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Abstract

Freeway capacity decreases at sags due to locagjesan car-following behavior. Consequently, saigsoften
bottlenecks in freeway networks. This article presea microscopic traffic model that reproduceffitrdlow
dynamics at sags. The traffic model includes a oemfollowing model that takes into account thduehce of
freeway gradient on vehicle acceleration. The feal@dity of the traffic model is tested by meansacdimulation
study. The study site is a sag of a Japanese fyedlwa simulation results are compared to empiticdfic data
presented in previous studies. We show that theelriedtapable of reproducing the key traffic pheramthat
cause the formation of congestion at sags, inctuthie lower capacity compared to normal sectidres)dcation

of the bottleneck around the end of the verticalepand the capacity drop induced by congestiarthErmore,

a sensitivity analysis indicates that the traffiodual is robust enough to reproduce those phenoreeea if
some inputs are modified to some extent. The Seitgianalysis also shows what parameters needeto b

calibrated more accurately for real world applicas of the model.
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1. Introduction

The gradient of a freeway is the inclination of the freewayfaae to the horizontaBags or sag vertical curves
are freeway sections along which the gradient am@e gradually in the direction of traffic. The &eipy of sags
is generally lower than that of normal freeway et [1, 2]. Consequently, sags often cause coiagest high
traffic demand conditions [1]. The main reason whg freeway capacity decreases at sags is relatxtal
changes in car-following behavior [3-7].

In order to evaluate the effectiveness of possibddfic management measures aimed at mitigating

congestion at sags, it is necessary to be abliendate traffic at that type of bottlenecks in alistic way. This
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paper presents a microscopic traffic model thatadyces traffic flow dynamics at sags. The modeisésis of
two sub-models: a car-following model and a lanenge model. The main novelty is the car-following
modeling approach, which is based on assumptionsitaihe way in which sags affect longitudinal dniyi
behavior that are more realistic than those oftxgsnodels, and has a very generic formulation.

The face-validity of the traffic model is tested imgans of a simulation study. The study site isYdu@mato
sag (Tomei Expressway, Japan). The traffic flovigras obtained from simulation are compared toptéerns
observed in empirical traffic data according tovwas studies. Furthermore, we carry out a seiisitanalysis
aimed at evaluating the robustness of the modehémges in key model inputs, and at determiningathg in
which modifying each of those model inputs influesithe characteristics of the simulated traffic.

The rest of this article is structured as followgction 2 describes the main causes of congestisags
according to the scientific literature; Sectionpgaifies the requirements of the traffic model amalyzes the
suitability of existing models; Section 4 presemlt® microscopic traffic model; Section 5 presertis t
methodology used to test the face-validity of ttadfic model; Section 6 reports the results of émalysis; and

Section 7 presents the conclusions of this study.

2. Causes of congestion at sags

Various empirical studies show that the capacitysafis is considerably lower than the capacity afiab
sections (up to 30% lower) [1, 2]. Because of tkags are often bottlenecks in freeway networkscéie¢hey
cause the formation of congestion in conditiongigh traffic demand. In general, the bottleneclotated 500
to 1000 m downstream of the bottom of the sagT8E factors reducing the capacity of sags seene telated
primarily to two changes in car-following behavitvat occur when vehicles go through the verticalveui)
drivers tend to reduce speed [1, 3, 4]; and iiyehs tend to keep longer headways than expecteazh gheir
speed [5, 6, 7]. These changes in car-followingab&hr seem to be unintentional [6]. They are causgd
decrease in vehicle acceleration resulting froncthrabination of two factors: i) increase in resis&force; and
i) insufficient acceleration operation by drivdds 6]. Drivers fail to accelerate sufficiently evéhough they
generally perceive the increase in slope [4, 6 Tdgason why drivers do not accelerate sufficiesgtigms to be
related to their throttle operation behavior: drsrgenerally push down the throttle pedal at thgireng of the
vertical curve but it takes time for them to adjilm throttle position so as to fully compensatetti@ increase in
resistance force [6]. Drivers are generally ableet@ccelerate and recover their desired speed thegeleave
the vertical curve [3, 6].

