgdiance drivers
Furthermorethree platoon policies characterised by diffespatial arragements are defined
and analysedto understand the impact of spatial arrangements of i@\lse mixed traffic
platoon on traffic flondisturbanceefficiency, and safetylhe first platoon policyattempts to
maximise the benefits of CVs vian efficient arrangement of G/in a patoon whereas the
second platoon policginimises the benefits of CVs vianinefficientarrangement of CVs in

a platoon The third platoon policy considers the random arrangement of CVs in the platoon.
Thetraffic flow disturbanceefficiency, and safetyare evaluated for théteeplatoon policies
and for different penetration rates@©@Y¥s inthe mixed traffic environment.

The remainder of the paper is organised as follows. Section 2 detaftdlowing models
employed to model TVs and CVs. The indicators of traffic flow disturbagftiejency, and
safetyand how to calculate these indicators using trajectory data are described in Section 3.
Section 4 details the experiment design and the scenariosl@@usfor the analysis in this

study. Section 5 presents results and findings from the analysis. Section 6 discusses the
implications of this study, arfthally, Section7 summarizes the main conclusions and suggests
future research directions.

2. CARFOLLOWNGMODELS CONSIDEREDI THIS STUDY

2.1 Intelligent Driver Model with estimation errors

The ntelligent driver model (IDM) with estimation errors is employed to modefollowing
behaviour of TVs. IDM belongs to the category of desired measures niSde#lszzaman and

Zheng, 2014 nd assumes that the acceleration is
spacing to the leader, asdeed difference between the leader and the follower. Equations (1)



and (2) present the mathematical formulation of the IDM acceleration function of the
driver.

4 1)

O Yoo  Gp —

oo 0 T Agie —— (2)
wherem fi ,"Yi , & andware desired speed of the vehidlefO, free acceleration exponent,
desired time gapO, standstill distancel , maximum accelerationi ¥O , and desired
deceleration of vehiclel 7O , respectively. Also is the IDM accelerationl 7O ,i” is
the desired spacing , @ is the speed TO, Y is the relative speed (difference of the

foll owedasdspbaedl ewm deirfé,sandsYpsthe dpace gap

2.1.1 Incorporating estimation errors in IDM

Drivers make errors when estimating stimuli associated with the leader sobarags in

space gapnd speed of the leader. Moreover, drivers react diitgr at different times tthe

same stimuli i.e.the existence of the intrdriver heterogeneityOssen and Hoogendoorn,
2011) For instancefor the same stimulus, a driver can commit different magnitutidseo
estimation errors atifferent times. Therefore, timéependent estimations errors are included

in the space gaparameteandthel eader 6 s s pfehe drigipablDMmoeet Tais

study incorporatethe esimation errorsn IDM as perTreiber et al. (2006) and Treiber and
Kesting (2013) and according to these studies estimation errors are taken into account by
modelling them as a Wiener prosedhe estimated space gapcalculatedas perEquation

(3):
“Y “¥ -Q (3)

where"Y is the estimated space gap by the driVérjs the actual space gagm, is the

coefficient ofvariation and describes the relative standard deviatiovi ofrom the true value

Y, and0 0O is the Wiener process which describes the temporal evolution of errors in space
gap. The estimated | eader 6s <eqiare pdresemtedd t he
Equations (4) and (5):
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herew i s the esti mab eids | elaeea dtsu g lpicteaanstantr 6 s s
standard deviation of the relative approach ratepandl is similar tod0 0 and describes the
tempor al evol uti on dHe reeiged modes is termed lassHumam IDMs s p ¢
(HIDM) in this study.Othervariants ancadvancemets of HIDM are also available in the
literature(Gu and Saberi, 2019; Jia and Ngoduy, 2016; van Lint and Calvert,. 20bh&)

estimating the HIDM acceleratioty, andY® arereplacel by"Y andYe respectively, in

the original IDM model.The value ofd 0 or 0 0 at thei™ iteration (0 ) is given by

Equation (6):
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where — are computegenerated i.i.d. pseugandom numberdollowing the uniform
distributionwith expectation zero and unit variande, - , Yois the time step, antis the

persistence or correlation timé&s perTr ei ber and Kesting (2013)
underestimates the gap at a given time, hé@islikely to underestimate it in the next second

as well. In mathematical terms, the errors at two times are positively correlated for small time

di fferences of a f ew husthepersisience tinge istthe time pegiodmi n u t
within which the estimation errors are correlated.

