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Abstract

Purpose We benchmark three European microscopic simulation software’s ability to reproduce congested patterns
at merges and diverges by comparing their macroscopic outputs to validated analytical formulations. The capacity
drop and, in the specific case of merges, the priority ratio are assessed. At the microscopic scale, the spatial distribu-
tion of lane changes at merges is examined.

Method A single reference state is built for all three simulation tools. A point-based diverge and an extended merge
are reproduced in the simulation tools. Under traffic conditions ranging from free-flow to congestion, vehicles counts
and vehicles trajectories are collected to compute the selected indicators, which help to conclude for the considered
reference state.

Results The considered simulation tools correctly reproduce the merges and diverges elementary behaviors. How-
ever, their default configuration does not, entirely or partially, reproduce the traffic conditions induced by insertions
and desertions as predicted by the analytical models.

Discussion The study could be enriched by including the benchmark of other simulation tools. In addition, the net-
works studied are elementary and may not reflect completely the traffic situations encountered on the highways.

Keywords Traffic flow, Traffic microscopic simulation tools, Benchmark, Merges, Diverges, Capacity drop, Mandatory
lane changes
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1 Introduction

Engineers and public authorities use microscopic simula-
tion tools to anticipate and evaluate traffic scenarios on
specific networks [1-5]. Hence, such projects can be pre-
assessed before deployment on the field, thus limiting the
risk of providing an inadequate answer to the network
situation. Discontinuities like on-ramps, where traf-
fic streams merge, and off-ramps, where traffic streams
diverge, often enmesh a network of highways. They may
act as active bottlenecks, inducing capacity drops and
more delays for passengers [6—9]. Moreover, streams and
lane management have been changing priorities in recent
years. Traffic managers now deal with heterogeneous
streams, as shows the emergence of connected and auto-
mated vehicles [10, 11], or with the dynamic manage-
ment of lanes, as shows the planning of high-occupancy
vehicle (HOV) lanes projects in Europe [12]. These new
priorities raise the question of interfaces, which deal
with merging heterogeneous streams or weaving flows
induced by special lanes activation, the latter relying on
a coupled merging and diverging behavior [13]. Thus,
simulation tools must reproduce correctly the complex
phenomena characterizing merge and diverge operations
to reliably estimate flows or time losses induced by these
discontinuities.

Many traffic microscopic simulation tools are avail-
able nowadays; see [14, 15] for a review. Therefore,
choosing the most suitable for one given traffic crite-
rion is difficult [16, 17]. A benchmark approach, aim-
ing at comparing the outputs of these tools for a test
scenario, seems necessary, thus, to assess their correct
operation concerning this criterion [16, 18]. This criti-
cal approach would also ensure the quality of the simu-
lation tool used with its ability to reproduce the on-field
observed conditions [4, 19, 20]. Authors calling for a
benchmark approach first proposed one that compares
microscopic models based on a performance metric.
Vehicle count data were collected on simple single-lane
networks and used as the benchmark. The chosen met-
ric is the average error, relative to the observations, on
the individual values of travel time [18], gaps between
vehicles [16], or spacing, speed, and acceleration [21].
The set of parameters of the different models is, at the
same time, calibrated on the data, and the selected set
is the one that optimizes the chosen metric. Such a sta-
tistical method for calibration has been used in many
comparative micro-simulation tools studies for more
complex and realistic cases, but not for benchmark
purposes [15, 22—-24]. To our knowledge, no generic
methodology for benchmarking micro-simulation
tools has been developed to assess global traffic behav-
ior. For benchmarks based on empirical data, we can
explain this by the following reason. To perform them,
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it is necessary to make sure that these data describe,
in quantity and quality, the whole set of traffic condi-
tions allowing to assess the comparison criterion [25,
26]. Moreover, such data are difficult to collect when
the considered networks are simple or when the ground
study is not of correct sizing. Thus, instead of empirical
data, the use of validated analytical formulations based
on the kinematic wave (KW) theory [27, 28], which
has shown its relevance in traffic modeling, might be
practical.

Also, global traffic behavior must be assessed on a
macroscopic scale. Indeed, even if microsimulation
software is used to reproduce the individual behavior of
vehicles, those tools combine various sub-models, e.g.
the car-following (CF) or lane change (LC) ones. Thus,
globally assessing the simulation tools’ results means
considering their sub-models operations and interac-
tions [29]. This global operation is checked at the mac-
roscopic scale, which matches the traffic flow scale. The
variables related to this scale are the flow, the density
and the flow speed. From those variables, it is possible
to assess the capacity drop prediction ability and, for
the merges, how the supply is shared, which help to
analyze the operation of simulation tools.

The objective of the paper is twofold:

+ first, we propose a methodology to assess traffic
microsimulation tools’ validity in correctly predict-
ing global traffic behavior in the bottleneck sec-
tions of urban highways. More precisely, we focus
on point-based diverges, i.e. one lane leading to two
different lanes), and on extended merges, i.e. two
different lanes leading to a two-lane edge reduced
downstream to one lane. This methodology consists
in comparing the microsimulation tools’ results
with recognized analytical formulations,

+ second, this methodology is applied to three exist-
ing tools. Two open-source ones, SymuVia and
SUMO, and one commercial, Aimsun, are chosen
for a market-representative pool. For the sake of
conciseness, no more tools are considered.

Figure 1 provides a graphical conceptual summary of the
approach taken in this article.