Typically, in freeways with keep-left or keep-rightles, the process of congestion formation at sags
consists of two phases. In the first phase, corgestrms on the median lane [1, 8, 9]. The maimson why
congestion emerges first on the median lane isectl the characteristics of lane flow distribatievith high
demand and uncongested traffic, flows tend to bbéri (and closer to capacity) on the median laaa tn the
other lanes [8, 10]. In the second phase, congespoeads from the median lane to the other lahe®, P]. That
process can be described as follows. When traffammes congested on the median lane, some vehigjeste
from that lane to the less crowded lanes in ordeavbid queuing [8, 9]. When the flow on those mp&ceeds

their capacity, traffic also breaks down there.tiat point, traffic is congested on all lanes, Wwh@auses a
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significant decrease in total outflow (due to tapacity drop phenomenon [11]) and the formation of a queue

upstream of the bottleneck [1, 9].

3. Model requirements and suitability of existing nodels

As discussed in Section 2, the main traffic phenmaniavolved in the formation of congestion at sags a)
decrease in vehicle acceleration and local chaimgear-following behavior; b) low capacity of sagsmpared
to normal sections (the bottleneck being the enthefvertical curve); c) congestion-induced capagibp; d)
queue dynamics; e) uneven lane flow distributiohighh demand conditions; and f) migration of vedscfrom
congested to uncongested lanes. Any model that simsproduce traffic at sags in a realistic waguth be
capable of reproducing all the traffic phenomenatmeed above.

In order to reproduce phenomena e and f, the araffidel needs to include a lane change model. thate
there is no empirical evidence suggesting that-tarenging behavior is different at sags than imrarsections.
For that reason, we conclude that it is sufficienise a regular lane-change model, in which thefseariables
that determine the decision to change lanes doemclade the freeway gradient (it includes varegbkuch as
the difference in speed between lanes).

In order to reproduce phenomena a, b, ¢ and dralffee model needs to include a car-following mbadkes
discussed in Section 2, drivers significantly chauigeir car-following behavior when they go throumtsag,
which is the main cause of the difference in capabetween sags and normal sections. Therefore, the
car-following model needs to include the freewagdignt as separate variable in addition to theabées that
determine regular car-following behavior (e.g.,exp@nd distance to the preceding vehicle). Furtbeznthe
car-following model needs to adequately reprodhesrfluence of the freeway gradient on vehiclestam@ation.
Particularly, the model needs to reproduce: i) lthating effect that an increase in gradient haswahicle
acceleration; ii) the inability of drivers to fuljompensate for that limiting effect immediately); the resulting
changes in car-following behavior at sags (i.eeesbreduction and increase in headways); and é/rteation
of a capacity bottleneck at the end of sag verticaes. In addition, the car-following model alseeds to
reproduce the ability of drivers to gradually regaieir normal car-following behavior once theyveahe
vertical curve.

Several car-following models have been developethénlast decades with the objective of reproducing
longitudinal driving behavior at sags. Those models be grouped into two broad categories baseshether
they assume that drivers do or do not explicitiynpensate for the limiting effect that an increasdréeway
gradient has on vehicle acceleration. Examples oflefs that assume no explicit compensation areethos
proposed by Koshét al. [1] and Komadaet al. [12]. Both models assume that a constant pos#iepe has a
constant negative influence on vehicle acceleratitmwever, that assumption is not consistent witipieical
observations, which show that drivers generallyamegheir normal car-following behavior as theyndh an
uphill section (at least if the uphill section istioo steep) [3, 6].

Examples of models that assume that drivers exlglicdompensate for the limiting effect that an ease in
gradient has on vehicle acceleration are thoseoseap by Yokotaet al. [13] and Oguchi & Konuma [14].

Yokota et al. [13] present a car-following model that assumest trivers are able to fully compensate for
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changes in gradient with a certain time delay. leeacconstant slope has a decreasing influence biclee
acceleration. This is more in line with empiricllservations. However, an important disadvantagbaifmodel

is that it does not accurately reproduce the looatif the bottleneck at sags. The model generabesttieneck
around the bottom of the sag [13], whereas empidbaervations show that the bottleneck is genetatiated

around the end of the vertical curve [3, 9].

Oguchi & Konuma [14] present a model that assuratdrivers compensate for the increase in registan
force caused by an increase in freeway gradiestiah a way that the sensitivity of the vehicle éaration to
that increase in resistance force decreases awer dis the vehicle moves along the vertical cune the
subsequent uphill section. The authors show tleat thodel reproduces the car-following behavioddvers (as
observed in a driving simulator environment) bettean models assuming that drivers do not expficitl
compensate for the limiting effect that an increasayradient has on vehicle acceleration [14]. Ogu&
Konuma do not present simulated traffic data, mé may expect that with appropriate parameter gatleir
model generates a bottleneck at the end of saicakdurves, which is the location where the limida on
vehicle acceleration caused by the gradient terstresmger. However, one drawback of the model psegdy
Oguchi & Konuma [14] is that it is not sufficientlyeneric. More specifically, the values of someapaaters
(such asl, andTy) necessarily depend on the vertical profile ofghg.

