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ABSTRACT

First-order traffic flow models are known for their simplicity and computational efficiency and have, for
this reason, been widely used for various traffic engineering tasks. However, first-order models are not able
to reproduce significant traffic phenomena of great interest such as the capacity-drop and stop-and-go
waves. This paper presents an overview of the, so far, proposed modelling approaches which aim to
introduce the capacity-drop phenomenon into first-order traffic flow models. The background and main
characteristics of each approach are analyzed with a particular emphasis on the practical applicability of
such models for traffic management and control. The presented modelling approaches are calibrated and
tested using real data from a motorway network in U.K.
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INTRODUCTION

Among numerous phenomena characterizing traffic flow behavior, one of the most known and puzzling is
the so-called capacity drop. This phenomenon breeds the reduction in the mainstream flow of a motorway
when a queue starts forming upstream of a bottleneck location (7, 2). Bottleneck locations can be motorway
merge areas, areas with particular infrastructure layout (such as lane drops, strong grade or curvature,
tunnels etc.), areas with specific traffic conditions (e.g. strong weaving of traffic streams), areas with
external capacity-reducing events (e.g. work-zones, incidents) etc. (3—5). If the arriving demand is higher
than the bottleneck capacity, i.e. the maximum flow that can pass through a reference point at a certain time
period, the bottleneck is activated, i.e. congestion is formed upstream of the bottleneck location. Empirical
observations show that, whenever a bottleneck is activated, the maximum outflow that materializes (also
called discharge flow) may be 5 to 20 percent lower than the nominal bottleneck capacity. The capacity
drop is then defined as the difference between these two values of flow, i.e. the capacity and the discharge
flow. Certainly, the capacity drop reflects infrastructure degradation, leading to increased vehicles’ travel
times and longer delays. To avoid or delay the activation of a bottleneck, and the related capacity drop
phenomenon, various traffic control measures have been proposed and applied (6, 7).

The design and testing of new traffic control strategies requires the existence of accurate traffic
flow models that are able to reproduce the motorway traffic conditions with satisfactory accuracy. The
macroscopic first-order traffic flow models represent a valuable tool for the study of traffic behavior, as
they are simple and effective in reproducing wave formation and propagation under congested conditions.
However, their inherent formulation does not allow for capturing traffic phenomena such as the capacity
drop and stop-and-go waves. In contrast, second-order models (e.g., (8—10)), are able to reproduce traffic
instabilities, such as the aforementioned phenomena, but they are characterized by drawbacks such as
higher complexity, the specification of parameters without clear physical significance and the higher
computation effort that is needed for optimization problems built upon them.

The most common space-time continuous first-order macroscopic model is the
Lighthill-Whitham-Richards (LWR) model (11, 12), which is described by a single partial differential
equation based on the conservation of vehicles. A significant amount of literature proposes and extends
discrete approximations of LWR using the Godunov scheme (13, 14). The most referenced among them is
the Cell Transmission Model (CTM) (15), where the flow is defined as a function of density via the
definition of a triangular fundamental diagram (FD).

During the last years, attention has been drawn in the direction of including the capacity drop
phenomenon into first-order models, since this seems of crucial importance for designing and testing
motorway traffic control strategies (/6). Some researchers have tried to capture the capacity drop
phenomenon based on the “inverse lambda” shaped FD, first proposed in (717), suggesting that the
flow-density relation (FD) can be discontinuous, characterized by a sharp flow drop within a small density
range. This behavior can be theoretically modelled via definition of two flow values for a specific range of
densities around the critical, where the different flows appear depending on the current traffic conditions
(18, 19). Other researchers (20, 21) propose two-phase traffic flow models, assuming bounded acceleration
for certain traffic conditions via building a modified demand function. Following this concept, in (22) the
authors introduce generalized versions of discrete approximations of the LWR, allowing for a wide range of
demand functions to be taken into account for overcritical densities; while in (23), the authors included the
capacity drop phenomenon into a multi-lane first-order traffic flow model where the capacity drop is
triggered by lateral and on-ramp flows. In (24) the authors utilize a macroscopic first-order multilane
model, including capacity drop by decreasing the supply function of the cells located downstream of a
congested one. In addition, some studies such as (25) and (26), describe the capacity drop mechanism as a
consequence of microscopic phenomena, such as lane-changing maneuvers, slow vehicles entering a merge
cell, and heterogeneous lane behavior due to the variations of traffic states at merges, which prevent the
system to reach the full motorway capacity before the breakdown (27). Furthermore, there are also some
studies that combine some of the aforementioned concepts such as in (28), where the authors proposed a
model which includes two approaches for capacity drop: a reduction of the mainstream demand and the
introduction of a weaving parameter.