The paper is divided as follows. Section 2 presents the
three chosen simulation tools and their configuration for
common test cases. Section 3 deals with a description of
merge and diverge operations and a presentation of the
chosen related analytical formulations. In Sect. 4, the
indicators produced by all simulation tools are compared
with the analytical formulations. Finally, Sect. 5 presents
a conclusion and a discussion.
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Fig. 1 Methodology and contribution of the paper

2 Presentation and operation of microscopic
simulation tools
2.1 How microscopic simulation tools reproduce traffic
flow situations
In practical terms, microscopic simulation tools repro-
duce how vehicles move along a network through the
numerical discretization of traffic flow models. To do
so, they rely on the modeling of the two components of
this phenomenon [3]: (i) the assignment model, describ-
ing how vehicles are distributed over the different paths
of the network, and (ii) the traffic flow model, describing
how vehicles progress in the network.

The assignment component relies on an origin—desti-
nation matrix summarizing the number of vehicles going
from one specific entry zone to one specific exit zone
for a given time period [30]. This component will not be
detailed further as the users’ assignment in the highway
discontinuities dealt with here is the simplest possible.

The traffic flow component reproduces the driving
behavior of each network user, i.e. at a microscopic scale.
These microscopic behaviors are studied under the lens
of CF models, LC models, and drivers’ heterogeneity,
three components explicitly implemented in every simu-
lation tool.

2.1.1 Car-following models

CF models determine how vehicles longitudinally fol-
low one another on a roadway. This behavior depends on
the traffic situation: in free flow, they adopt their desired
speed, whereas, in congestion, they maintain a safe dis-
tance from their leader, acting on their acceleration. As
these models focus on a driver’s reaction to the in-front

* except for SUMO
** except for SUMO (basic mode)

vehicle’s actions, various criteria can group CF models
into a family of models [31, 32].

An intuitive approach is to characterize the driving
psycho-physically. To do so, human factors CF models
consider such factors as socio-economic characteristics,
aggressiveness, driving style sensitivity, or field of vision,
which are directly related to the driver [33]. Some of
these models are based on different perceptual thresh-
olds for triggering acceleration, or deceleration [34, 35].
Others are visual angle based and rely on the fact that
humans estimate angular changes better than longitudi-
nal distances [36, 37]. Finally, models consider imperfec-
tion of the driving, especially the physiological state of
the driver, e.g. fatigue and distraction [38, 39].

Taking all human factors into account can be demand-
ing and laborious. Thus, another family of models con-
siders the analysis of human behavior captured in the
vehicle’s kinematic equations. They are called phenom-
enological models. Among them, one can mention the
first-developed response-stimulus models [40, 41]. They
tend to describe the resulting acceleration of the fol-
lowing vehicle as a response to the stimulus, which is
the relative speed change. Models in which each vehicle
seeks to reach its desired speed while maintaining a large
enough gap with the in-front vehicle, to avoid a crash if
this one suddenly brakes are safety distance—or collision
avoidance—ones [42, 43]. Finally, other models aim to
adapt the following vehicle’s speed depending on its spa-
tial headway and relative speed; they are called optimal
velocity models [44, 45].

However, it is usually not trivial to establish the mac-
roscopic formulation of a CF model that is based on
human factors or that is phenomenological. This makes
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it difficult to understand the consequences of behavioral
parameters on the traffic flow. For this reason, Newell
[46] proposed an original CF model with a macroscopic
law that explicitly solves the Lagrangian KW model with
a triangular fundamental diagram (FD).

When presenting the simulation tools in Sect. 2.2, we
will focus on the CF models thereof.

2.1.2 Lane change models

Vehicles’ lateral interactions can be distinguished
between discretionary LCs and mandatory LCs [47, 48].
Discretionary LCs occur when a driver considers that
traffic conditions on the target lane are more beneficial
than the ones on its current lane, e.g. when a truck is in
front of the vehicle. Such “comfort” considerations dif-
fer from one driver to another, making the LC choice
triggering complex to model. After that, the driver
checks if the LC can be achieved in complete safety.

Mandatory LCs occur when drivers must change
direction to reach their destination, e.g. near highway
discontinuities. Some models are based on the game
theory, where the decision-making process is mainly
based on the collision risk, and very few others on dis-
crete choices. However, most of the existing models are
based on the acceptance gap theory [3, 49, 50]. It states
that if the inserting-in offered gap is larger than a driv-
er’s specific threshold, i.e. large enough to ensure a safe
maneuver, then the maneuver is carried out.

Such processes, discretionary and mandatory LCs,
are partly based on various parameter thresholds that
differ from user to user. It is thus complex to model.
The simple diverge and merge operations dealt with in
this article induce mandatory LCs only. Thus, manda-
tory LCs modeling only will be detailed when present-
ing the simulation tools’ models.

2.1.3 Drivers’ and vehicles’ heterogeneity

Drivers’ and vehicles’ heterogeneity deals with how
traffic parameters used for the modeling may vary from
one driver-vehicle couple to another. This variability
applies all the more to the microscopic scale because
drivers’ behaviors and vehicles’ characteristics are dif-
ferent [51]. Since traffic flow comes from the sum of
individual behaviors, the induced stochasticity may
result in significantly different macroscopic traffic states
from the expected ones. It might explain phenomena
such as capacity drop, traffic hysteresis, or stop-and-go
waves [52—54]. Also, when it comes to simulation soft-
ware, implemented CF and LC models intend to incor-
porate this heterogeneity. It is worth noting that along
with numerical errors and randomness, the way those
models process microscopic parameters is a source of
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uncertainty. Thus, simulated outputs remain uncertain
too [29].

2.2 Presentation of the three microscopic simulation tools

The simulation tools are presented together with their
default CF and LC implemented models and default
insertions and desertions computation. The building of
a single reference state, to compare their results on a
common basis, is also presented.