We conclude that in order to model traffic at saigs, sufficient to use a regular lane change rhdulg it is
necessary to develop a new car-following model. tTirodel should reproduce the characteristics of
car-following behavior at sags and their effectfoseway capacity in a realistic way. To that erttg thain
principle of the modeling approach proposed by ®gut Konuma [14] seems adequate. However, that
principle should be re-formulated in such a way tha model parameters are independent of thecaégrofile

of the freeway, in order to make the model gerferiall sags.

4. Microscopic traffic model

The proposed microscopic traffic model consistdved sub-models: i) a car-following model; and ii)lame
change model. The two sub-models are presenteckdtiof 4.1 and Section 4.2, respectively. The isput

required by the traffic model are described in Bact.3.
4.1. Car-following model

We developed a new car-following model that tak#e iaccount the influence of vertical curves onicleh

acceleration. The model determines the vehicleleaen by means of a two-term additive function:
v(t) =1, (t) + 1, (t) (1)

The first term in Eq. 1f( describes regular car-following behavior. Itsnfioitation is based on the
Intelligent Driver Model (IDM) [15]. This term accats for the influence of speed),(relative speedy) and

spacing $) on vehicle acceleration:



 (0)=a 1_(v(t)J4 {sdes(v(t),Av(t))J o

Voo s(t)

where the dynamic desired spacisgd is:

v(t)[Av(t)

sdes(v(t),Av(t)) =s,+V(t) Er(v(t)) +W ®3)

and the safe time headwal) depends on the traffic state:

SO P s

crit

The parameters in Eq. 2-4 are: desired spegg;(maximum accelerationa); maximum comfortable
deceleration kf); net spacing at standstils); safe time headway in uncongested traffic coaddi I7);
congestion factor on safe time headwgy(L); and critical speed/{;;). The critical speed is used as threshold to
differentiate between congested and uncongesttfit tra

The second term in Eqg. Ij)(accounts for the influence of vertical curveswahicle acceleration. At a
given timet, that influence is the difference between the igratcat the location where the vehicle is at thaet

(G(x(t))) and the gradient compensated by the drivet tht time G(t)), multiplied by a sensitivity parameter
)

f,(t) = —HE@G(x(t))—GC (t)] )

The compensated gradief@ ] is a variable that accounts for the fact thavehs have a limited ability to
compensate for the negative effect that an increageadient has on vehicle acceleration. The madelmes
that drivers compensate for any increase in freegiagient linearly over time with a maximum gradien
compensation rate defined by parametefhe value of parameterdoes not depend on the vertical profile of
the sag. This assumption is based on findings shiYawaet al. [6], who found that, when drivers go through a
sag, they push down the throttle pedal at a similte regardless of the vertical profile of the.ddgte that the
model assumes that drivers are able to fully comatenfor any decrease in gradient (e.g., at cresical

curves) immediately. Therefore, the compensatedigmaat a given timeis defined as follows:

_[G(x(1)) it G(x(t))<G(t,)+ct-t,)
Gc(t)_{G(tc)+c[ﬂt—tc) it G(x(t))>G(t,)+cft-t,) ©)

wheret. is the time when the driver could no longer fulympensate for the gradient change:
t, = max(t G, (t) = G(x(t))) @

The properties of the model are as follows. If gnadient profile of a sag is such that the ratetsth the
freeway gradient increases is lower than the deveaximum gradient compensation raty thenG — G, = 0

(hencefy = 0) at any time t. Consequently, at very gerdlgss the increase in freeway gradient has no ediect
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vehicle acceleration, so acceleration is determordd by the regular car-following behavior terfy).(However,
at sags where the rate at which the gradient iseses higher than the driver’'s maximum gradiemipensation
rate €), thenG — G, > 0 for a certain period of time. During that jpekj the compensated gradie@t) increases
linearly over time bufy is negative, which limits vehicle accelerationislimportant to remark two things about
the latter type of sags. First, the sharper the te&ggreater the value & — G, along the sag, hence the stronger
the vehicle acceleration limitation. Second, oflatlations along the freeway, vehicle acceleralimitation is
maximum at the location where the gradient increase becomes lower than the driver’s maximum @gnatdi
compensation rate (i.e., the end of the sag véxigae), becaus® — G, is maximum at that location.