2.2 Connected vehicle driving strategy (CVDS)integrated with IDM

Sharma et al(2019h formulatedCVDS to explicitly model the driver compliance to the
continuous information and the advanced exgggered information. The informatidhatis
always presenbn the windscreeror driver assistance devicas called the @ntinuous
information whereasthe informationthat is delivered to drivers a few seconds beftire
occurrence of aavent is called the advanced evaiggered information. The advancedent
triggered information ipossible assuming that the connectivity technologies wilkimart
enough to warn the drivers about the critieaents in advanc&he continuous information
can include the speed of and the spacing to the leader whieeeadvanced evetriggered
informationcan includethevar ni ng message i g ccthatsdaivieied e ader
to the followera few secondge.g., around 3 ¥ before the leader brake¥he detailed
information on this driving simulator experiment can be foundliret al. (2020)

CVDS is a general driving strategy that can be integrated awijhexisting carfollowing
models to describe the connected vehieefollowing behaviour. Moreover, CVDS has two
components(a) part lincorporateghe impact ottontinuousnformation intothe model; and
(b) part Il incorporateshe impact of theadvanced evertiggered information(currently
limited to modellingthe hard braking cases ohlf¥he driver compliance in CVDS is motkad
using pospect theoryKahneman and Tversky, 19780d it is an integral element of both the
parts.

221 #6%$3 0AOO )d -TAAITEITC OEA AOEOAO0B8O OAODI
When malelling the driver response toetlicontinuous informationthe stimuli i.e., the relative

speed and the spacing are considered as estimation error freemineeted environment

provides such informatioto drivers Obviously, the assumption here is that drivers devote

their undivided attention to such informatiohs per Sharma et al(2019h, the time gap

parameter ircar-following models is multiplied withp "Y"YQ to accommodate the
impact of driver compliance on the connected vetualgollowing behaviour.

The mathematical formulations of CVEIBM part | are presented in Equations (7) and (8):

(7 Yo (7)
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where "Y'YQ s the utility value calculated @  usingprospect theory shape parameters

| it hand_. The parametéf) is the observed headway between the follower and the leader
measured dhe time when the messages are received by the followers. In the case of continuous
information, théQ is measured at each time since messagesvarkable all the timeRefer

to Sharma et a{2019h for a detailed discussion on hOW'YQ s evaluated using prospect
theory

The complianceis measured n t er ms of driverdéds response
compliance into two levelsamely the high compliance and tbes compliance. At eactime
instancea driver cartcomplyeither at énighlevelor alow leveldependingpn™Q  at the time

of the message display. Other human factors that can contribute to choosing a particular
compliance level argust in the connected vehicle technology, driving behaviour, artgigke

of message (e.g., a warning message, an advisory messagén eéspose to a continuous
message such dke speed of andhe spacing to the leader, a high compliance driver will
maintain a large headway and low acceleration noise as compared to a low compliance driver.
Numerically, a highow "Y"YQ  value indicats a high/low compliance drives. Figure 1

displays the usefulness curves for high compliance and low compliance dfivess. curves

are developed using the formulati@an™Q ——  The figure depicts that the high

compliance driverpredominantlyhave a high usefulness value for a majoriti{bf whereas
the low compliance drivergredominantlyhave a low usefulness value for a majority@f .
Here, a usefulness val(®@ Q shows how useful a message is to a driveeddimg upon
the'Q

Note that this study only considers the continuous information and its impeatfmiowing
behaviour inconnected environmenthus,this study integrates CVDS part | with the IDM
model to simulatearfollowing behaviour ofCVs in the presence ebntinuous information.