2.2.1 The need for a shared macroscopic basis

As three simulation software are compared, they need to
be used on a common basis, i.e. parameters related to the
CF models only are calibrated, and the other ones keep
their default value. Variability for those critical param-
eters is not considered, as the analytical models used for
the benchmark do not explicitly account for it; see part 3.
This calibration of microscopic parameters is carried out
to approach the macroscopic values of Table 1 for each
simulation tool, ensuring traffic flows similarly between
the three tools.

Three parameters common to all the tools are of inter-
est: the desired speed u, the minimum spatial gap g, and
the minimum relative' headway 7. Note that in Aimsun
and SUMO, the models decompose g into two terms, the
vehicle length / and the relative minimum gap gmin, SO
that ¢ = [ + gmin. Table 2 presents the parameters imple-
mented in the simulation tools. According to the logic of
sharing the same macroscopic basis, they were derived
from Newell’s CF model, which is a macroscopic law one:
thus,u = U, g =1/Kandt = 1/KW.

To assess the macroscopic behavior, the FD is checked
for each simulation tool, as presented in Fig. 2. In the
three cases, the simulated FDs coincide with a triangular
one [55] matching with Table 1’s parameters, of equation
k +—— min (Uk ; W(K — k)). Thus, the calibration does
not need to be expanded further.

2.2.2 SymuVia

SymuVia is a French open-source simulation tool being
developed since 2005 by the Laboratoire d’Ingénierie
Circulation et Transports—Eco-gestion des Systémes
Energétiques pour les Transports [56]. The imple-
mented CF model is adapted from Newell’s model [46].
Authors of [57] improved this model by taking into
account bounded accelerations, relaxing the original
assumption of infinite acceleration ability, and by intro-
ducing the relaxation effect with the parameter ¢. This
parameter is the speed difference of a driver upstream
of an inserting vehicle that accepts a smaller insertion

! “Relative” refers to bumper-to-trunk values.
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Table 1 Macroscopic expected parameters

Parameter Notation Value

Free flow speed u 70 km/h
Backward wave speed w 194 km/h
Jam density (one lane) K 150 veh/km
Capacity (one lane) ax 2282 veh/h

Table 2 Microscopic parameters modified in the simulation
tools

Parameter Notation Value
Desired speed (of vehicle /) u () 70 km/h
Vehicle length (of vehicle /) 1(l) 5m
Minimum relative gap Gmin 1.67m
Minimum relative headway T 1235
Maximum acceleration (of vehicle /) al(aj) 3 m/s?

gap than the equilibrium one. This difference applies
until the equilibrium gap is reached. The position
of vehicle i, preceded by leader vehicle i — 1, at time
t + At is expressed as:

xi(t + At =min (7€ + A0 xCe+AD) ()
with the free-flow component:

xFE(t + At) = x;(¢) + min (u; ; vi(t) + aAt)At
and the congestion component:

xSt 4 At) =xi_1(t) + vie1(t + At)At
AN;(t + Af)
Kvi—1(t + At))
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where AN;(t + At) is the difference of cumulative vehi-
cles between vehicles i —1 and i at time ¢+ At:
ANi(t + At) = min(1; Y x AN;(#)), with T = (1/K@i_1(t)
+vi1(t+ At—vi_1(t) + &) ADK (vi_1(t + At)). K(v) is the
congestion density associated to speed v: assuming a tri-

angular FD, K (v):=

+ vt

The LC model isgan adaptation of [58], described in
[57]. It is an extension to the KW model, to the extent
that each lane obeys a conservation equation including a
creation/desertion flow term related to vehicles changing
lanes. The mandatory LCs decisions are probabilistically
implemented in the model with, in the creation/desertion
flow term, a fraction of vehicles having to change lanes
per unit of time equaling the inverse of the simulation
time step value. The change is then carried out depending
on the capacity of the receiving lane. Relying on the mov-
ing bottleneck theory, and in relation with Newell’s CF
model described above, this model also avoids the over-
reaction effect, i.e. the fact that inserting vehicles make
their following vehicle instantly stop, in the target lane,
due to a spatial gap shorter than the equilibrium one.

2.2.3 Aimsun

Advanced Interactive Microscopic simulation tool for
Urban and Non-Urban Networks is a Spanish commer-
cial simulation tool being developed since 1986, now
part of Yunex Traffic, owned by Atlantia [59]. Barcelé
and Casas [60] describes the implemented CF model. It
is an adaptation of Gipps’ one [43], which is a safety dis-
tance model. This safety distance is derived from ballistic
mechanics laws, assuming vehicles have a constant decel-
eration, as the distance covered by a vehicle if its leader
suddenly stops. This derivation leads to calculating a safe
speed that operates congested phases.

(a) SymuVia (b) Aimsun (c) SUMO

2000 A 2000 - 2000 -
=

= 1500 - 1500 - 1500 -
()
2

g 1000 - 1000 - 1000 -

500 A 500 - 500 -

0 T T T 0 T T T 0 T T T T
0 50 100 150 0 50 100 150 0 50 100 150

density (veh/km)

X simulated points —— theoretical triangular FD

Fig. 2 Comparison between the simulated fundamental diagrams and a triangular theoretical one
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The speed of vehicle i at time ¢ + At is expressed as:
vi(t + At) = min (VL»FF(t + At); vic(t + At)) (2)
with the free-flow component:

103
0.025 + L()
Ui

i(t
V(L + AL) = Z.SaiAt<1 _ ul )
Uuj

and the congestion component:

Vet + AL) = ((biAt)z + bi[2(xi1(8) — i — x;(2))

1/2

1 (t 2

vyt 4 110 D — biAt
b

where:

« b; is the maximum deceleration of vehicle i, in abso-

lute value,

. b;;l is the estimated maximum deceleration of the

leader, in absolute value,
Then, position of vehicle i is derived as
xi(t + At) = x;(t) +vi(t + At)At.