Note that the formulation of the second term of Edfy) is based on a similar principle to that of the
gradient term of the model presented by Oguchi &loa [14]. However, in our model, the values of the
parameters of the gradient term (i@and 8 do not necessarily depend on the vertical praffi¢he freeway.

This makes our model more generic than the modaslgmted by Oguchi & Konuma.

4.2. Lane change model

To model lane-changing behavior we used the Lanan@ Model with Relaxation and Synchronization
(LMRS) [16]. Note that we modified the LMRS withgard to the calculation of the speed gain desteritive:

in our model, the speed of all preceding vehidhed are not farther ahead theymeters has the same weight in
calculating the anticipated speed of downstrearfiidrarhis modification allows drivers to anticigatmore
accurately the speed of downstream traffic whery théve into a queue and they have to decide whethe

change lanes.

4.3. Model inputs

The traffic model requires the user to provideftiilowing inputs: i) simulation period; ii) charaxtstics of the
freeway; iii) traffic demand profile; and iv) tridf composition. The freeway characteristics inclueiegth,
number of lanes, vertical profile (i.e., degreegoddient over distance) and speed limits. Theitrafémand
profile specifies the flow entering the simulatedefivay stretch over time (per lane). The traffimmposition
describes the characteristics of the vehicle-drivats that enter the freeway. The vehicle charaties taken
into account by the model are vehicle type (passemar, truck, etc.) and vehicle length. (The driver

characteristics are the parameters of the canvfinip model and the lane change model.

5. Model verification methodology

The face-validity of the traffic model described Section 4 was tested by means of a simulationysfiide
objective was to determine the model’s ability ¢alistically reproduce traffic flow dynamics at sa§irst, we
defined a freeway stretch containing a sag andimelated traffic using our traffic model. We anadgizthe
traffic flow patterns obtained from simulation an& compared them with the patterns observed in eapi

data. Second, we performed a sensitivity analyEi® objectives of that analysis were to determihehe
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robustness of the model to changes in key modets@and ii) the way in which modifying each of seomodel
inputs influences the simulation results. The gahsimulation setup is presented in Section 5. 3tenarios
of the sensitivity analysis are defined in Secto Finally, Section 5.3 describes the indicatasd to analyze

the simulation results.

5.1. Simulation setup

Freeway characteristics. The simulated freeway stretch is 10 km long ansl theee lanes (median, center and
shoulder). Vehicles enter the freeway at location O; the exit point is at location= 10 km. The freeway
stretch has three sections: i) constant-gradiemntidl section; ii) sag vertical curve; and iii) mstant-gradient
uphill section. The first and third sections haveoastant gradient equal to -0.5% and 2.5%, res@dget The
vertical profile of the sag is equivalent to thdttbe Yamato sag (Tomei Expressway, Japan): thdigma
increases linearly from -0.5% to +2.5%, and thegllenof the vertical curve is 600 m (see Figure The
constant-gradient downhill section is long enougltensure that if congestion forms at the sag, tleug does
not spill back to the freeway entry point. The spémit is 100 km/h for cars and 85 km/h for truoks the

whole freeway stretch. There are no on-ramps,afigs, lane drops or horizontal curves.

Smulation period and traffic demand profile. The simulation period is 100 min. The total traffiemand (on all
lanes) increases linearly from 3000 to 5200 velefivbent = 0 andt = 75 min. Front = 75 min tot = 100 min,
the total inflow stays at 5200 veh/h. Given thatatemand, the demand per lane was defined basedare
flow distribution model presented by Wu [17]. Weedghe same parameter values provided in refel@igdor
three-lane freeways (see Table 6 of that referemogept fora ande on the center lane (we usad 0.39 anck
= 0.30). We slightly modified the values of thosetparameters to make the lane flow distributiordeianore
accurate for Japanese freeways, based on empiatalpresented by Xing al. [10]. Note that after entering

the freeway, vehicles are free to change lanesdardance with the lane change model.

