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Abstract— A novel traffic paradigm was recently proposed
for automated vehicles. It is characterized by two integrated
principles: lane-free traffic and vehicle nudging. The latter
suggests that vehicles can be influenced (nudged) by other
vehicles in their vicinity, even behind them. Various vehicle
movement strategies have been designed for this concept that
can be employed for microscopic traffic simulation. On the
other hand, macroscopic models may be used to produce large-
scale simulation results with low computational effort, but also
to gain insights on the emerging macroscopic properties of
lane-free traffic with vehicle nudging. Furthermore,
macroscopic models can be used for various significant traffic
engineering tasks, including estimation and control strategy
design. This paper employs an ad-hoc vehicle movement
strategy for Connected and Automated Vehicles (CAVs)
driving in a lane-free highway environment, to produce data
that can be utilized to calibrate macroscopic models. An
extended version of a well-known first-order traffic flow model
is calibrated to fit the data, and optimal model parameters are
determined for different highway widths and different vehicle
nudging levels. The traffic conditions observed in the
microscopic lane-free CAV traffic are reproduced with
sufficient accuracy. Highway capacity and critical density are
found to increase linearly with the increase of the highway
width; and further increase of the same quantities is observed
for increased levels of vehicle nudging. On the other hand, free
speed is independent of the highway width and increases
slightly with vehicle nudging.

I. INTRODUCTION

TrafficFluid is a recently introduced paradigm for
vehicular traffic, applicable at high levels of vehicle automa-
tion and communication systems [1]. The TrafficFluid
concept suggests lane-free traffic, whereby vehicles are not
bound to fixed traffic lanes, as in conventional traffic; and
vehicle nudging, whereby vehicles may exert a "nudging"
effect on, i.e. influence the movement of, adjacent vehicles
around and, in contrast to current practice, also in front of
them. Vehicles in a lane-free environment do not necessarily
align to form lanes but are self-organizing into dynamically
changing 2-D clusters, depending on the vehicle sizes, their
desired speeds, the employed vehicle movement strategies
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and the prevailing vehicle density, so as to maximize the
available infrastructure coverage.

Designing a safe and efficient vehicle movement strategy
in lane-free traffic is a challenging problem. Various
methodological approaches can be explored to achieve this
objective, including strategies based on optimal control [2],
non-linear feedback control [3], as well as multi-agent
systems [4]. For quick verification and demonstration of the
TrafficFluid concept, an ad-hoc vehicle movement strategy
for lane-free traffic with nudging was suggested at an early
stage [5], while an improved and strongly modified strategy
followed [6]. All these vehicle movement strategies can be
employed for microscopic traffic simulation that produces
macroscopic data necessary to investigate empirically
emerging macroscopic properties of the new concept.
However, some of these movement strategies may require
demanding computations; while macroscopic traffic flow
models are usually less demanding for simulation purposes
and may provide more direct insights of the macroscopic
properties of lane-free traffic with nudging. They also have
an analytical form, which allows for their usage for various
significant traffic engineering tasks (estimation, control
strategy design) beyond simulation. Before employing a
traffic flow model in practical applications, it is crucial to
first calibrate it using traffic data. The calibration procedure
aims at appropriately specifying the model parameter values,
so that the representation of the traffic flow characteristics is
as accurate as the model structure allows. The calibration
method typically involves the minimization of the discrep-
ancy between the macroscopic model calculations and the
traffic data, by use of proper optimization tools; see [7], [8].