For part Il of CVDS andts integrationwith a carfollowing model refer toSharma et al.
(2019h. Moreover,CVDS-IDM was rigorausly calibrated using connected vehicle trajectory
data obtained from the driving simulator. The average fitting errors were 13.3% which is
consistent with typical calibration error range reported in the literature. In addition to
calibration, the numeri¢@and behavioural soundness of the model was also examined, and it
was found that CVD3DM is superior to IDM.Thus,CVDS-IDM can reproduce the connected
vehicle caffollowing behaviour successfully.
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3. INDICATORS OHRAFFIC FLOWEFFICIENCY, AND SAFETY

3.1 Traffic disturbance indicators

This study analysesaffic flow disturbancean terms oftraffic oscillation measuresuch as
oscillation duration and oscillation amplitude. These measures are calculatec waftic
instability is induced via vehiclébraking hardnanoeuvren a single lane facility. This study
adops wavelet energy basetkthod as detailed iZheng et al. (2011jo calculate oscillation
durationand oscillation amplitude

3.1.1 Traffic oscillation measures

The temporal distribution of wavelbbsed energD can assist in identifying significant
changes in the time series of spg8tiarma etl., 2019¢ Zheng et al., 2011Zheng et al.,

2013. A sharp increase in the wavelet energy distributibigure 2(b)) is witnessed

corresponding to an abrupt change in the time series of Spigele2(a)). The mathematical
formulation ofO is provided in Equation (9):

P
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SYdo s (9)

where"Yafw is a wavelet coefficient of a continuous signal and calculated as per Equation
(20):

p
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where"Y0 is a continuous signal (time series of speeds in this dase), is a wavelet
function, anddandaare scale and translation parameters of the wavelet function, respectively.
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Figure 2 lllustrations of traffic oscillatiorand its detection using waveleased energy. (a)
Time series ofpeed; (b) Wavelet based eneagyoss scales (1 8) with change points
identified.

There are hundreds of wavelets available in the literature and a few widely used wavelets are
Haar, Daubechies family, Mexican hat, Morlet, and Coieflets family. Zheng and Washington
(2012 presents a comprehensi ve examiimaadysign of
traffic engineering related research topics, and concluded that the Mexican hat wavelet
provides satisfactory performance in detecting traffic state change points, the start and the end
of lane change manoeuvres, start points of acceler@smeleration) waves, and discontinuity

of the fundamental diagram. This study asaploysthe Mexican hat wavelet.

Oscillation duration (s): It is the duration of the deceleration phase measured as the time
difference between when the first peak appesnd when the second peak appearshe
wavelet based energy curieis calculated for each vehicle in the platoon.

Average oscillation duration (s) This is calculated ag—, where0 ‘Ois the oscillation

duration ofthe"Q vehicle inthe platoon andQrepresersithe last vehicle in the platooNote
that vehicles irthe platoon are numbered from 1 W(the total number of vehicles in the
platoon) moing from the head to the tail die platoon.

Oscillation amplitude (m/s): It is calculated as the speed difference between the beginning
(when the first peak appears) and the end of the deceleration phase (when the second peak
appears).

Average oscillation amplitude (m/s). This is calculated as—— where § & is the

oscillation amplitudeof the’Q vehicle inthe platoon andQrepresergthe last vehicle in the
platoon.

3.2 Traffic safety measures

Two surrogite measures safetyare employeth this study namelynodifiedtimeto collision
(MTTC) and decelet®n rate to avoidhecrash (DRAC) BothMTTC and DRAC are widely
used in the road safety literature (e(@heng et al., 2019; Zheng aBSayed, 2019) andare
discussedbelow.



3.2.1 Modified time to collision (MTTC)

The indicatord "Y"Yoonsiders trajectory parameters such as relative distance, relative speed,
and relative acceleratiaand calculatethe time a following vehicle would take to collide with

a lead vehicle if the vehicles do not change their movement characté@xtiozs/ et al., 2008)
Equation (1) provides the mathematical formulationlof Y"Y0

WhereYo is the relative speed (difference of the follo@sespeedw and the leadés
speedw ) I 7O,"Y is the space gap , andYe is the relative acceleratiquifference

of the followefsacceleratiorid and the leadéacceleration® ) [ TY . Thefinal 0 "Y'Y&

is given by (i) f both of thebd "Y"Ytermsare positive, the minimum of them is considered to
be thed "Y"Y@alue;and (ii)if one is positive while the other is negative, the positive outcome
is considered to be the "Y0Orvalue Generally, @ "Y"YbBelow 1.5 s is consideramhsafe.