Traffic composition. We defined two types of vehicles (cars and truckglich have different vehicle length (4
and 15 m, respectively). Furthermore, we definedehypes of car drivers (each corresponding tolame) and
one type of truck driver. Defining one type of adiver per lane was necessary to take into accthmt
differences in desired speed and target time headwbveen lanes observed in empirical traffic d8jaThe
parameters of the car-following model and the lemenge model are different for each driver type (Ezble 1).
For the interpretation of the lane change modehmeters, we refer to reference [16]. Table 2 shthes
percentage of vehicles entering the freeway on &awdh that belong to each vehicle and driver tytate that
we defined some parameters of the car-following ehatd the lane change model as stochastic parenteig
a, b, Tg, ¢, Thin for car drivers, andyges for truck drivers). The value of those parametéffers between drivers
belonging to the same driver type. For car drivétese parameters depend on the stochastic facwwhich
differs between drivers (it is normally distributeith meand and standard deviatiagy): Vges= O Viesp; 8= O-
g, b= 0 by, Te= Teo/S c= I Cp; and Trin= Tmino/S. Note that the factodis defined per driver, hence all

stochastic parameters corresponding to a partialri@er are correlated. For trucks, only the dekispeed
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parameter is stochastic. That parameter is assunéé normally distributed with meari 45 and standard

deviationgyges ¢

Data collection system. We placed virtual loop detectors every 100 m lalhg the freeway stretch, on all lanes.

Those detectors measure flow and average speediatheggregation period is 30 s.

5.2. Sensitivity analysis

To perform the sensitivity analysis, we definedaséd scenario and several alternative scenariotheliase
scenario, the model inputs are those defined iti@eb.1. In the alternative scenarios, the modputs are the
same as in the base scenario, except for one of, tibich is changed by a certain percentage. Theifrad
inputs are the vertical curve length),(the maximum gradient compensation rag, the congestion factor on
target time headway), and the sensitivityo the difference between gradient and compengatatient €) (see
Table 3). Note that we also defined a referencaate, in which it is assumed that the sag veriicaze has no
influence whatsoever on the acceleration behaviairvers (i.e.,fy(t) = 0 at any timet). That hypothetical
behavior is modeled by setting the value of theimar gradient compensation rate parameter to a gty
value €, = 999 &), leaving the other model inputs as in the basmado. The reference scenario is used as
input to analyze the traffic data obtained from dmtion (see Section 5.3). Five simulation replmas were

carried out for each scenario.

5.3. Indicators

The key characteristics of the traffic flow patt®mwbtained from simulation were determined by ariafy the
flow and speed data collected by the virtual loetedtors. To analyze the data, we udede main indicators: a)
time-to-breakdown (TTBD); b) average exit flow aftereakdown %.ng; and c) average vehicle delay after
breakdown (AVQgng.

The time-to-breakdown (TTBD) is the time when ti@fiecomes congested at the end of the sag vertical
curve on a lane and this is followed by the forawatdf persistent congestion on the other lanesedis(see, for
example, Figures 2 and 3). As mentioned in Sectidn we consider that traffic becomes congestechvthe
traffic speed goes below a certain threshalg)( The speeds used to calculate the TTBD are thmasesured by
the three virtual detectors (one on each lane}dacatx = 8.2 km (i.e., near the end of the sag verticave).

The average total exit flow after breakdoveg,{y is the average of the total exit flows measuretfthe
time when traffic breaks down (i.e., TTBD) to thedeof the simulation period. The total exit flow angiven
aggregation period is defined as the sum of thedlmeasured by the three virtual detectors (oneawh lane)
located ak = 9.9 km (i.e., near the freeway exit point) dgrthat period. The,ngcan be used as an estimate of
the queue discharge capacity of the bottleneck.

The average vehicle delay after breakdown (A\W[pis calculated as follows:



TTS TTS,

AVD gy =—— (8)

d,cong

where: TTSug is the total time spent by vehicles in the freewtngtch between the time when traffic breaks
down (i.e., TTBD) and the end of the simulationipérin a given scenario; TTis the total time spent by
vehicles in the freeway stretch in the referen@nado during the same time period used to caleudiSong
andNgcongis the number of vehicles that enter the freewayng the time period used to calculate Thg Note
thatNy congiS the same in the target scenario and the referscenario for each simulation replication.

In Eqg. 8, the total time spent is calculated basedhe total demand and exit flows using the method
described in reference [18]. The total demand fiswdefined as the sum of the flows measured bythhee
virtual detectors (one on each lane) locatedat.1 km. As mentioned above, the total exit fisvdefined as
the sum of the flows measured by the three virdigddctors (one on each lane) locatexi=a9.9 km.