Based on nonlinear-feedback vehicle movement control
laws for CAVs on lane-free roads, an analytical procedure
brought forth a space-time continuous second-order traffic
flow macroscopic model [9]. Its solution was approximated
by a nonlinear heat equation that was solved numerically
[10], requiring, however, a high computational effort. In this
work, a more practical approach is pursued, employing a
space-time discrete macroscopic traffic flow model, which
requires low computational effort. The model is an extended
version of the well-known Cell Transmission Model (CTM)
[11]. Specifically, CTM does not reproduce the capacity
drop phenomenon, i.e. the empirical observation that, at the
head of congestion, the discharge flow is reduced compared
to the capacity of the road. For this reason, CTM was
extended in several possible ways to enable the reproduction
of capacity drop, see [12] for an overview and comparison.
The extended CTM is calibrated in the present work to fit
the microscopic lane-free data, and optimal model



parameters are determined for different highway widths and
different vehicle nudging levels to investigate their impact
on macroscopic characteristics, including capacity, critical
density, free speed and capacity drop.

In the following, the vehicle movement strategy
developed in [6] is briefly reviewed in Section II. The
macroscopic model to be calibrated is presented in Section
III, and the model calibration procedure is outlined in
Section IV. The calibration results and discussion follow in
Section V, while conclusions are drawn in Section VI.

II. VEHICLE MOVING STRATEGY

As already mentioned in Section I, to demonstrate and
verify the TrafficFluid concept, an ad-hoc vehicle movement
strategy for lane-free traffic with vehicle nudging was
developed [6]. This scheme has been implemented in
TrafficFluid-Sim [13], [14], a lane-free extension of the
well-known microscopic simulator SUMO [15], and is
briefly outlined for completeness in what follows.

A double-double-integrator (DDI) model is used for the
vehicle motion dynamics, consisting of the following two-
dimensional kinematic equations that describe the vehicle
position and speed

X(t+T)=x(t)+v. (OT +0.5f.(1)T°
v, (t+T)=v () + f.(DT
Y(t+T) = y(0)+v,(OT +0.51,(0)T°
v, (t+T)=v,(O)+ f,(O)T

(1

for t=0,7,2T,... Thus, at the beginning of each time-step ¢
of length T, each vehicle departs from position (x(2), y(¢)),
which characterizes the longitudinal and lateral coordinates
of the center of the rectangular vehicle, with longitudinal
(lateral) speed v (¢)(v,(¢)); and, moving with constant
longitudinal (lateral) acceleration £, (¢) (f,(¢)), it reaches its
updated state (position and speeds) at time ¢+7. In the
above set of equations, the acceleration value is a control
input to be specified by the moving strategy. This model is
deemed appropriate for vehicle movement that does not
involve strong turnings, as is typically the case on highways.

In the employed vehicle movement strategy, longitudinal
(x-direction) and lateral (y-direction) accelerations for each
CAYV at time ¢ are computed via the following equations:

L @O =0l [EO+ [ O +0"y [ (0)

ts » e (2)
L= 0+ 7 (0)+0"y, [7*@)
A brief account of the function of each "force" on the
right-hand side of (2) is provided here:

- The target-speed forces f" and f! aim for the vehicle
to attain its respective longitudinal and lateral target
speeds. f° is active conditionally, depending on the
states of the ego vehicle and of other vehicles in the
vicinity. Activation or deactivation of f* is performed
using the binary variable o € {0,1} .
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Figure 1. Visualization of repulsive and nudging forces between two
vehicles.

- The repulsive forces f” and f” are present to prevent
any crashes with vehicles ahead (downstream).

- The nudging forces f* and f are present due to
vehicles behind (upstream) and may facilitate advance-
ment of faster vehicles behind, but have also an impact
on the macroscopic characteristics of the emerging traffic
flow [16], as also demonstrated in this paper. The
coefficients y,,7, €[0,1] regulate the magnitude of
nudging forces versus repulsive forces, enabling
reduction of nudging forces if desired. The nudging
forces f* and /¢ may, under circumstances, be de-
activated, and this is performed using the binary variable
o" €{0,1}.