TRB 2016 Annual Meeting Paper revised from original submittal.



M. Kontorinaki, A. Spiliopoulou, C. Roncoli and M. Papageorgiou

The rest of the paper is structured as follows: Firstly, the approaches selected for testing are
described in more detail, highlighting the necessary modification of a basic discretized-LWR formulation.
Later, the aforementioned approaches are tested using real traffic data from a motorway network in UK.
Finally, some concluding remarks are provided.

MODEL FORMULATIONS

For the subsequent description and testing of different capacity-drop strategies, a simple formulation of a
discretized-LWR model is utilized. Despite the fact that some of the considered approaches are introduced
for more sophisticated models, their implementation is here based on a common formulation, which also
permits a clearer understanding and a fairer result comparison. Also the notation (see Table 1) is kept
constant throughout the paper for all the described approaches. Moreover, a simple demonstrative example
is constructed, which illustrates the qualitative behavior of the different approaches that are tested hereafter.

Basic Discretized-LWR Formulation

A discretized first-order model considers the discretization of the network in a finite number of cells and the
definition of rules for sending and receiving traffic flow. To this end, a motorway stretch is divided into »

cells as shown in Figure 1. The i” cell (where i =1,...,n ) is characterized by a single state variable p,,
which corresponds to the density of vehicles, namely the number of vehicles divided by the length of the
cell, implying that the state of the motorway is entirely described by the n -dimensional vector
p2=(p,.. p,) evolving according to a n-dimensional nonlinear difference equation. The movement of

vehicles from one cell to the next is governed by the steady-state relation between flow and density, i.e. the
corresponding FD. This relation is characterized by its concave branches, where the demand part and the
supply part reflect, respectively, its increasing and decreasing branches (13, 14). The density value
(unimodal FDs) or values (multimodal FDs), for which the maximum flow is observed, is defined as the
critical density of the cell. The equations considered in our formulation are Equations (1), (2), (3), and (4);
while the definition of the model’s variables and parameters are given in Table 1.

pl(k+1>=p1<k>+li(—m+n(k)],
L - P
T JACX(3)) M
p(k+1) :pi(k)+ﬁ[fi_l(pi_l(k))—"1p—i+rl-(k)j fori=2,..,n,

il — D
fi(p, (b)) =min{ f; (5, (). fi1.5 (P (kD) for i=1,...n=1, £, (p, (k) = [, p(p,(K)), 2)
fi.p(p; (k) = min{g, (p;(k)), O, {1~ p;) for i=1..,n~1, £, p(p,(k)=min{g,(p,*),0,} 3)
fz’+1,S (pi+1 (k) = min {QH—I >Winl (pmax,i+l ~ Pi+l (k))li+l } —Tin (k) for i = L.,n—-1. (4)
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FIGURE 1 The discretization of motorway network
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TABLE 1 Models’ variables and parameters

Symbol Name Units

7 simulation time step h

l; number of lanes in the i cell dimensionless

L length of the i cell km

pi (k) density of the i cell at time =7 , k =0,1,2,... veh/km/lane

Prmax,i storage capacity of the i cell veh/km/lane

Peri critical density of the ;™ cell veh/km/lane

f:(p;(k)) actual outflow from the i” to (i+1)" cell in (kT,(k+1)T], k=0,1,2,... veh/h

fi.p(p;(K)) demand part of the FD of the i cell veh/h

fis(p: (k) supply part of the FD of the i cell veh/h

o capacity flow of the i cell veh/h

r (k) demand on-ramp flow of the i cell in (k7,(k+1)T], k =0,1,2,... veh/h

» percentage of the actual flow exiting from the off-ramp of the i cell dimensionless
(exit-rate of the i cell)