Finally, note that the values of the three indicaitlescribed above are expected to be differediffierent
replications of the same scenario, because sonamgters of the car-following and lane change modsis
stochastic (see Section 5.1). Therefore, the behafi driver-vehicle units is not exactly the saineall

replications of the same scenario, which influertmsth the demand profile and the capacity of thitidomeck.

6. Results

This section presents the results of the simulagtoily aimed at testing the face-validity of thafftc model.
Section 6.1 analyzes the main characteristics eftéffic flow patterns obtained from simulatiorecBon 6.2

presents the results of the sensitivity analysis.

6.1. Simulated traffic flow patterns

In Figures 2 and 3, we can observe a typical exampthe traffic flow patterns generated by the siodhose
figures show flow and speed data correspondingn® af the base scenario simulation replicationsthit
simulation replication, traffic breaks downtat 84 min (see Figures 2 and 3a), when total den®ba00 veh/h.
The bottleneck is the end of the sag vertical cysee Figure 2).

The process of congestion formation is as folloWstraffic becomes congested on the median larne (se
Figures 2 and 3a); 2) some drivers move out ofntkelian lane, which causes a temporary increasevwndn
the center and shoulder lanes (see Figure 3b)3atide capacity of the center and shoulder lanexégeded
and traffic becomes congested there as well (sp@rés 2 and 3a). Note that the migration of vekiftem the
median lane to the other lanes causes a tempoeangake in flow on the median lane (see Figure Biet
decrease in flow causes the queue on that lanessolde; however, the decrease in flow is only terapy, so
traffic becomes congested on the median lane agkEw minutes later (see Figures 2 and 3a).

The occurrence of congestion on a lane resultednedsed lane flow (see Figure 3b). The averagkexit

flow after breakdown (which is an estimation of teeue discharge capacity of the bottleneck) isiab600



veh/h, i.e., 4% lower than the total demand (semir€i 3c). As a result, after traffic breaks dowrgugue of
vehicles forms upstream of the bottleneck (see rei@), which leads to increased travel times (therage
vehicle delay after breakdown is 13.6 s).

In conclusion, the traffic flow patterns obtainedrh simulation are similar to the patterns obseliveabal
freeways. The traffic model is capable of reprodgcthe main phenomena that cause the formation of
congestion at sags. The model generates a capadttgneck and reproduces its location quite adetydi.e.,
end of the sag vertical curve), although the sitedldree flow capacity (5200 veh/h) is lower tharempirical
traffic data from the Yamato sag (5400 veh/h) [8].addition, the model reproduces the congestiaiuded
capacity drop, although the magnitude of the dasb)(is lower than in empirical observations (11%j) [The
model also reproduces the process of congestionafioon [1, 8, 9]: congestion starts on the medareland
spreads to the other lanes as a result of lanegelsaflowever, the frequency of lane changes fromgested to

uncongested lanes may be higher than observedpirieah data.

6.2. Sensitivity analysis

The results of the sensitivity analysis show thagll replications of all scenarios: i) trafficdaks down at the
sag, which indicates that the capacity of the sagwer than that of the constant-gradient dowrdslition; ii)
the head of the queue stays around the end ofetieal curve; and iii) congestion causes consider&ravel
time delays. However, there are notable differertete/een scenarios, which means that changingaheys of
L, co, fand yhas an impact on the characteristics of the sitedaffic.

For instance, increasing the length of the verticatve () generally leads to a slightly longer
time-to-breakdown (i.e., traffic breaks down albter, as shown in Figure 4) and a higher queughdige rate
(Figure 5). Consequently, it also results in a loaxerage vehicle delay after breakdown (Figurdr&reasing
the maximum gradient compensation ratg fias a similar effect to that of increasing thegth of the vertical
curve (see Figures 4-6). Instead, increasing thanpeter (i.e., the sensitivity to the difference between
gradient and compensated gradient) has the oppefiet: a higherd generally results in a slightly shorter
time-to-breakdown and a lower queue discharge vetéch causes an increase in AYR) Those findings can
be explained as follows. A longdr (hence a more gentle vertical curve), a greatefhence a faster
compensation of the increase in freeway gradientlisers) and a lower sensitivity to the differertmetween
gradient and compensated gradiefjt educe the negative effect that the increasedaway gradient has on
vehicle acceleration (see Equations 5-7), whictihésmain cause of the changes in car-following bieinaghat
reduce the capacity of the sag (see Section 2x rdsult, congestion starts later in time and theug discharge
rate increases. Therefore, the average queue levithtim the simulation period decreases and thiéidrapeed
within the queue increases, which leads to decde@¢B ong