Fig. 1 visualizes repulsive and nudging forces between
two adjacent vehicles i and ; in lane-free traffic. A
repulsive force [/ is created for each couple of adjacent
vehicles, with a direction along the line connecting both
vehicle centers. The repulsive force indicates towards, and
applies to, the vehicle i, whose center is farther upstream.
Its magnitude depends on the distance, relative speed and
lateral displacement of both vehicles and is partly inspired
by lane-based car-following ACC (Adaptive Cruise Control)
laws. The downstream vehicle j receives a nudging force
£ with opposite direction and equal magnitude to the
repulsive force f;”, which, however, can be moderated by

the choice of the aforementioned parameters y,,7,.

The total repulsive force f™, acting on a reference
vehicle, equals the sum of the strongest-in-magnitude
individual repulsive forces due to vehicles within a
downstream longitudinal distance. Similarly, the nudging
force f™, acting on a reference vehicle, equals the sum of
the strongest-in-magnitude individual nudging forces due to
vehicles within an upstream longitudinal distance. After f,
and f, have been produced from the respective sums of
target-speed, repulsive and nudging forces via (2), a
constraining mechanism is applied before they are used as
accelerations. In particular, in order to keep a vehicle within
the boundaries of the highway, lateral acceleration bounds
are computed through a regulation problem, whereby a (left
or right) road boundary is considered as a reference lateral
position, and a lateral acceleration of the vehicle is obtained
via a boundary feedback controller, such that the vehicle
moves asymptotically towards the boundary, or remains on
the boundary, without violating it. Consequently, such an
acceleration can be used as a lateral acceleration bound to
ensure that the vehicle will never cross the corresponding



road boundary. Other bounds are applied as well, e.g. to
avoid the backward moving of vehicles, to avoid speeds that
exceed excessively the desired (target) speeds, etc.

A comprehensive explanation of the relations leading to
the aforementioned forces can be found in [6]. The
simulation results presented in that work considered a ring-
road without any on-ramps or off-ramps. However, to study
the effect of congestion creation due to merging and the
related spillback caused, the present work considers the
presence of on-ramps and off-ramps, and therefore, the
moving strategy must be appropriately extended compared
to [6]. Specifically, while vehicles travelling on the
mainstream have zero lateral target (desired) speed, vehicles
travelling towards a deceleration lane that leads to an off-
ramp; or vehicles travelling on an on-ramp and trying to
merge to the mainstream through an acceleration lane are
assigned a negative or a positive desired lateral speed,
respectively, to enable corresponding smooth exiting or
entering maneuvers. On the top of these, to further ensure
that the exiting or entering vehicles remain within the
extended road boundaries of the acceleration and decelera-
tion lanes, appropriate additions to the aforementioned
feedback boundary controller are introduced.

III. MACROSCOPIC MODEL

The macroscopic model considered for calibration is an
extended version of CTM [12] that includes terms allowing
for the reproduction of the capacity drop phenomenon. The
same model has been used for the formulation of optimal
control problems, feedback control design as well as
macroscopic simulations for lane-free automated vehicle
traffic [17], [18].

A highway stretch is considered (see Fig. 4 as an
example) that is subdivided into 7 sections (or cells) with
lengths L, i=12,...,n. The conservation equation for
each section is given by

pi(k+1) = p (k) +%(%(k)—ql(k))

i

pi(k+1) = P,»(k)+%((1—,3f)qf71 (k) =q;(k)+r,(k)), (3)
i=23,...,n

where T, is the model time-step and £ =0,1,...,K —1 is the
corresponding discrete-time index. o, (in veh/km) and ¢, (in
veh/h) denote, respectively, the traffic density and the
mainstream exit flow of section i. Thus, g, (in veh/h) is
mainstream demand. Every section, except for the most
upstream, may have an on-ramp or an off-ramp at its
upstream boundary. The on-ramp flow (if any) at section i
is denoted 7, (in veh/h), while the off-ramp flow (if any) of
section i is calculated based on known exit rates f,
multiplied with the upstream-section flow, i.e. Bq, .