Vi free-flow speed of the i cell km/h

w; congestion wave speed of the i cell km/h

Notice that, according to this formulation, it is assumed that vehicles entering from on-ramps have
full priority. That is, the flow from an on-ramp always enters the cell (given that the maximum density is not
exceeded) while only the remaining supply space can be occupied by the flow received from the upstream
cell. Although this assumption may not be always correct, it helps significantly the calibration procedure,
since boundary conditions are given, and therefore the actual on-ramp flow is allowed to feed directly the
model. Note also, that for the 1*' cell, the entering mainstream flow plus any possible on-ramp flow are
considered within # ; which can be fully accommodated by the same cell (no supply term); this implies that

any appearing congestion in the stretch never reaches the upstream boundary.
Finally, notice that in Equations (3) and (4), the demand and supply functions, respectively, are
completed by assuming capacity flow values O, for overcritical and undercritical densities, respectively.

Thus, this model predicts capacity flow (no capacity drop) for discharge flows, in accordance with the

non-discretised LWR model. Note also, that the right-hand side of the FD of the i cell in Equation (4) is
assumed to be linear (with a negative slope w;); while the left-hand side of the FD in Equation (3) is

assumed to be a non-decreasing function g;(p;).

Different Shapes for the FD

Different functions g;(p;) can be used within the demand function in Equation (3). The CTM formulation
(15) considers a triangular-shaped FD (Figure 2(a)), where g;(p)=v,;pl; , g/(p.,,)=0 and
w; =0, / ((pmax,i - pc,.’i)l,.). This formulation has two main drawbacks: first, when using realistic free-flow

and congestion-wave speeds, it leads to high (and sometimes unrealistic) capacity flow; second, only one
speed value is considered for all under-critical densities, which is often not compatible with traffic
observations. To overcome the first issue, a trapezoidal FD can be used, where g;(p)=v,;0; ,

2:(p;)= 0. and w; > Q, / ((pmax,i - pcm-)li) , as illustrated in Figure 2(b). In this case, the critical density,
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instead of being a fixed point for both the FD parts, can be selected within an interval of densities,
increasing also the degree of freedom for model calibration. Nevertheless, in real traffic, the observed speed
may be characterized by a decreasing-slope behavior also for low densities, which can be reflected by using

a nonlinear concave function g; (Figure 2(d)), where g;(p..;)=0; and w, =0, / ((pmax,i - pcr,i)li)' An

opportune calibration of such function may lead to more realistic results. As an example, a nonlinear
exponential function, as proposed in (70), can be employed. A similar behavior can also be obtained,
without much loss of accuracy, considering a piecewise-linear approximation of the nonlinear function
(Figure 2(c)), which is helpful in case linear constraints are needed for the formulation of an optimization
problem (e.g., (23, 29)).

qa g qn q A
Qmam T [N
Omad 4 Qmax____\i____
; va T
i
N Y | 5| | ! |
Per Prmax” P Per Pmax"P  Pa  Per Prax’ P} Per Prax” P

(a) (b) (c) (d)

FIGURE 2 Different choices for the left-hand side of the fundamental diagram corresponding to: (a)
a triangular FD (CTM), (b) a trapezoidal FD, (c) a piecewise linear FD and (d) a nonlinear FD.

Demonstrative Example

In order to illustrate the behavior of each approach, a simple hypothetical motorway stretch is considered,
consisting of a set of n» =15 homogeneous cells of equal length Z, =0.5km, 3 lanes (/, =3) and common
FD parameters. The motorway stretch includes one on-ramp which is located at the upstream boundary of
the cell /=13 . Furthermore, the FD parameters are set to be p,,, =20 veh/km/lane, v,, =100 km/h,

Piax; =120 veh/km/lane, w, =20 km/h, and Q, =6000 veh/h. The simulation time step is set to be 7'=5s,

while the simulation time horizon is 7" =4 h for all the following tests. For the sake of simplicity, in all
the following tests, the function g; utilized in the Equation (3) is selected to be g;(p;)=v,,;pl; (for

i=1,..,15). Boundary conditions are set so that the exit can accommodate the receiving flow from the last
cell (infinite supply). A hypothetical trapezoidal traffic demand scenario is applied to the network which,
for some time period, exceeds the capacity of the merge area, generating congestion that spills back for
several kilometers, without though reaching the network origin. Specifically, the mainstream traffic
demand and the demand from the on-ramp are equal to # =3500 veh/h and 5, = 500 veh/h, respectively, for