3.2.2 Deceleration rate to avoidthe crash (DRAC)

This study employ another safety measuiee., O'Y 0 and it is defined as the ratio tife
square of the relative speed over the space gap as shown in EquatiOhir{iR)st et al.,
1991) The American Association of State Highway and Transportation Officials recommends
a deceleration rate of above 3.4 has unsafe.

v

R { OV (12
OYoo ~

When presenting results in SectiontBe notation® "Y"Y@ndO'Y O are used to indicate
0 "Y"YandO'Y 0 &t vehicle level, respectively, andnimumi “Y“Yand minimumO Y 0 @re
usedare used to indicaie"Y"YandO'Y 0 &t platoon level, respectivelyhese arelefined in
Equations (13), (14), (15), and (16).

O0"YYST EDYY® "YYSB R "YY®B D "YYO (13)
OYd 6l EIOYOHOYOBBROYOI®B HO'YO 6 (14)
a Q& "Qabe™YS I E D "Y'YdD "Y'YEB D Y'Y ) "Y'YE (15)
G Q¢ QA@Y 61 EIOYD 8BOYO BROYO BBRO'YD © (16)

wherel "Y"Yas calculated using Equation (11) af&presents a time instant between the start
of a foll owerppadthee mfl eof ot he (f olol & WEYOHE tr aj e
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calculated using Equation (12)."Y"Yés calculated using Equation (13) for fk follower,
and’varies from2 to k. Moreover,0'Y 6 Gs calcuhted using Equation (14)

3.3 Traffic efficiency indicators

Fundamental traffic flow parametease utilisedas indicators of traffic efficiencythe average

flow (mentioned by the reviewer) and average speed have been used as indicators of traffic
efficiencyin previousstudiesas well(Brilon et al., 2005; Friedrich, 2016Jhe estimation of

these parameters is detailed in the next section.

3.3.1 Estimation of fundamental parameters of traffic flow

There are three methods to estimate the fundamental trafficpoameters i.e., flowi\],

density ), speed ), namely the highway capacity manual (HCM) method, thenethod
based on Edi eds (Bdenleald)andihe m rdethddeTthe HICMtmetlood is
based on the weKknown definitions of flow, density, and speed, and the fundamental
relationship beteen these three flow parameters. Thanethod estimates flow, density, and
speed using the trajectory data, whereas thmathod is based on the cumulative number of
vehicles in the cumulative numbeme (nt) domain. The ®x method is preferred imis study

since this study utilises trajectory data. The method is described in the paragraphs below. Refer
to Ni and Lemard (2006¥or a description of the HCM method and themethod.

Edi eds gen eonsareiagpked to dakilatiem i(r), density [Q, speed ¢) when
trajectory data are availab(&die, 1963) According to Edie, the flow is givelny the total
distance travelled by all vehicles in ar@alivided by the area ab, i.e.,sas shown in
Equation (1]. Thedensityis given bythetotal time spent by all vehicles tndivided bys
as shown irfequation (18. Finally, the speed salculated as per the fundamental relationship

i.e., flow over density and thetotaltdistanocedravelled Edi e
by all vehicles ird overthe total time spent by it as shown irfEquation (19.

" Q0 a7

SeS

.. 00 18

o 29 (18)

. Q6 (19

© 35 T

whereQ 0 is the total distance travelled by all vehicle®iando 6 is the total time spent
by all vehicles ind. The quantitie2 6 , 0 0 , andsare provided in Equations (20), (21),
and (23.