The implemented LC model is an improvement of
Gipps’ one [61], described in [60]. Concerning man-
datory LCs, the model is based on the gap acceptance
theory. It divides the section upstream of the LCs posi-
tions into three zones, mandatory LCs modeling mainly
acting on the downstream one. In this zone, LCs are car-
ried on only if the braking of the upstream vehicle in the
new lane, induced by the inserting vehicle, is safe enough.
By the logic of Gipps’ CF model, this occurs if the brak-
ing distance and a safety margin specific to the inserting
vehicle allow for avoiding a collision with the follower.
The main difference with Gipps’ original LC model is that
in the downstream zone, drivers having to change lanes
that already waited for more than a threshold time can
get impatient and thus reduce their safety margin. The
model was also adapted in Aimsun to include courtesy
behavior: in the case of on-ramp merges, a fixed propor-
tion of vehicles in the target lane adapt their driving to
offer a large enough safe gap to a vehicle willing to insert.

2.2.4 SUMO

Simulation of Urban MObility is a German open-source
simulation tool being developed since 2001 by the Ger-
man Aerospace Center [62]. Various CF models are
implemented in the simulation tool, but the default and
most used one is adapted from Krauf’ [63]. This is a safe
distance model, the main difference with Gipps’ being the
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integration of drivers’ imperfection in congested phases,
making the speed lesser than expected. Following [64],
the speed of vehicle i at time ¢ + At is expressed as:

vi(t + At) =V — ro min (17; aAt) (3)

Here, v:=min (VLFF (t+ AL) ; vic(t + At)), with the free-
flow component:

va(t + At) = min(v;(t) + alAt ; u;)
and the congestion component:

vE(E+ AL =vi1 (t)
n xi1() — i —xi(t) —vi1 (DT
Vi—l(tz)l;f-vi(t) +1

where:

« b is the maximum deceleration, in absolute value,

« o0 is a fixed value in [0; 1] capturing the drivers
imperfection, together with the random value r uni-
formly distributed in [0; 1]. Note that if equation 3
returns a negative value due to the distribution of r,
a null value is returned when updating v;. Under the
assumptions of 2.2.1, ¢ is set to 0 in our simulations.

As for Gipps’ model, position of vehicle i is then derived
as w; (t + At) = x;(t) + vi(t + At)At.

The implemented LC model is described in [65]. Just
as in Gipps’ LC model, the mandatory LC of an insert-
ing vehicle is carried out only if the gap chosen by this
vehicle is large enough to induce that the speed of the
upstream vehicle on the new lane is safe enough to pre-
vent a collision. This mandatory LC is triggered depend-
ing on its urgency, based on the target lane’s density,
the distance before the obstacle in the route, and the
vehicle’s speed when approaching this obstacle. Sup-
pose the LC cannot be carried out; the model checks if
the inserting vehicle’s speed has to be adjusted because
blocked by its leader in its departure lane. Next, the
model checks if the speed of the upstream vehicle on
the new lane has to be adjusted to offer a large enough
gap to the inserting vehicle.

It is also important to note that concerning operating
merges, SUMO provides an explicit easy-to-configure
mode aiming to reproduce the zipper effect of the New-
ell-Daganzo operation model (see part 3.2), which will
also be dealt with in our cross-comparison. As a conse-
quence, we will present, for SUMO, the merge results
when this mode is active, referred to as the zipper mode,
and when it is not, referred to as the basic mode.
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Table 3 Notations used for the diverges and merges modeling

Definition Notation
Proportion of diverging vehicles B
Downstream bottleneck capacity on lane i G
Merge/priority ratio o
Demand (demand on lane /) 2 (A)
Effective flow (effective flow on lane i) q )

3 Analytical modeling of traffic discontinuities
After presenting how simulation tools process insertions
and desertions, the analytical modeling of their result-
ing macroscopic effects is examined. Table 3 sums up the
notations of the models.

3.1 Point-based diverges analytical behavior

A predetermined two-lane choice between exit 1 and
exit 2 of potentially different capacities—see Fig. 3a—is
offered to drivers, 8% of them choosing lane 1. As there
are two downstream lanes and only one upstream, it is
crucial to set up traffic conditions that induce conges-
tion. Indeed, if one of the lanes is congested, congestion
goes backward until the upstream lane. To determine
the effective flows in such a case, Newell [66] suggested
the first in, first out (FIFO) rule. It stipulates that the
vehicles’ order of appearance at the diverging point is
the same as the one upstream of this point or that the
travel times upstream of the diverging point are the
same, whatever the destination is.