The movement of vehicles from one cell to the next is
governed by the steady-state relation between flow and
density, i.e. the Fundamental Diagram (FD). Traffic flow is

obtained as the minimum of demand and supply functions
O, and @, except for the last section, where only the
demand function is considered, assuming that the
downstream traffic conditions are uncongested. Specifically,
we have

| 0y (P (k)
(k) = (P (k). 2P ()
4,(k) mln{QD,mpL( T I <>}

i=1,2,...,n-1 )
q,(k) =0y, (p, (k).

According to the original CTM [11], a triangular-shaped
FD is considered, hence the demand and supply functions
are given by the following respective equations

’0 B locr‘i
- Vf,ip )
pc'r,i _pmax,i (5)
QS,i (p) = min {qcap,i > Ws,i (pmax,i - p)} 5

QD,i (p) =min {qcap,i + ﬂ’dqcap,i

where v, (in km/h) is the free speed of a section i, q,,,;
(in veh/h) is the section capacity achieved for density equal
to the critical density p, ., ie. q,,, =V, P> W, (in
km/h) is the back-wave speed and p,,,; (in veh/km) is the
jam  density, while ¢q,,=w, (0 —L,;) and
w,; <v,, <L, /T . Furthermore, the option of introducing
capacity drop trough appropriate terms, according to
Approach 5 presented in [12], is incorporated in the above
equations. More specifically, this option is enabled via the
global parameters A and A, in equations (4) and (5). If
these parameters are set to 4. =1 and A, =0, no capacity
drop is reproduced, as typical for the original CTM,; if these
parameters are set to A <1 and A, >0, a corresponding
level of capacity drop is produced by the model. This
approach allows for the bottleneck (e.g. merge) section to
become congested (as in real traffic) by allowing more flow
(than with the original CTM) to enter the section, while
producing a reduced outflow as well.

The model presented above includes a few parameters,
whose values may differ for different highway sites and
depend on factors such as highway geometry, driver
behavior (in case of manually driven vehicles) or moving
strategy used (in case of automated traffic), distribution of
vehicle sizes, weather conditions etc. The reliability and
accuracy of the model rely on the appropriate specification
of its parameter values. Therefore, calibration of the model
is required before using it. At the same time, separate model
calibration under varying conditions (e.g. different highway
widths or of nudging factor strengths) may reveal highly
interesting aspects and properties of lane-free traffic
considered here.

IV. MODEL CALIBRATION PROCEDURE

The model calibration (or parameter estimation)
procedure aims at enabling a macroscopic traffic flow model
to represent traffic conditions of a highway stretch with the
highest possible accuracy. This procedure has been



described in the past, e.g. see [8], and is outlined here for
completeness. The estimation of the unknown model
parameters is not a trivial task since the system equations are
usually highly nonlinear. It should be highlighted that, in the
present context, another major motivation for model
calibration is to study the emerging features and properties
of lane-free traffic at the macroscopic level under several
infrastructure (road width) and microscopic movement
(nudging) conditions.

Consider that a macroscopic discrete-time state-space
model is described by the following state equation

x(k+1) = f(x(k),d(k),p), k=0,L...,K-1

x(0) =x, ©)
where x is the state vector, d is the external variable vector
and p is the parameter vector. The extended CTM presented
above can readily assume the state space form of (6) for any
highway stretch. In particular, the state vector x includes
the section densities, the external variable vector d consists
of the mainstream and on-ramp inflows and the turning rates
at the off-ramps; and p holds the unknown model
parameters that need to be specified.

If the initial state X, is given and the external vector
d(k) is known over a time horizon k=0,1,...,K —1, then
the model (6) may be run to produce all states. The
parameter estimation problem can be formulated as a
nonlinear least-squares output error problem which aims at
the minimization of the discrepancy between the model
output and the corresponding traffic measurements by use of
the following cost function

J@)= Y [y -y" ®f, %)

subject to (6), where Q 1is a positive definite diagonal
matrix, y(k)=g(x(k)) is the measurable model output
vector (typically including flows and mean speeds at
different sections of the highway) and y” (k) includes the
measured traffic data, consisting of flows and speeds at the
corresponding locations. Also, M c{l,2,...,K}, i.e. the
M set may be a subset comprising only some simulation
steps, since the simulation time step (e.g. T, =10 s) is
usually smaller than the measurements interval (e.g. 60 s).