5 o § (20)
Qo [E o [T A@® oM

o 5 . . (21)
o0 I ED o I A® o h
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S ® 0O o0 (22

wheret is the total number of trajectoriesdn w andw are the lower and the upper bounds

of 0 in wdomain, respectivelyy ando are the lower and the upper bound$ afi ddomain,
respectively,0 0 andw 0o are the locations of th& vehicle at timeo and 0,

respectiely, andd ® andd « are the time values when tii& vehicle passes locations

w andw , respectivelyFigure3 i | | ust r at e sNote tha av&ahe derdsisy vatuest h o d .
are calculatecbut not reported in this studylraffic measurement devices, such as loop
detectors installed beneath the road surface, can be used to measure flows, densities and
average vehicle velocities in ways that are consistent with these generalised definitions. A
detailed discussion on this cha found in(Cassidy and Coifman, 1997)

6400 F

Time (s) t —

Figure 3Thextmet hod based on Ediebds generald]

4. MIXED TRAFFICSCENARIOS AND EXPERIMENTE&SIGN

4.1 General

In this study, a connected environment is simulated in which vehicles are communicating with
surrounding vehicles via vehiete-vehicle communication. It is assumed that vehicles are
fitted with the onboard driver assistance system devices that areygigpt#ormation on the

wind screen (similar to the headp display). The primary motivation behind such a simulation
design is theprevious advanced driving simulator based connected environmentestud
(Sharma et al., 2020, 2019bn the experiment, theonnected environment was cautiously
designed after a comprehensive review ofliteeatureon in-vehicle driver assistance systems
and the current driving aids provided by major car manufactuféesfull information on how

the driving simulator experiment was designed can be fourgdliret al., 2020) We have
assumed the continuous information (thirmationis always present on the windscrgen
available to drivers in the simulatiofhe continuous information includes messages about the
speed of and the spacing to the leades per Sharma et al(20199, when continuous
information is provided, drivers maintain larger time gaps (thereby safety gaps as well) and
there are fewer fluctuations in speed and spacing as compared to when no information is
provided. The degree of increase in the tioa@ or decreasin fluctuations depends on the
degree of driver compliance with the information. CVI®/ utilised in this studyo simulate

12



the carfollowing behaviour can capture these changes in driving behaviour due to the
continuous information and degree of corapte with the information. A rigorous assessment
on the performance of CVDI®M can be found inSharma et al(2019h. As such, high
compliance and low compliance drivers are also simulatédte that for readers who are
interested in car following model (IDM in particular) calibration, refelPtmzo et al(2015,

Ciuffo et al. 013; da Rocha et al2015 andSharmaret al.(2019a).

Two experiments namely, Experiment 1 and Experiment 2 are performed thiaeiormer is

used to measurwaffic flow disturbancegfficiency, and safetyvhile the latter is used to
measuretraffic flow fundamental parameters. Experimenmimics a scenario where the
platoon leader stops for a short period and then starts accelerating causing a backward
propagating wavewvhereas Experiment 2 mimics a heavily congested scegenerated by
stoppingtheplatoon leademore than ooe and for dong periodmimicking a sluggish leader)
e.g.,the magnitudes of oscillation duration and amplitude will be high in Experiméat2
thatthesetwo separate experiments are performed for the ease of visualising, understanding,
and discerning the benisf of CVs. Moreover, in botthe experimentsasingle lane facility is
assumed to avoid lane changes.

Each experiment has seven scenarios characterised by séfemrrnt mixed traffic
environments includingll TVs (consisting of only TVs)All CV -LCs(consisting of CVsvith

low compliance drivers)All CV-HCs (consisting of CVswith high compliance drivers), TV
and C\ALC (consisting a mix of TVs and C\Weith low compliance drivers), TV and CMC
(consisting a mix of TVs and CVwith high compliance dviers), CVLC and CVHC
(consisting a mix of CVsvith high compliance and low compliance drivers), and TV;IGY/
and CMVHC (consisting a mix of TVs, CMwith low compliance drivers, and CWeth high
compliance driers). Here, LC and HC represémtv compliance and high compliance drivers,
respectively. The penetration rate of CVs varies from 0% to 100% in mixed traffic
environments of TV and G.C, and TV and CWHC andthe penetration rate of GMC varies
from 0% to 100% in the case of mixed frafof CV-LC and CVHC. Furthermore, the
penetration rate of CX.C and C\*HC is fixed to 33 % each when generating the mixed traffic
of TV, CV-LC, and CVHC to avoidany repetition opreviously generated scenaridsble 1
summarzes dl the mixed trafficscenarios and experiments considered in this study.