[0-0.5] hours and for [2.5-4] hours; after 0.5 hours, both demand flows start to increase linearly and then are
constant and equal to 5 = 4500 veh/h and 7, =1600 veh/h, respectively, for [1-2] hours; while after 2 hours,
they start again to decrease linearly for [2-2.5]hours. The initial state for every cell is set p,(0)=11.7
veh/km/lane for i =1,..,12 and p,(0) =13.3 veh/km/lane for i =13,14,15.

Figure 3 (a), (b), (c) illustrates some significant characteristics that appear in the well-known
behavior of the CTM in case congestion is created at an on-ramp merge. Once the total demand flow (in this
case, the sum of mainstream and ramp flows) exceeds the bottleneck’s capacity, only a portion of the
available mainstream flow is allowed to access the 13" cell, since full priority is given to the on-ramp flow.
This causes an increase of density at the upstream cell (the 12" cell) (see F igure 3(a), red line), which
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eventually enters into a congested state, generating a congestion wave. During this period, the density in the
merge cell remains at its critical value (see Figure 3(a), blue line), allowing an exit flow equal to the
capacity (Figure 3(c)). As a consequence of the observations above, the speed at the 12™ cell decreases
(Figure 3(b), red line), while the speed at the merge cell (13™) remains constant and equal to the free speed.
Note that, in contrast to this modelled behavior, the merge cell is typically congested in real traffic; while
the exit flow is reduced upon the onset of congestion due to capacity drop.

In the following subsections, the selected approaches for including capacity drop are described.

Approach 1: Switching Logic for Maximum Flow

One effective way to implement a FD characterized by the inverse-lambda shape is via the definition of an
opportune switching logic to define the current maximum flow. An example can be found in (78), where the
authors proposed a set of rules to impose capacity drop in case VSL (variable speed limits) are applied in a
certain area of the network. The concept is based on the coexistence of two FDs for the same location: a
triangular-shaped one, active in case VSL are not applied (and no congestion is present); and a
trapezoidal-shaped one, characterized by a lower capacity that materializes in case congestion is present.
This method can be extended straightforwardly to the case of bottlenecks due to lane drops, tunnels, etc.; in
addition, we show here that it is also effective in case congestion is generated because of a merging

on-ramp.
The formulation is described by Equations (1), (2), (5), and (6) under Equations (7) and (8):
fi.p0(p; (k) = min { R, (k), g(p; ()} 1 - p;) for i=1,...,n, 5
fi+1,S (pi+1 (k)) =min {Ri+l (k)’ Wir (pmax,Hl = Pinl (k))liﬂ } i (k) for i = 19 Y 1 > (6)
where
Ri(k+1) =0, Ry(k+1)= 05, (7)
Roy(hal)= {QM if Py = 0OV <min(y p (P VRGN 0oy ®
)l om.

where R, are auxiliary variables that define the maximum flow for cell i and @, is the queue discharge
flow observed after the congestion onset. The queue discharge flow Q;, can also be viewed as O, = aQ,, i.e.,

a portion « <1 of the capacity flow. For this simulation test, this portion is constant and equal to a =0.95.
Equation (7) reflects the assumption that the spilling-back congestion does not reach the entrance of the
network. Moreover, all cells are initially uncongested, thus R.(0)=(;, for every i=1,...n.