The parameter values for the model are selected from a
closed admissible region of the parameter space, which is
determined via physical considerations and experience.
Finding the optimal parameter set requires an appropriate
nonlinear programming routine, whereby for each choice of
a new parameter vector p, the value of the cost function (7)
may be computed by a run of the model equations as shown
in Fig. 2; the routine attempts in subsequent iterations to
improve the cost function, until a local minimum is reached.

The nonlinear, non-convex least-squares optimization
problem of parameter estimation is known to have multiple
local minima, and hence gradient-based optimization
algorithms are not appropriate. Previous studies have
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Figure 2. Model calibration procedure [8].

utilized various derivative-free optimization algorithms to
solve the parameter estimation problem. Three derivative-
free optimization algorithms are compared in [8] to
investigate which is more suitable for the problem. In
particular, the deterministic Nelder-Mead algorithm [19],
[20], a stochastic genetic algorithm [21], and the stochastic
cross-entropy method [22] were used. The optimization
results showed that all three algorithms converge to robust
model parameter sets, albeit achieving different
performances considering the required computation time,
with the Nelder-Mead algorithm outperforming the rest.

The Nelder-Mead algorithm makes use of a simplex;
every vertex of the simplex corresponds to a potential
solution which in turn corresponds to a cost function value.
The algorithm starts with an initial simplex and then
performs a sequence of transformations aiming at reducing
the worst cost function value among its vertices. Simplex
transformations are controlled by four parameters: ¢ for
reflection, y for contraction, y for expansion and o for
shrinkage.

The CALISTO software tool is a Matlab implementation
of the model calibration procedure described above [23].
This implementation is able to perform calibration of
different discrete-time models (CTM [11], METANET [24],
as well first-order traffic flow models incorporating capacity
drop [12]) using different optimization algorithms. This tool
has been recently implemented in C to reduce computational
time and was used to produce the calibration results
presented in the following section for the extended CTM
utilizing the Nelder-Mead algorithm.

V. CALIBRATION RESULTS AND DISCUSSION

A. Simulation Set-up and Traffic Data Generation

Numerous microscopic simulations, each having a
duration of 1 h, were designed and carried out by use of the
ad-hoc vehicle movement strategy presented in Section II,
implemented in TrafficFluid-Sim (see Fig. 3), to generate



the macroscopic traffic data necessary to calibrate the
macroscopic traffic flow model. The vehicle movement
strategy is employed with a time step equal to 0.2 s for
simulation on a highway stretch of 5 kilometers in length
that includes an on-ramp and an off-ramp. A sketch of the
highway stretch is presented in Fig. 4. The stretch is divided
into 10 sections (S1-S10), with a length of 500 m each, that
match the sections to be used for the macroscopic model.
Outflow and mean speed measurements were collected every
10 s for each section, to be used for comparison with the
macroscopic model results in the objective function.

The dimensions of the vehicles are determined by
choosing randomly (with uniform distribution) one out of
the six "dimension classes" reported in Table 1. Also, the
desired longitudinal speed assigned to a vehicle is chosen
randomly (with uniform distribution) within the range [25,
35] m/s =[90, 126] km/h.