4.2 A description of the three platoon policies: the best and the worst spatial
arrangements

As discussed in the introduction sectidime spatial arrangement &@Vs in a platoorplays a

major role inachieving the maximum benefits froBVs at a given penetration rate. In this
regard, this study considerdirée platoon policies characterised hyifferent spatial
arrangements. The firplatoon policyis termed as the besasethat results in the maxiom

benefit from CVs. Tie seconglatoon policyis termed as the worstsethat results in the
minimum benefit from the CVs at a given penetration rélte. third platoon policy is termed

as the randomasethat results in the random arrangement of the i@\tee mixed traffic and

the benefits are expected to fall within the best and the worst spatial arrangement. The
arrangement of CVs in the best and the worst case is described in the next paragraph.
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For example, consider a mixed traffic platoon of TVd &V-HCsof 31 vehiclesvith 50%
penetration of CVMHCs(i.e., 15 vehicles)importantly, for a single lane facility, there can be
four combinations otarfollowing interactions in the platoon including (1) a TV following a
TV, (2) a CV following a CV, (3p CV following a TV, and (4) a TV following a CV. A CV

will behave likea CVonly when it is following anothe€V; otherwise, iwill behave like TV
since it will not receive any informatidnom the front vehicle Moreover, as conjectured in
previous stdies, CVs have the potentiad more efficientlypearand suppresthe negative
impact of backward propagating waaes compared to TVs. Hence, the best arrangement will
correspond to a situation when all 15 CVs in the platoon are grouped together addpthe
front of the platoon whereas the worst arrangement will correspond to a situation when all 15
CVs aredistributedsuch that one CV is placed between two TVs resulting in CVs behaving
like TVs.
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Table 1A description othedesign of the experiments in this study.

Experiment  Traffic Scenarios Penetratio Platoon LeaderGs speed profile Measures
compositi n rate of policies calculated
on CVs
Homogeno All TVs 0% - 30 Traffic flow
us AllCV-HCs 100% sl disturbance:
Experiment 1 AllCV-LCs 100% Oscillation
Heterogen TVsand CV 0-100% 1) Bestspatial 2 duration,
ous HCs arrangement g5 Oscillation
TVsand CV¥ 0-100%  2) Worst g amplitude;
LCs spatial
CV-HCs and 0-100% arrangement  °], Traffic Safety:
CV-LCs 3) Random Y R ¥ L MTTC, and
TVS and CV 33% eaCh arrangement 0 20 40 60 80 Tir:‘(lo(s) 120 140 160 180 200 DRAC
HCs and CV
LCs

Homogeno All TVs 0% - 30 Traffic

us All CV-HCs 100% 251 Efficiency:

Experiment 2 AllCV-LCs 100% Average flow
Heterogen TVsand CV 0-100% 1) Best spatial 2° and Average
ous HCs arrangement g 15 speed

TVsand CV 0-100%  2) Worst a.

LCs spatial

CV-HCs and 0-100% arrangement  °/

CV-LCs 3) Random 0 : :
TVsand CV 33% each  arrangement Time ) 200 0
HCs and CV

LCs
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Figure 4 compares the best arrangement with the wors08% penetration rate of CVs. It
depicts that wave propagation diminishes early in the case of the best arrangameanted
to the worstarrangement. Table details how the besthe worst and the randonspatial

arrangement is achieved in each mixed traffic scenario.

(a) Worst case (b) Best case

7500 7500

N

7000 7000

6500 6500

Space (m)
Space (m)

6000 6000

5500 5500
0 50 0

100 50 100 150 200

150 200

Time (s)

Time (s)

250 Speed (m/s)

Figure 4 A comparison of the worst spatial arrangement and the best spatial arrangement of
CVs.

Table 2 A description of the besthe worst and the randorspatial arrangemesntiefinitions
corresponding tthe mixed traffic environmes.