The value of the congestion factor on target timadway ) influences traffic flow dynamics in a different
way than the value df, ¢, and@. First, as shown in Figure 4, changing the valugasameteryby -10%, -5% or
+5% in comparison to the base scenario does nat hay clear effect on the time-to-breakdown (Figdire
However, if the value of parametgis increased by +10%, congestion starts consitieeslier (around 7 min

earlier on average). Second, increasing the valy@am@metery generally leads to a lower queue discharge rate
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(see Figure 5). As a consequence of the decreasedeqdischarge rate (and the unchanged or shorter
time-to-breakdown), increasing the value of par@amgtesults in higher average vehicle delay after lkaean
(see Figure 6). Those findings can be explainefblémns. A highery means longer headways in congestion;
therefore, increasing the value pfeduces the queue discharge capacity of the daighwesults in increased
average vehicle delay after breakdown. Howevergemsing the value of parametehas little influence on the
time when congestion starts. The average time-¢alatown is only significantly different whers 10% higher
than in the base scenario. The reason why thisredsuas follows. In the other scenarios, some sipaed
regions appear near the end of the vertical cueferb traffic breaks down (see, for instance, FégRy. Those
slow-speed regions dissolve before they causelaraffic breakdown because the inflow is lower rthitne
outflow. However, increasing the value of paramegtaetecreases the outflow from those low-speed regions
which in some cases prevents its dissolution. Assalt, the slow-speed regions cause a full breakdearlier
than in the scenarios with lower valuejoft is important to remark that the magnitudehs tlecrease in queue
discharge rate caused by increasing the value @&npeter yis more pronounced than the magnitude of the
decrease in queue discharge rate caused by inogeth® value offor decreasing the value bfandc, (see
Figure 5). Consequently, the magnitude of the m®eein AVQ.,g caused by increasing the value of parameter
yis also more pronounced than the magnitude ofrtbeease in AVIQ,ng caused by increasing parametsor
decreasing parametdrsandc, (see Figure 6).

Finally, note that the time-to-breakdown differdbstantially between simulation replications belaggto
the same scenario, whereas the variation of theageeexit flow after breakdowrg{,g is much lower. As seen
in Figures 4 and 5, the average standard deviafidine time-to-breakdown in all scenarios is aro8fl of the
mean (7 min), whereas the average standard deviafig..ng in all scenarios is around 0.5% of the mean (30
veh/h). From this we conclude that the variationttef AVD.., Within each scenario is mainly due to the
variation in the time-to-breakdown.

To sum up, the results of the sensitivity analgsiew that the traffic model is capable of reprodgdhe
main characteristics of traffic flow dynamics agsaven if some model inputs are modified to soegrekt.
This indicates that the model is quite robust. Have modifying those inputs does have an influeooehe
characteristics of the simulated traffic, whichesses the need to calibrate and validate the draffidel.
Changing the value df, ¢,, 8 and yinfluences traffic as follows. Congestion tendsstart a bit earlier and be
more severe if; i) the sag vertical curve is shafplkorterl); ii) drivers compensate more slowly for the irage
in freeway gradient (lowety); iii) vehicle acceleration is more sensitive e wifference between gradient and
compensated gradient (highé); or iv) drivers keep longer time headways in aestpn (higher)). It is
important to remark that changing the value of pei@r )y has a larger effect on the characteristics of the
simulated traffic (particularly on the queue disgieacapacity) than changing the valued p€, and 8 by the
same percentage (at least in the scenarios incliddte analysis). This indicates that paramgtehould be
given especial attention during the model calibratralidation process. Finally, the results of Hemsitivity
analysis also show that the stochasticity incongatanto the traffic model (see Section 5.1) hastrang
influence on the time when congestion starts, waeliés influence on the queue discharge capacitthef

bottleneck is less significant.
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7. Conclusions

This paper presented a microscopic model that dejpes traffic flow dynamics at sags. The trafficdelo
consists of two sub-models: i) a car-following mipdend ii) a lane change model. The main noveltyhis
car-following modeling approach. We propose a nawfallowing model that is based on assumptionsuaitiee
way in which sag vertical curves affect longitudidaving behavior that are more realistic thanst@f most
existing models. Our car-following model is basad @ similar principle to that of the model presentey
Oguchi & Konuma [14], which assumes that drivermpensate gradually for the increase in resistaaoe f
caused by an increase in freeway gradient. Howewercar-following model has a more generic forriata