Figure 3 (d), (e), (f), illustrates the behavior resulting from the application of this approach. The
main idea lies in decreasing the capacity of the cell located immediately downstream of a congested one.
More specifically, when the aggregated flow from the on-ramp and the mainstream exceeds the capacity of
the merge cell, the density of the upstream cell starts increasing (see Figure 3(d), red line) while at the same
time its speed starts decreasing (see Figure 3(e), red line); consequently, after some time, its supply function
becomes smaller than the demand function of the upstream cell; this, according with Equation (8), triggers
a reduction of the maximum flow for the downstream cell (see Figure 3(f)), which persists until the overall
demand is sufficiently decreased. As a possible drawback, the flow reduction appears with some delay after
the congestion starts; this is because this reduction materializes only when both the demand flow of the 11"
cell and the maximum flow of the 12" cell become higher than the supply of the 12" cell. Furthermore, it is
interesting to point out that despite the flow-drop, there is no congestion, i.e. over-critical density (Figure
3(d), blue line) and therefore also no speed-drop (Figure 3(e), blue line), at the merge cell.
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Approach 2: Introduction of a Weaving Parameter

Another option to achieve a reduced outflow at a merge cell is via the introduction of a weaving parameter
that affects the supply function at the merge cell, as proposed in (28). The purpose of this parameter is to
take into account the “intensity” of lane changing maneuvers performed by vehicles just entered from the
on-ramp, imposing a reduction of the available space for vehicles coming from upstream. The mathematical
formulation consists of Equations (1), (2), (3), and (9):

fins (P (0) = min {1 Wt (Pt = it 0 it | =7 () O 1 =1,.m =1 9)

where 7/, 21 is the weaving parameter which aims to further reduce the supply of the merge cell, in order

to reduce the mainstream flow attempting to enter. We can see from Figure 3(i) (where 7{; =1.2 is used),

that the capacity flow is never reached even in case of low on-ramp demand; for this reason, the flow
reduction is barely visible. Notice also, that the merge cell is again not congested (Figure 3(g),(h), blue
line).

Approach 3: Reduction of the Demand Function

Another way to incorporate capacity drop, also utilized in (28), consists of the definition of a discontinuous
demand part of the FD at bottleneck locations and the implementation of a switching rule to determine
which value of maximum flow should be used. In particular, the model can be described by Equations (1),
(2), (4), and (10):

&) i S Loy

oW.

fl-’D(p,-(k)):(l—pl-){ n. (10)

i

This approach generates the same values as the basic LWR when the density in the 12" cell is undercritical
(Figure 3(j)), reaching properly capacity flow; then, for overcritical densities, the flow drops to a value
corresponding to QO + (k) ; in this case, Q. = @Q,, and a=0.7 are used (Figure 3(1)). As a main drawback,

traffic congestion persists longer than in the other cases, because, once formed, its disappearance can only
be triggered by a decrease of the arriving demand below Q;, irrespectively of the ramp variations. Again, no

congestion appears at the merge cell (Figure 3(k),(j), blue line).

Approach 4: Linear Reduction of Maximum Flow

As mentioned earlier, the presence of capacity drop within traffic flow models plays a key role for the
design and testing of motorway traffic control strategies. Among others, model-based control problems
have been widely exploited in recent years because of the possibility to explicitly consider the system
dynamics and physical constraints. In some works, the classic formulation of first-order models was
implemented via use of integer variables and opportune switching rules; see e.g. (28, 30, 31). In other
works, e.g. in (29, 32), linear inequalities (derived from the piecewise linear FD) were considered as
constraints in the optimization problem; hereafter some modification of these models are presented, which
allow to define linearly constrained formulations for corresponding optimization problems. A similar model
is proposed in (33).

The same concept as in Approach 1 can be used, albeit with the introduction of an additional
linear term that reduces the supply function of a downstream cell. Specifically, when congestion starts in the
cell i (p, > p,.,.;), the supply term of the downstream cell i +1 is linearly decreased as a function of p,,

according to the following equations:
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s (Pra (00) = min { . (0,000 Wiy ( Pt = Pt () iy } =10 () fOT 1=1,.m—1, (11)

where F,,(p,(k)) 1s given by:

Qz’+1 lf pi (k) < pcr,i
Falp) =15 TRl U () Py for i=1,..n-1 (12)
eri ~ Pmax,i ! ow.

with O, =aQ,, and «=0.9. The proposed formulation is thus given by Equations (1), (2), (3) and (11)
under Equation (12). For under-critical densities, F, is constant and equal to the capacity flow; however, in
case the density of the i cell increases beyond its critical value (Figure 3(m), red line), the maximum flow

of the supply function of the (i +1)™ cell is reduced linearly (Figure 3(0)). This approach appears to work

appropriately also for bottlenecks due to lane drops, tunnels etc.; the capacity flow is reached before
dropping, in contrast with Approach 2; furthermore, the capacity drop appears with a lower delay than the
one observed in Approach 1. On the other hand, the merge segment is seen to remain uncongested as with
all previous approaches as well.