A graphical tool describing traffic operation for a
diverge that integrates the FIFO rule, referred to as the
diverge diagram, is presented in [67] and exposed in
Fig. 3a:

« the free-flowing operation corresponds to zone 1
and is observed when the demand 4 does not exceed
the minimum capacity of the three lanes. Then, the
operation point is (g1 = B4; g2 = (1 — B)A),

+ else, the congested operation holds:

« if B is too low so that lane 2 is congested, i.e.
M:=B. < Cy; and A3:=(1 — B)A > Cy, then the
operation point is (g1 = %CZ; q2» = Cy). This is
graphically detailed on Fig. 3a,

+ by symmetry, if B is too high so that lane
1 is congested, then the operation point is
(1 =Ciiq2 = %Cll

Although synthetic, this modeling does not incor-
porate on-field observed phenomena occurring near
the diverge point, like lower speeds [68-70]. These
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phenomena can induce a capacity drop [70]. To fill this
gap, [71] developed an analytical formulation based
on the moving bottleneck theory [72, 73], validated
with micro-simulations. It captures vehicles’ antici-
pation before changing lanes to get the right path,
reflected by lower speeds upstream of the diverging
point. This anticipation then induces an in-front void
that may cause a capacity drop. In addition to these
microscopic considerations, most highway diverges
are located on multi-lane highways. Authors of [6, 70]
observed empirically that, in this case, the FIFO rule
does not stand, as upstream vehicles can change lanes
and will not be blocked anymore, impacting the capac-
ity. Finally, note that this point-based diverge setup was
also chosen to ensure no discretionary LC is triggered,
permitting the comparison of simulation tools on a
simple basis.

3.2 Extended merges analytical behavior

The general principle of the merge modeling is to dis-
tribute the downstream capacity C™ on lanes U and R,
according to the demands Ay and Ar. One of the most
used is the Newell-Daganzo model [74, 75], for its
simplicity.

This model is synthesized in Fig. 3b. Given the
demands, each lane is allocated effective flows gy and
qr, which may be lower than the demands, as the sum
of the demands may exceed the effective capacity of
the merge. The allocation is based on a projection of
demands on the downstream capacity curve, param-
eterized by C™. This is shown in Fig. 3b in the simple
case where the merge capacity equals g4, a priori an
exogenous parameter. Lane R inserts on lane U, with a
merge ratio «. The merge ratio definition also has been
discussed, but, on a theoretical basis, some authors
claim that this is the ratio of the effective upstream
capacities [76]. As those capacities are known to be
proportional to the number of lanes, a good approxima-
tion of « is the ratio of the number of lanes, as experi-
mentally proven by [77]. Note that this does not hold
when downstream traffic conditions impact the merge
[78], which is not the case in our framework.

The allocation then depends on the demand on each
lane:

+ while the sum of the demands does not exceed the
merge capacity, each demand is satisfied, and the
projection function is null (i.e. the operation point is
(qu = Au; qr = /R)), which corresponds graphically
to zone 1,

« if the sum exceeds the merge capacity, then at least
one upstream lane is congested:
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Fig. 3 Diverge and merge analytic behaviors: a diverge diagram [67] with constant downstream and upstream capacities and b Newell-Daganzo

diagram [74, 75] in the case the downstream capacity is constant (C™ =
networks

« if lane R is congested and if lane U is free-flow-
ing, then the projection function acts on the
demand of lane R, which cannot be satisfied,
unlike the one of lane U (i.e. the operation point is
(qu = 4u; qr = C™ — Ayu)), see zone 2 on Fig. 3b,

+ by symmetry, we have, for zone 4, the operation
point (qu = C™ — Ar; qr = AR),

« if both lanes are congested, only one operation
point is possible, and all demands are projected on
it: it is such as gr = aqu, see zone 3.

This model reflects the fact that when both lanes are
congested, vehicles from upstream lanes enter the down-
stream lane each in turn, the frequency of the giveaway
being determined by the merge ratio. This is called the
zipper effect [78]. Following Fig. 3b, the higher the «, the
higher the priority of lane R vehicles.

Although very simple, this model is in adequacy with
empirical observations on highway loops [77, 79-81],
whether for the priority ratio existence in general conges-
tion or the share of the capacity when only one type of
lane is congested.

However, the Newell-Daganzo model does not cap-
ture the capacity drop observed at highway merges. Such
drops are documented for several decades and can reach
more than 20% [8, 82, 83]. The source of the drop has been

gx); with their and allocation schemes, and associated notations and

discussed a lot, as various microscopic phenomena could
induce a drop: acceleration after lane change that can cre-
ate voids; heterogeneity in gap acceptance; length of the
merge and distribution of insertions; or different insertion
speeds [7, 58, 84]. Authors of [7] developed an analyti-
cal formulation of the macroscopic capacity curve based
on the variational theory [85]. This modeling extends the
Newell-Daganzo model by capturing the microscopic
behaviors dealt with beforehand. It was validated with a
set of on-field data from sensors of a British highway, pro-
viding speeds and flows to identify congested situations
that were found to fit the developed analytical model.

4 Simulation tools and traffic discontinuities
operation: cross-comparison

4.1 Methodology

The simulated diverge and merge are shown in Fig. 4. The

networks are identical for all simulation tools. Simulated

sensors provide, every 15 s, the values of flow, density

and speed.

4.1.1 Generating the diverge operation results
To examine the diverge macroscopic operation, conges-
tion is gradually generated in the network. To do so:
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+ the upstream lane inflows at capacity, but as both
downstream lanes capacity is g, we need to imple-
ment, on one lane—lane 1 here—, a bottleneck of
capacity C; < gx to examine the congested opera-
tion of the diverge. Thus, we produce various diverge
diagrams by taking 5 values of C; from O veh/h to
qx, with a 25% increase from one value to another.
To avoid a complete gridlock, instead of 0 veh/h, we
arbitrarily chose a value of 3% gy,

« for each value of Cj, one step accounts for a value of
B, from 0 to 100% with a 25% increase from one step
to the next,

« for each step, 15 replications of one hour of traffic are
simulated,

+ every selected flow is the mean of the flow during the
15 last minutes.