Lane-free traffic is deemed to imply that incremental
changes of the road width may lead to corresponding
incremental changes of capacity. This is because lane-free
driving vehicles may spread and exploit any portion of
additional road width, even if it is much less than a whole
conventional traffic lane. Based on this assumption, IBC
(Internal Boundary Control), a novel control measure for
lane-free CAV traffic, was proposed and tested macroscopi-
cally in [17], [18]. To investigate microscopically the
validity of that assumption, i.e. to investigate the impact of
the highway width on the parameters of the macroscopic
model, separate simulations are performed for different
widths, starting from a nominal width of 102 m
(corresponding to the width of 3 conventional lanes) and
widening or narrowing it by multiples of 0.85 m
(corresponding to the width of one quarter of a conventional
lane). As the highway capacity is expected to increase
(decrease) for wider (narrower) widths, different mainstream
demand profiles are used per width, increased (decreased)
compared to the one utilized for the nominal width, to ensure
that the bottleneck at the merging area is activated for a
period of time, causing congestion that spills back for a few
sections of the highway. This is necessary in order to have
calibration data that span the whole spectrum of possible
traffic conditions, including free flow, critical and congested
traffic conditions.

Furthermore, it 1is interesting to investigate and
demonstrate the impact of different values for the coeffi-
cients y,,y, that regulate the influence of nudging forces.
To this end, the following three cases were considered:

- No nudging forces applied (7, =0,7, =0);
- Weak nudging forces applied (7, =0.5,7, =0.5);
- Nominal (full) nudging forces applied (y, =1,7, =1).

TABLEIL THE DIFFERENT DIMENSION CLASSES OF VEHICLES
USED IN THE SIMULATION EXPERIMENT.
Class 1 | Class2 | Class3 | Class4 | Class5 | Class 6
Length (m) | 3.20 3.90 4.25 4.55 4.60 5.15
Width (m) 1.60 1.70 1.80 1.82 1.77 1.84
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Figure 3. A snapshot of the simulation environment TrafficFluid-Sim.
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Figure 4. A sketch of the highway stretch used for the simulations.

The mainstream demand used is slightly higher in case of
vehicle nudging, as a capacity increase is expected. All the
other parameters used for the ad-hoc vehicle movement
strategy are as in [6].

B. Calibration Problem Parameters

After generating the macroscopic data via microscopic
simulation, the calibration procedure can be applied using
CALISTO. The extended CTM time-step used is 10 s, i.e.
equal to the measurement step. Since the highway stretch
considered is small and there are no changes in geometry for
the highway sections, it is assumed that the model
parameters used within the demand and supply functions are
the same for all sections. Five model parameters are
optimized, namely the free speed v,, the capacity q,,,, the
back-wave speed w, and the capacity drop parameters A,
and A,. The other two parameters, i.e. the critical density
p.. and the jam density p,, ., can be calculated using the
values of the optimization parameters as p,, =g, /v, and
Puas =Yeqp ! Wy + P, - The macroscopic model used delivers
directly densities p, and flows ¢, for each section i ; and as
it is a first-order model, the mean speed for each section i
(to be used in the model output vector) is taken as ¢, / p, .

The diagonal elements of the diagonal matrix Q, used in
the cost function (7), that correspond to speed are set to 1,
while those that correspond to flow are set to 102. The
Nelder-Mead algorithm was employed using the following
parameters: ¢ =1, y=2, y=0.5 and o=0.5. Its
parameterization was based on various initial calibration
tests and previous experience. Moreover, the utilized
termination criteria are the cost function convergence or the
working simplex convergence; and the maximum allowed
number of iterations was set to 2000.

C. Results and Discussion

The demand trajectories used for the case of nominal
highway width of 10.2 m and full nudging are presented in
Fig. 5, while the space-time diagrams of measured
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Figure 5. Mainstream and on-ramp demand trajectories used for highway
width of 10.2 m and full nudging.