Approach 5: Increased Space for Vehicles Entering a Bottleneck Location.

Yet another approach may be conceived, which, in contrast to all previous approaches, allows for the
bottleneck (e.g. merge) cell to get congested, as in real traffic. To achieve this, the bottleneck cell must be
enabled to temporarily receive more flow than the cell’s capacity parameter would allow. To this end, the
supply function is modified, compared with the basic approach, in two ways. First, the upper bound
(capacity) used in Equation (4) for undercritical densities is increased, e.g. by 5%; second, the wave speed
is set slightly (e.g. 5%) higher than usual; thus, the merge cell can temporarily accommodate more inflow
than what it can sent downstream. In addition, in order to also enable capacity drop, a linearly decreasing
demand part for overcritical densities (similar to the one proposed in (20, 21)), is introduced. These changes
may be applied either to bottleneck cells only or to all cells (as in the current test example), leading to very
similar results. In Figure 3, this approach causes indeed a density increase in the merge cell whenever
capacity is exceeded (Figure 3(p), blue line). This increase generates consequently a reduction of the cell
outflow (Figure 3(1)), i.e. capacity drop, accompanied also by a reduction of speed (Figure 3(q), blue line).
The resulting equations, that replace Equations (3) and (4), are Equations (13) and (14) respectively:

gi(pi (k) if ()< p,
f;,D(p[(k)):(l_pi) Qi +Q pi(k)_pcr,i ' O.W._ o for i=1..n H (13)
cr,i _pmax,i
fro1.5 (P () =min QL1 W (Prst e = 211 () =ria (K) for i= 1.1, (14)

where Q' > Q. and w/ >w,. For this test, we selected O, = 2Q, with a=0.4 while O/ =1.050. = 6300veh/h
and w/ =1.05w; =21km/h for every i =1,...,15. It is interesting to point out that this approach, despite not

being a direct derivation of the LWR model, still guarantees the conservation of vehicles; and furthermore,
the congestion is first created at the merge cell and the flow drop occurs immediately after the maximum
flow is reached, in accordance with real traffic observations.
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CALIBRATION RESULTS

In this section the described approaches of the previous section are validated and compared regarding the
representation of traffic conditions in a real motorway stretch with particular emphasis on the reproduction
of the capacity drop phenomenon.

Motorway Network and Calibration Set-up

The considered motorway stretch of 9.45 km in length is a part of the M56 motorway in the United
Kingdom, direction from Chester to Manchester. This 3-lane motorway stretch includes one off-ramp and a
two-lane on-ramp, which, before reaching the motorway, is divided into two separate lanes. The
corresponding on-ramp flows of each lane enter the motorway at two different locations, is shown in Figure
4. In order to model the network by use of the selected traffic flow models, the examined motorway stretch
is divided into 7 links (Figure 4) and each motorway link is subdivided in model cells of equal length (about
250 m each). Using this representation, the motorway cells are well-defined, and the model equations
presented in the previous section, are directly applicable. Figure 4 displays the length of each link, the
location of the on-ramps and off-ramp and the locations of the available detector stations.

The real traffic data used in this study were obtained from MIDAS database (34). The traffic data
includes flow and speed measurements at each detector location, with a time resolution of 60 s. The traffic
data analysis showed that, within this motorway stretch, recurrent congestion is created during the morning
peak hours due to the high on-ramp flow. In particular, Figure 5(a) displays the space-time diagram of the
real speed measurements for 03/06/2014. It is observed that congestion is created upstream of the second
on-ramp during 7-8 a.m. which spills back several kilometers. Moreover, downstream of the second
on-ramp, the vehicles accelerate as they exit the congestion area. Figure 6 presents the time-series of the
flow measurements (black line) from the detector station D 8180 which is located downstream of the
congestion creation area (see also Figure 4). It is observed that the capacity drop is present here, as the
merge area outflow drops visibly when congestion sets in (between 7:10 a.m. and 8:10 a.m.).