The face-validity of the traffic model was testedreans of a simulation study. The traffic flowtpats
obtained from simulation are similar to the patseotserved on real freeways. More specifically, greposed
traffic model is capable of reproducing the maaffic phenomena that cause the formation of conyest sags,
namely: a) decrease in vehicle acceleration ard Idftanges in car-following behavior; b) low capacif sags
compared to normal sections (the bottleneck bdiegend of the vertical curve); ¢) congestion-inducapacity
drop; d) queue dynamics; e) uneven distributionflofv across lanes in high demand conditions; and f)
migration of vehicles from congested to uncongektads.

A sensitivity analysis indicates that the traffiodel is sufficiently robust to reproduce those mireana
even if some model inputs are modified to some eegHowever, modifying those inputs does have an
influence on the characteristics of the simulatedfit (particularly on the queue discharge capaci the
bottleneck), which highlights the need to calibratel validate the proposed traffic model. Parameséiould be
given especial attention in the calibration/validatprocess. The results of the sensitivity analgdso indicate
potential ways to improve traffic flow efficiency aags. For instance, the severity of congesti@mseto be
lower if the vertical curve is more gentle andiiivérs are able to compensate faster for the negafifect that
the increase in freeway gradient has on vehiclelacation.

The calibration and validation of the traffic modeill require a quantitative comparison of the miode
output with empirical traffic data. Vehicle trajecy data from the Yamato sag (Tomei Expresswayardppre
available (see reference [7]). However, data fradditéonal sites will also be necessary. If possilileose
additional sites should be from other countries amdude sags with different vertical profiles adiferent
number of lanes. After calibration and validatithe model could be used to evaluate the effectaeru#

possible control measures to mitigate congestiGags.
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Table 1 Parameters of the car-following model and the lefmange model (base scenario).

Vehicle type Car Truck
Driver type Car driver 1 Car driver 2 Car driver 3  Truck driver
a, (M/S) 1.25 1.25 1.25 0.50
bo (M/S) 1.80 1.80 1.80 1.50
Teo (S) 1.45 1.20 1.15 1.50
s (M) 3 3 3 3
Veeso (km/h) 100 100 100
Verie (km/h) 60 60 60 60
Co (s 0.00042 0.00042 0.00042 0.00042
o(m/s) 9.81 9.81 9.81 9.81
v () 1.15 1.15 1.15 1.15
F() 0.92 0.97 1.03 1.00
os(-) 0.03 0.10 0.10 0.00
V¥ ges,t(km/h) 85
Giges.(km/h) 2.5
Trino () 0.56 0.56 0.56 0.56
r(s) 25 25 25 25
Xo (M) 200 200 200 200
Vgain (km/h) 70 50 50 70
e (-) 0.365 0.365 0.365 0.365
dgyne () 0.577 0.577 0.577 0.577
dco0p (-) 0.788 0.788 0.788 0.788
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Table 2 Traffic composition.

Vehicle type Car Car Car Truck
Driver type Car driver 1 Car driver 2 Car driver 3  Truck driver

Shoulder lane 90% 0% 0% 10%
Center lane 0% 95% 0% 5%
Median lane 0% 0% 100% 0%
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Table 3. Sensitivity analysis: model inputs in each scienar

L (m) C (sY) %0 o(m/s)
Base scenario 600 0.00042 1.15 9.81
0.90- 600 0.00042 1.15 9.81
Scenarios with 0.95- 600 0.00042 1.15 9.81
modified L 1.05- 600 0.00042 1.15 9.81
1.10- 600 0.00042 1.15 9.81
600 0.90 0.00042 1.15 9.81
Scenarios with 600 0.95 0.00042 1.15 9.81
modified ¢, 600 1.05 0.00042 1.15 9.81
600 1.10 0.00042 1.15 9.81
600 0.00042 0.901.15 9.81
Scenarios with 600 0.00042 0.951.15 9.81
modified y 600 0.00042 1.051.15 9.81
600 0.00042 1.101.15 9.81
600 0.00042 1.15 0.9m.81
Scenarios with 600 0.00042 1.15 0.99.81
modified 8 600 0.00042 1.15 1.0%¢.81
600 0.00042 1.15 1.1®.81
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