(microscopically simulated) mean speed and flow are
depicted in Fig. 6 (left column). It can be observed that
during the pick of the demand, the merging area bottleneck
at section 7 (S7) is activated, at around ¢=0.4h, and
congestion is created that spills back and covers a couple of
upstream sections. The corresponding space-time diagrams
of the macroscopic model values of speed and flow, after
calibration, are depicted in Fig. 6 (right column) and
demonstrate that the traffic conditions appearing with
microscopic lane-free automated vehicle traffic are
reproduced with reasonable accuracy by the calibrated
macroscopic traffic flow model. Fig. 7 presents trajectories
for the measured bottleneck outflow and the corresponding
macroscopic model estimate. The obtained fit is very good
and the capacity drop, observed in the data of the
microscopic simulation at around 7=0.4 h at the head of
the congestion, is reproduced by the macroscopic model.
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The calibrated capacity values obtained for different
highway widths and different nudging strengths are
presented in Fig. 8 (upper). It is clear that capacity increases
with increasing highway width. It is also clear that capacity
increases with increasing vehicle nudging strength for any
width. In more quantitative terms, the same figure displays
the lines produced via linear regression without the intercept
term, i.e. assuming that the capacity is analogous to the
width, for each nudging case. The resulting values for the
coefficient of determination »* are 0.95, 096 and 0.98 for
the full nudging, weak nudging, and no nudging cases,
respectively. This excellent match underlines and verifies
the conjecture expressed in [17], [18] in the context of IBC,
namely that the capacity of the highway in lane-free CAV
driving depends linearly and continuously on the road width,
which implies that any incremental width change leads to an
analogous capacity change. In addition, in the present
investigation, the capacities reached are about 2 to 2.5 times
higher than the capacity observed on a highway with
conventional lanes, depending on the nudging strength. The
regression lines have the form ¢, =a-w, where w is the
highway width in meters and a equals 1322 veh/h/m for no
nudging, 1538 veh/h/m for weak nudging and 1681 veh/h/m
for full nudging. Thus, in the present investigations, weak
nudging increases the capacity by (1538-1322)/1322 =
16.3%; and full nudging increases the capacity by
(1681-1322) /1322 =27.2%.

On the other hand, the calibrated free speed does not
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Figure 6. Space-time diagrams of microscopically produced speed and flow (left column) versus macroscopic model estimates (right column) for highway
width of 10.2 m and full nudging
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Figure 7. Bottleneck (section 7) outflow measurement trajectory and
macroscopic model estimate for highway width of 10.2 m and full nudging.
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Figure 8. Capacity (upper) and critical density (lower) versus highway
width for full, weak and no nudging.

depend on the width of the highway, something that is
consistent with the assumptions in [17], [18] and is
physically comprehensible, since road widening does not
affect the desired speeds of vehicles nor the way vehicles
interact with each other at near-critical densities. Thus, the
free speed is found to be almost constant in dependence of
the highway width. Regarding nudging, the calibrated free
speed has an average value of 96.6 km/h, 94.3 km/h and 92.1
km/h for the full nudging, weak nudging, and no nudging
cases, respectively. This indicates a slight dependence of
free speed on nudging strength, which can also be physically
justified by the fact the nudging increases the speed of
interacting vehicles at near-critical densities.

As a consequence of linearly increasing capacity and
constant free speed, in dependence of the highway width, in
a triangular fundamental diagram, the critical density,
calculated from the calibrated values of capacity and free
speed, must also depend linearly on the highway width; and
increase for increased levels of nudging, as is indeed shown
in Fig. 8 (lower). The values for the coefficient of
determination 7* are, for the critical density, similarly high
as for capacity, amounting to 0.95, 095 and 0.97 for the full
nudging, weak nudging, and no nudging cases, respectively.
Again, this is in close agreement with the assumption made
in [17], [18], where the same extended CTM was used for
the formulation of optimal control problems, feedback
control design and macroscopic simulations, all for lane-free
automated vehicle traffic.
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Figure 9. Macroscopic model trajectories of outflow at the bottleneck
(section 7) for highway width of 10.2 m and for full, weak and no nudging.