In order to apply the examined models to this motorway stretch and achieve a fair comparison, it
is important to first calibrate the models using real traffic data. The model calibration procedure aims to
appropriately specify the model parameter values, so that the representation of the network traffic
conditions is as accurate as the model structure allows. This can be achieved by employing a suitable
optimization methodology which aims at minimizing the discrepancy between the model estimations and
the real traffic data. For more details on the considered model calibration procedure see (35).

In the current study, the Nelder-Mead optimization method is employed for the calibration of the
examined traffic flow models. The models are fed with boundary data (upstream boundary and ramps) and
produce the stretch-internal traffic state according to the respective equations and parameter values. The
utilized performance index (PI) under minimization is the root-mean-square error (RMSE) of the real
versus the model-predicted speed values at all detector locations. The models are calibrated using real
traffic data from 03/06/2014 and a simulation time step equal to 7= 5 s. It should be stressed that all cells of
the modelled motorway stretch are characterized by the same parameters of the FD. After the calibration
procedure, the accuracy and robustness of the resulted models should be tested. This is achieved by the
model validation, where the produced models are applied using different traffic data (from the same
motorway site) than those used for their calibration. In this study, the models are validated using real traffic

D 8257 D 8228 D8204/D3199 T\ \_ D8Iso D 8167

= 1 I R R B S .
| 2500 m | 2000 m A 1000 m | 950 m |500 m, 1500 m | 1000 m |
! Link 1 ! Link 2 ' Link3 | Link4 Link5 Link6 ' Link7 |

FIGURE 4 Representation of the considered freeway stretch.
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FIGURE 5 Space-time diagrams of the real speed measurements and the models’ estimations of speed
for 03/06/2014.

data from 24/06/2014.

Basic Discretized-LWR Formulation

As mentioned before, the investigated capacity drop approaches are based on a simple first-order model.
This basic first-order model cannot reflect the capacity drop phenomenon; however, different expressions
for the FD may improve the model’s accuracy. To this end, four different shapes of the FD were examined
first, all applied to the basic model, i.e. triangular FD, trapezoidal FD, piecewise linear FD, and nonlinear
exponential FD (see Figure 2).

Table 2 includes the estimated models’ parameter values and the corresponding PI value for the
calibration and the validation date. It is interesting to see that all four variations estimated similar value for
the O (capacity) parameter. Moreover, as it was expected, the use of a triangular FD results in a low p,,

value, lower than in the other formulations. Table 2 also includes the calibration results of a second-order
model, METANET (10), which was applied to this motorway stretch for comparison purposes. Note that
Table 2 presents only some of the estimated METANET parameter values, due to the limited available
space, while the rest parameters were estimated equal to: 7=26.8 s, v=45.6 km’/h, 6=0.1 h/km, x=10
veh/km/lane, v,,;,=7 km/h. Figure 5 illustrates the space-time diagrams of the real speed measurements and
the corresponding model predictions of speed for the calibration date. It is observed that the models using a
triangular or a trapezoidal FD predict free flow conditions at all areas outside congestion. In contrast, the
use of a piecewise linear or non-linear FD allows for mean speed variations, also outside of the congestion
area, thus achieving higher accuracy there, compared to the first two formulations. The second-order model
METANET, produces, as expected, a more realistic representation of the prevailing traffic conditions
thanks to the fact that this model takes into account the vehicle acceleration and the drivers reaction time.
Considering the above results, first-order models with nonlinear FD are used for the subsequent
investigations of capacity drop approaches.
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Capacity Drop Approaches

Five capacity drop approaches are implemented for this simple, but typical, motorway stretch, which were
described in the previous section. Table 2 includes the estimated model parameter values for all five
approaches. It should be mentioned that in all examined approaches the maximum capacity flow Q was

considered fixed and equal to 6900 veh/h, which is close to the highest flows observed in the network. This
was done in order to achieve a fair comparison of the models regarding the reproduction of the capacity
drop phenomenon.