Note that we did not consider the reverse case where the
bottleneck is located on lane 2 because of the problem’s
symmetry.

4.1.2 Generating the merge operation results

To examine the extended merge macroscopic opera-
tion of simulation tools, i.e. the downstream supply
sharing and the capacity drop, congestion is gradu-
ally generated on the network. A synthetic way of
retrieving such indicators is the Newell-Daganzo
diagram. To create it, the following methodology is
considered:

+ the main lane inflows at capacity,

+ the on-ramp lane uniformly increases its inflow from
null to capacity by 10 steps (excluding the step in
which the inflow is null),

« for each step, 15 replications of one hour of traffic
flow are simulated,

+ to be sure a potential warm-up phase has elapsed,
every selected flow is the mean of the flow during the
15 last minutes.

Note that we did not consider the reverse case where the
on-ramp would be inflowing at capacity and the main
lane would increase its inflow because of the problem’s
symmetry.

To illustrate our results, we will also focus on specific
configurations. There are three of them:

(a) a free flow case (Ay = Ar = 500 veh/h), referred to
as FF/FF,

(b) a case where the upstream lane only is congested
(Au = gxand AR = 0.3¢y), referred to as CC/FF,

(c) and a case where the upstream and on-ramp lanes
are congested (Ay = AR = qx), referred to as CC/
CC.

4.2 Entrance time headways distribution
Before investigating macroscopic behaviors of simula-
tion tools, we find it relevant to compare the way they
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generate vehicles at the entrance of a network, as the
time headways distribution may contribute to a capacity
drop near highway discontinuities [7, 71].

Among the different distributions that can be imple-
mented for entrance time headways, the exponential
one fits best with on-field observations [86, 87]. More
precisely, the time entrances of vehicles follow a Poisson

process so that the headways follow an exponential dis-
tribution. We then configured the simulation tools so
that the distribution of entry headways is exponential, in
which the mean equals the inverse of the demand. Note
that SUMO explicitly generates vehicles following a Ber-
noulli process, which asymptotically converges to a Pois-
son process.
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The way vehicles are generated in a free-flow situation
is now deeper investigated. Figure 5 presents the cumula-
tive distribution of simulated net headways for two free
flow demands and two sensors 95 m apart. The first one
is located at the entrance of the network. The considered
network is a simple lane of capacity g, = 2282 veh/h (see
Table 1), where the demand inflows during one hour.

For each simulation tool and both levels of demand,
there is no significant difference in the observed distribu-
tion. This means that the implementation of CF models
in the simulation tools does not induce spatial variabil-
ity on the headways. No simulated headway is lesser than
1/gx, which is a minimum headway. This is consistent
with the three CF models implemented, whether Newell’s
one or collision avoidance ones, as the models consider
the leader to be distant from its follower a sufficient dis-
tance. Consequently, for a low demand with 500 veh/h,
the resulting headways distribution should be a 1/gy
-shifted exponential distribution [86]. However, look-
ing at Aimsun and SUMO’s cumulative distributions, see
Fig. 5b, ¢, all values of headways less than 1/g, are pro-
jected on the value 1/gj.

Finally, headways deviate from an exponential distribu-
tion for a higher demand of 1500 veh/h and are gathered
around the minimum headway. Indeed, as more vehicles
are in the network, large headways are scarce [88].

4.3 Point-based diverge operation results

Figure 6 presents the diverge diagrams for each simula-
tion tool, according to the methodology of Sect. 4.1.1.
As the simulated flows are projected on the grey dotted
lines in Fig. 6, the diverging flows are consistent, so the
operation is correctly reproduced (result 1.1). However,
no significant capacity drop is observed for any simula-
tion tool, as the theoretical shape matches with simulated
effective flows for both free-flowing and congested cases
(result 1.2). This means that the deceleration assigned
to lane changes anticipation [71] is not implemented in
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the simulation tools for the simple case of a point-based
diverge (result 1.3). We however do observe a slowdown
of vehicles aiming to diverge in Aimsun, but as high-
lighted by Fig. 6b, it does not induce a drop.

4.4 Extended merge operation results

4.4.1 Macroscopic operation results

To introduce the macroscopic results, Figs. 7 and 8 pre-
sent, for each simulation tool, the speed and flow time
evolution for the three sensors in the network (see
Fig. 4b). They match with traffic cases FF/FF, CC/FF and
CC/CC described in 4.1.2. For each simulation tool and
traffic case, values are the ones of a single simulation.
The curves are smoothed with an aggregation period of
2 min. Note that the same random seed was taken for
both SUMO modes to compare them on the same rep-
lication. Expected flows are the theoretical ones derived
from (7], incorporating capacity drop effects. The speed
analysis in Fig. 7 shows that simulation tools reproduce
the merge operation correctly. Indeed, when the traffic is
free-flowing, the simulated speeds are close to the free-
flow speed, while when it is congested, the speed is lower
than the free-flow speed. We can notice, in the second
row, that speeds on the on-ramp lane exceed the free-
flow speed in SymuVia. It may be related to the default
operation of this simulation tool when a vehicle coming
from the on-ramp lane inserts, overtaking vehicles on the
upstream lane.