When it comes to the calibrated back-wave speed values,
and the resulting jam density values, the results are rather
inconclusive. The first observation is that the estimated
values for the back-wave speed are large compared to the
values known for conventional traffic. Also, one would
expect the back-wave speed to be constant so as to have a
jam density that depends linearly on the highway width.
However, this is not the case. Thus, this outcome is not
conform with the conjecture in [17], [18], but is of less
importance compared to the aforementioned findings
regarding capacity, critical density and free speed. In fact,
this discrepancy is attributed to the absence of heavily
congested states in the microscopic simulation, because of
which the calibration procedure, while reproducing
reasonably well the measurements, has a difficulty to
identify the exact values of the involved macroscopic
parameters of back-wave speed and jam density. More
investigations with larger and different simulation data sets
are needed, containing heavier congestion for longer periods
of time covering larger areas of the highway stretch. This,
along with possible fixes in the calibration procedure, may
improve the identifiability of the back-wave speed and jam
density, leading to more reliable parameter estimates.
Another possible way of achieving this is by increasing the
diagonal elements of the matrix Q , used in the cost function
(7), that correspond to speed and flow differences for the
sections that are affected by congestion.

Regarding the important issue of capacity drop, the
relevant parameters are A and A,, see (4) and (5). On
average, the obtained value for A is -0.33, which means
that the merge area is allowed to become congested by
letting more flow to enter this section due to the increased
supply term considered when deciding on the outflow of the
upstream section. Also, on average, the obtained value for
A,, is 0.4, which means that the merge area outflow is
reduced compared to the capacity value that would
otherwise prevail for the original CTM. Most importantly,
the capacity drop observed in the data is very well
reproduced, see Fig. 7. Also, as can be seen in Fig. 9,
although capacity is increasing with increased vehicle
nudging, the discharge flow rate remains equal for all
nudging strengths. As a result, capacity drop is increasing
with nudging. We have no intuitive explanation for this
finding at the present stage, and more investigations are
necessary for understanding the impact of nudging on
discharge flow and capacity drop.



VL

Lane-free automated vehicle traffic has recently been
proposed and studied using various vehicle movement
strategies. Microscopic simulations with these strategies can
produce macroscopic data that are useful to investigate
empirically the emerging macroscopic properties of the new
concept. An ad-hoc lane-free vehicle movement strategy was
used in this paper to produce data for a highway stretch with
one on-ramp and one off-ramp. Subsequently, a macroscopic
model, an extended version of CTM, was calibrated to fit the
data and optimally estimated macroscopic model parameters
have been determined for different highway widths and
different vehicle nudging levels. The traffic conditions
observed in the microscopic lane-free automated vehicle
traffic were reproduced with reasonable accuracy by the
calibrated macroscopic model. Also, the capacity drop,
observed in the data at the head of the congestion, is
adequately reproduced by the model.

CONCLUSION

Based on the calibrated values obtained for the
macroscopic model parameters, the following conclusions
can be drawn. Capacity increases linearly and continuously
with the increase of highway width; and increases further for
increased levels of vehicle nudging. Depending on the level
of nudging, capacity values are about 2 to 2.5 times higher
than those observed on a highway with conventional lanes.
Free speed does not depend on the width of the highway; and
increases slightly with vehicle nudging. As a result, critical
density depends also linearly on the highway width and
increases for increased level of nudging. These findings are
fully consistent with the conjectures of [17], [18], based on
which the novel control measure of internal boundary control
was proposed, designed and tested. On the other hand, more
investigations are necessary to get further insights and
reliable conclusions regarding the back-wave speed and the
jam density. The discharge rate at the head of congestion was
found in the microscopic simulations to be independent of the
nudging strength; as a consequence, capacity drop is found to
increase with vehicle nudging. Despite some uncertainties in
the values and role of some macroscopic model parameters,
at a phenomenological level the calibrated macroscopic
model matched well the discharge flow and capacity drop
produced in the lane-free simulation. More investigations are
necessary for better understanding of some issues related to
discharge flow, capacity drop and macroscopic model
parameters. Future work will also include calibration of other
first-order as well as second-order macroscopic traffic flow
models for lane-free traffic with nudging.
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