Platoon Conditions
Mixed traffic Platoon pO|IC¥ 1. Platoon pollcy.2: policy 3: the
. the best spatial  the worst spatial random
Environment .
arrangement arrangement spatial
arrangement
All TVs
All CV-LCs Not applicable since no mixed traffic
All CV-HCs
. CVs (CV- If the
Each CV I :
TVs and CV b:t‘\:/vece:n tl\;c,vg '?f/idin HCs or CV  penetration
LCs LCs) are rate is 50%
the platoon
arranged or less
First CVs equato  randomly in  If the
the number of TVs the mixed penetration
CVs are placed ai . .
the front of the are arranged such traffic rate is more
latoon that each CV is than 50%
TVs and CV P placed between twc
HCs TVs in the platoon

and then rest of the
CVs are placed at
the end of the
platoon
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CV-HCs are

CV-HCs are CV-HCs are placed arranged
CV-LCs and _ .
placed at the fron at the end of the randomly in
CV-HCs .
of theplatoon platoon the mixed
traffic
CVs (CV-
cvicsoin S e
TVs, CV-LCs, CV-HCs and P .
TVs in the platoon arranged
and C\VAHCs these are followec .
by TVs and C\ALCs are randomly in
y placed athe end the mixed
traffic

One mayquestiorthe importance asimulatingthe worst case scenagmmce we already know

that the distributioof CV is worst casel he simulation of the worst case scenanswerstie

following questiongow bad could the worst case scenario be? What is the disparity between
the best case and the worst case scenario results? Is this disparity acceptable? How do the worst
case and the best case pan out for the mixed todf/-HCs and CVYLCs?0n the conceptual

and qualitative basis, answering the stated questions will be less comprehendible, and provide
limited value in operating and controlling mixed traffidoreover,the worst case scenario
becomes even more importamce the best case, the worst case, and the random case cover
the whole spectrum and provide a complete understanding of the characteristics of mixed traffic
of CVs and TVs.

Note that in the case odndom arrangementach scenario is simulated 100 timasd the
average values of all metrics and parameters are reported for each scenario.

4.3 Design of Experiment 1

The aim of Experiment 1 ie investigatdraffic flow efficiency, and safetgf the mixed traffic

stream when the platoon leader undergoes afpeastd go cycle. To this end, a platoon of 31
vehiclesisgeneratedonasinglaene faci l ity of 5 km. The firs
manually. Atd pQ the leader isv mmma h e a d of t he reference
positon®d p puTmagepeed p AT, and acceleraticA p i ¥O).

At o p® Othe leader startacceleratingind attains a speel  of ¢ ) 7Oatd o 1Oand

maintain ituntild  x O Fromo x & Qthe leader startieceleratingind stops at | &®

The leader starts acceleratingat p 1t Q attains thespeedv ¢ Y ¥Gatd p o @and

maintairs it until the end of the experiment, i.&, ¢ T@Ref er to Table 1 fo
speed profile.
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Table 3 Car-following models parameters assumed for simulation in the experiments.

Experiment 1 and 2

Parameters HIDM  CVDS- CVDS-
IDM IDM
(LC) (HO)
W (GF) 29 29 29
) 4 4 4
“Yi 15 15 15
i (m) 5 5 5
(@ 70) 2.5 2.5 2.5
o 10) 25 25 2.5
” 0.05 - -
W 0.01 - -
tai 20 - -
| - 0.7 0.2
i - 0.65 0.65
_ - 6 10
The rest of the 30 vehi c taefalléving moaglsé&arHIDM i e s

drivers CVDS-IDM low compliance driversand CVDS-IDM high compliance driverghe
parameters arget agprovided in Table 3The parameters f&€VDS-IDM low complianceand
CVDS-IDM high complianceare set based on the calibration results from our previous study
(Sharma et al2019h) and they can successfully capture low and high compliance properties
e.g., observe Figure 1 and its explanation in Section E®@ure5 displays the platoons @il