When it comes to flows, note that in Fig. 8a, b, the
flow fluctuations are caused by the departures head-
ways exponential distribution. Also, when the upstream
lane only is congested (Fig. 8b), the downstream flow
is more or less constant of near-g, value. It is not the
case for Aimsun, the flow being less than g, on average
and fluctuating more. Finally, in all general congestion
situations (Fig. 8c) the flows remain more or less con-
stant. No capacity drop is observed for SUMO. SUMO’s
basic mode operation shows an on-ramp lane flow

(a) SymuVia (b) Aimsun (c) SuMO analytical flow, for:
— C1= Qqx
2000 —— C1=3/4qx
< —— C1=qu2
_C
[ 1500 — Ci1=q4/4
g —— C1=3% qx
= 1000
i o B=100%
[0
s 500 & B=75%
S o B=50%
_ o o[ _ > © B=25%
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000 O B=0%

lane 2 flow (veh/h)

Fig. 6 Cross-comparison of the simulated diverge diagrams
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larger than the upstream lane one, which is not consist-
ent with what is observed on-field [77]. However, flows
time evolution is different with Aimsun, which shows
fluctuations, although of lesser amplitude and fre-
quency than in a free-flow state. As the capacity drop
may be caused by various individual behaviors related
to the physics of insertions, and as Aimsun is the only
simulation tool capturing a significant capacity drop, it
can be considered that such fluctuations are the hall-
mark of that drop.

Figure 9 provides a more global view with the cumu-
lative flows associated to Fig. 8. Note that a cooldown
period is observed after 60 min, so all the demands are
null. This first allows to verify that the simulation tools

inflow all the demanding vehicles, storing the ones that
cannot enter due to congestion just upstream of the net-
work’s entry. Second, in the congested cases, the cumula-
tive flow counts are bounded between a curve where the
capacity drop is not considered and a curve where it is,
derived from the model of [7]. In light of these bound-
ings, the macroscopic behavior of the simulation tools
looks consistent, with Aimsun showing a higher capacity
drop in congested cases (rows 2 and 3). However, when
both lanes are congested (row 3), SUMO’s basic mode
shows higher cumulative vehicle counts on the on-ramp
lane than when there is no drop.

To have a more detailed and precise analysis of these
phenomena and to quantify them correctly, Fig. 10



Boukhellouf et al. European Transport Research Review (2023) 15:12

Aimsun

SymuVia
1600 - 1600 -
1400 -
1200 -

1000 1

(a) FFIFF

800 1

600

400 -

200 1

Page 13 of 20

SUMO (basic mode) SUMO (zipper mode)

1600 - 1600 -

2250 A
2000 1
1750
1500 -
1250

flow (veh/h)
(b) CCIFF

1000 -
750
500 -

250

2200 A
2000 A
1800 A
1600 -
1400

(¢)cCrce

1200 A

1000 -
800 o

600

time (min)
R " flow  eeee expected flow  oeeee- expected — 4 " fow e expected
upsiream fow upstream flow on-ramp flow on-ramp flow ownstream flow downstream flow

Fig. 8 Flows evolution for one simulation, when a both lanes free flow; b upstream lane is congested and on-ramp lane free flows; ¢ both lanes are

congested

presents the Newell-Daganzo diagrams for each simu-
lation tool, according to the methodology of Sect. 4.1.2.
From these diagrams comes Table 4, giving the meas-
ured capacity drop in general congestion and the merge
ratio. We can notice that the four simulation tools con-
figurations (SymuVia, Aimsun, SUMO’s basic mode, and
SUMO’s zipper mode) can be grouped into two fami-
lies of merge behaviors. Both respect the fact that the
demand is projected on the capacity curve due to the
downstream supply restriction. Thus, the macroscopic
operation of merges is correctly implemented in every
simulation tool (result 2.1).

+ The first family of behaviors gathers SUMO’s results;
see Fig. 10a, b. It is characterized by the absence of
significant capacity drop when congestion appears,
as the downstream theoretical capacity is shared
between the upstream lane and the on-ramp lane.

This operation coincides with the theoretical zip-
per model. In the zipper mode case, the share of
the downstream capacity is fair, as the merge ratio
equals 1, which is the ratio of the number of lanes
of the main way (one) and the one of the on-ramp
way (one), what is consistent with on-field data [77].
However, as perceived in Fig. 9, in the basic mode
case, the merge ratio is larger than 2. This means that
more than two-thirds of the vehicles come from the
on-ramp lane. Such a value is too high and unrealis-
tic, as priority is therefore not given to the upstream
lane vehicles (result 2.2).

+ The second family of behaviors matches with Symu-
Via and Aimsun’s results; see Fig. 10c, d. In this case,
the capacity drop is observed (result 2.3), even if
lesser than the one predicted by [7]’s analytical model
when both lanes are congested. It is worth noting
that for SymuVia, the drop appears for higher values
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of demands. Lastly, the merge ratio is about 1, which
is a consistent value as it matches the ratio of the
number of lanes [77].

4.4.2 Lane changes positions distribution

Finally, for the merges, the spatial distribution of LCs
is analyzed. Indeed, the variability of this microscopic
behavior can have consequences on the congestion’s
dynamic [7]. Still, with the objective of benchmarking the
micro-simulation tools, the parameters of the LCs mod-
els implemented in each simulation tool are the default
ones.

To introduce this analysis, Fig. 11 shows the vehicles’
trajectories on the LCs area of the network of Fig. 4b.
Two simulations are considered. They correspond to
cases CC/FF and CC/CC. First, we observe that vehicles
insert in the last 20 ms for SymuVia and both SUMO’s
modes, while insertions are more distributed on Aimsun.
Second, congestion occurs where on-ramp lane vehicles
insert. This is demonstrated by the slowing down of vehi-
cles coming from the upstream lane and the propagation
of shock waves induced by these insertions.