TVs, All CV-LCs, andAll CV-HCs traffic environments resulting from ExperimentThe
figure depictsthat, keeping other confounding facttine same, oscillations propagdtevards

the end of the platodn the case oAll TVs whereas it diminishesignificantlybeforereaching

the endof the platoon in the casesAll CV-LCsandAll CV-HCs Furthermore, the platoon

of All CV-HCsis more efficient(oscillations dampegarly) relative tAll CV-LCs.
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(a) All TVs (b) All CV-LCs
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Figure 5 Examples of [atoons generated Experiment 1. (ajll TVs case (b) All CV-LCs
case; and (cAll CV-HCscase.
4.4 Design of Experiment 2

Thepurposeof Experiment 2 is to estimate the fundamental traffic flow parameters in a heavily
congested traffic environmeriio this end, a platoon @l vehicles is generated on a single

|l ane facility of 5 km. The fir sot pQthdléader e 6 s

ispomtrimahead of the referencem pmipbni(mn he
speedd p mi ¥Q and acceleratiodd p i ¥O). At O p® Othe leader starts
acceleratingattains a speed  of ¢ @l 70atO o 1§ and maintaigituntilO p M@A
traffic signal is positioned 270 m ahead of this point. Flomp TignQ the leader starts
deceleratingnd stops a@ p p @The leader starts acceleratingat p t @ attains a speed

O ofc ¢ T0atd p @ Q After this the leader starts decelerating agait atp ¢ © and
stops ab p x @ After 15 s, the leader starts accelerating again, atiains ¢ o fi at

0 ¢ @ and maintaisuntil the end of the experiment, i.8., ¢ o @ Refer to Table 1 for
the | eaderoés speed profile.

t

[

Same as Experiment 1, the rest ofcadfolomingg 0 v ehi

models For HIDM drivers, CVDS-IDM low compliance driversand CVDSIDM high
compliance driverghe parameters aset as provided in TableBigure6 displays the platoons
of All TVs, All CV-LCs, andAll CV -HCstraffic environments resulting from Experiment 2.
The figurereveals that keeping other confounding factors same, heavystmmgleuilds up in
the case ofll TVs whereas the congestion cleargnificantly beforereachingthe end of the
platoon in the case &ll CV-HCs Furthermore, the platoon 81l CV -LCs doesdisplay the
propagation of congestion tbe end of the platoon even thoufle impacis less severe than
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the case oAll TVs. In addition station locations between 16000 m &@&)00 mrecordheavy
congestionn Experiment 2n the case ofAll TVs. This study focuses omaverage flow and
average speed values calcutbte stationplacedbetween 16000 m arkBO00 m.

Figure 6 Examples of [atoons generated using Experiment 2 A&K)'Vs case (b) All CV -
LCscase; and (cAll CV-HCscase.

5. RESULTS AND DISCUSSIONS

5.1 Experiment 1 Results

5.1.1 Homogenous traffic scenariosAll TVs All C\ALCs andAll C\VAHCs

Figure 7 displaystraffic flow efficiency, and safetyneasures computed for all the three
scenariosAll TVs, All CV-LCs, andAll CV-HCs The figure reveals that moving from the
head to the tail of the platodooth the amplitude and the duration decrease to ®o€CV -
LCsandAll CV-HCs Moreo\er, the oscillations dampen quickér All CV -HCsas compared

to All CV-LCs. Conversely, foAll TVs, when moving backward from the head of the platoon
the ampitude and the duration decrease to 20 m/s and, X8spectively, and then remains
fairly constant till the end of the platoon. TRE TC value increases to 10 s forth@ll CV -
LCs andAll CV-HCswhen moving from the head to the tail of the platoon whefeag\ll

TVs case, the majority d¥ITTC values are in the range of 1.5 to 2 s throughout the platoon.
The DRACvalues quickly decrease 0 m/¢ when moving from théeadof theplatoon in the
case ofAll CV-HCs andmoderately increases and then decreases in the cAeCaf-LCs.
However an overall increasing trend has been witnessed for a plat@dhTofs.

The aboveresults underscorbenefits of CVs over TVsMore specifically,when drivers
receivesurroundingraffic information they miae better decisiorntherebyreducing traffic flow
disturbance and enhancingsafety The results also demonstrate thia@ high compliance
drivers drivemore efficienly and are ahlower risk thanlow compliance drivers.
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