To go further, the variability in LCs positions is inves-
tigated by representing their distribution; see Fig. 12.
As the insertion process differs whether congestion is
significant or not [47, 89], the three cases FF/FF, CC/FF,
and CC/CC were considered. The simulation times were
adapted so that for each simulation tool and each traffic
situation, approximately 1500 insertions make up one
distribution. Also, note that the shape of the distribution
does not change with the size of the insertion edge. Thus
we only give and detail the results of the baseline case
with a length of 100 ms.

Every LC in SymuVia is located in the last 20 ms of
the insertion zone, the LCs getting closer to the end of
the zone when the congestion gets severe on the on-
ramp lane. Aimsun’s results show that LCs are distrib-
uted all over the insertion zone, even if closer to the
entrance in a free-flowing operation. However, it should
be noted that in congestion, many vehicles change
lanes at the end of the zone. A possible explanation is
that drivers could not encounter any large enough gap
before. In SUMO’s basic mode, LCs are closer to the
beginning of the zone in free-flowing conditions and
more distributed in congestion. Finally, SUMO’s zip-
per mode results are the opposite of SymuVia’s, as LCs
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Table 4 Main simulated macroscopic outputs for the merge operation

Simulation tool

Maximum capacity drop (%)

Average capacity drop in general congestion Merge

(%) ratio
SymuVia 7.04 6.97 1.00
Aimsun 17.16 16.71 1.09
SUMO (basic mode) 378 1.24 231
SUMO (zipper mode) 1.72 1.13 1.00
Analytical modeling from (7] 2557 2557 1

are concentrated at the end of the zone when traf-
fic conditions get free-flowing. However, on-field data
on European highways show that the most congested
the on-ramp lane, the less distributed and the closer
to the beginning of the insertion section the LCs [15,
47]. Thus, as this is not observed in the simulated
results, the chosen simulation tools, with their default

operation, do not reproduce LCs accurately (result 2.4).
However, these remarks will have to be confirmed by a
comparative analysis with on-field data, which we do
not have. Indeed, to our knowledge, there is no analyti-
cal formula for deriving the spatial distribution of lane
changes at merges.
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Fig. 11 Vehicles trajectories on the extended merge LCs zone when (1) the upstream lane is congested and on-ramp lane free flows; and (2) both

lanes are congested

5 Discussion and conclusion
This investigation aimed to provide a generic benchmark
method for traffic microscopic simulation tools capabil-
ity to reproduce global traffic behavior. We focused on
the cases of merges and diverges. Indeed, these two bot-
tleneck configurations permit to cover the traffic phe-
nomena occurring at all the other bottlenecks of urban
highways: a weaving section is a merge upstream of a
diverge; a lane-drop section is very similar to a merge
section.

This generic benchmark method car be synthesized as
follows:

« first, to ensure that this comparison was made on the
same shared basis, i.e. the FD is roughly the same, we
only modify the following microscopic values: the
desired speed, the relative headway, and the mini-
mum spatial gap,

« second, we propose a set of simple cases that are
reproduced in the simulation tools, a point-based
diverge and an extended merge,

« third, we identify the validated analytical formula-
tions defining each test case’s expected behavior
and compare them to the simulated results.

For the three chosen simulation tools, the main results
can be synthesized as follows:

« regarding diverges operation:

« result 1.1: the macroscopic behavior is correctly
reproduced,

« result 1.2: no capacity drop could be highlighted,

o result 1.3: upstream of the diverging point, no
significant vehicles” slowdown was brought out,

+ regarding merges operation:

« result 2.1: the macroscopic behavior is correctly
reproduced,

« result 2.2: every configuration presents an equi-
table sharing of the downstream supply, except
SUMO’s basic mode, which presents an unrealis-
tic one,

o result 2.3: a capacity drop is identified in Symu-
Via and Aimsun but not in SUMO. The maxi-
mum capacity drop highlighted by Aimsun,
around 17%, is higher than the one in SymuVia,
around 7%, consistent with on-field observations
values, between 5 and 30% 8, 9],

o result 2.4: for every configuration, the behavior
of inserting vehicles is not in agreement with
experimental observations. It is worth noting
that this result needs to be further investigated
by a comparative analysis with on-field data.
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Fig. 12 Distribution of simulated lane changes positions upstream an extended merge, when a both lanes free flow; b the upstream lane is

congested and on-ramp lane free flows; ¢ both lanes are congested

However, as our observations stand for a very sim-
ple simulation framework, there are limitations to
these results. First, the number of simulation tools to
be benchmarked should be increased to have a more
accurate insight into the default behavior of most of
the simulation tools used by public authorities and
design offices. Here, we limited ourselves to three tools
to be concise. Second, we focused on straightforward
cases of merges and diverges. The framework would
benefit from being used for more realistic cases with
multiple lanes. This requires either adapted analytical
models or sufficient quality field data as the reference
for the benchmark. Next, the basic assumption of this
benchmark, relying on the fact that few parameters
were changed, may explain why no capacity drop was
observed at diverges. Thus, to explain this lack of drop,
extensive work should focus on the impact of the other
parameters in the CF models, such as the deceleration

for safety-distance-based models, or in the LC mod-
els. Finally, we did not consider the stochasticity of the
microscopic parameters used, as it is not taken into
account in the chosen analytical formulations. It should
be examined in more detail since it can significantly
impact traffic indicators values in congestion, such as
queue lengths, for sophisticated networks in simulation
[90]. After the conclusions of this future work and hav-
ing modified the simulation tools” default values or the
CF and LC models accordingly, looking to those more
elaborated networks will begin to be conceivable.

Abbreviations

HOV High-occupancy vehicle
Kw Kinematic wave

FD Fundamental diagram
CF Car-following

LC Lane change

FIFO Firstin, first out
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