Table 2 shows that in all five approaches similar values were estimated for the v, and p,

parameters, while quite different values were obtained for the parameters w and p,,,, due to the different

formulations adopted for the reproduction of the capacity drop phenomenon. Moreover, it should further be
noted that although in all approaches the parameter « is related to the magnitude of the capacity drop, it is
actually introduced to the model equations in a different way and for this reason the value of o varies in the
different approaches.

Figure 6 (a)-(f) display the time-series of the real flow measurements and the corresponding
model estimations, at the location of detector station D 8180, for all tested approaches. It is observed that, in
contrast to the simple first-order model, all five approaches are able to reproduce the capacity drop,
resulting in reduced merge area outflow during the congestion period, in accordance also with simulation
results. Table 2 also includes the PI value for the calibration and the validation days. It is observed that the
models achieve similar PI values, which implies that they are all able to reproduce the traffic conditions in
this network with sufficient accuracy. Moreover, all approaches improve the PI value compared to the
simple first-order model with non-linear FD.

Nevertheless, each approach is characterized by a different qualitative behavior. In particular, the
discharge flow observed at detector D8180 for Approach 1 corresponds exactly to the pre-specified value
O =aQ = 6141veh/h. In Approach 2, the observed outflow never reaches capacity, even before the onset of

congestion, in accordance with the behavior described in the previous section. For Approach 3, the
discharge flow that materializes is also dependent on the on-ramp flow entering the merge cell (which
causes the fluctuations that can be observed in the corresponding plot), whereas the mainstream flow
exiting the cell upstream of the merge cell is constantly equal to O = aQ = 4968 veh/h. In Approach 4, the

magnitude of the observed capacity drop increases according to the density of the upstream cell; i.e., in case

TABLE 2 Calibration and validation results for all employed models.

Model Y I():eh/km/ e l();a;z/km/ 0 I():eh/km/ oW pr—pI

Gammy 2 Gy ey (km/h) | 3/6  24/6
Trian. FD | 112.0 187 202 1174 6282 - - 180 19.3
Trap.FD | 1120 - 218 1450 6192 - - 180 16.9
PWLFD | 1105 247 148 1655 6258 144 - 126 13.1
NL FD 1142 260 194 1339 6285 - .o 129 135
METANET | 1142 289 ; ; 6525 - .o 79 115
Approach1 | 1232 364 259 1249 6900 - 089 - - 1.6 129
Approach2 | 1234 359 219 1392 6900 - - 156 - 119 13.7
Approach3 | 1228 335 214 1491 6900 - 072 - - 128 13.1
Approach 4 | 123.0  35.6 259 1312 6900 - 063 - - 113 13.1
Approach5 | 1228 35.7 336 1067 6900 - 057 - 382 |115 127
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FIGURE 6 Time-series of the real flow measurements at the location of detector station D 8180 for (a)
the simple first-order model; (b) the Approach 1; (¢) the Approach 2; (d) the Approach 3; (e) the
Approach 4; and (f) the Approach 5 for 03/06/2014.

of stronger congestion characterized by a lower internal speed, a stronger capacity drop is observed, which
is in accordance with some traffic observations. Finally, in Approach 5, the discharge flow is the
equilibrium resulting from the combined effect of the demand and supply functions for the merge cell. It
should further be noted that all approaches, except for Approach 2, are capable to estimate a high merge
area outflow just before the onset of congestion, which is in accordance with the real flow values observed.

Regarding the calibration procedure, Approaches 1, 2 and 4 were found to converge to similar
optimal parameter valus, reflecting a capacity drop, when started with different initial parameter values. As
a consequence, these models might be more easily applicable to different application scenarios. On the
other hand, for Approaches 3 and 5 the selection of appropriate parameters was more challenging; in
particular, several calibration runs starting from different initial parameter values led sometimes to
solutions with a less pronounced capacity drop. These sensitivity and robustness issues are currently under
more focussed investigation, and related findings may shed more light to the particularities of each
approach.

CONCLUSIONS

This study presents an overview of modelling approaches to include capacity drop into first-order traffic
flow models. The presented approaches were tested first for a hypothetical network and traffic demand
scenario to highlight their principal behaviour and qualitative properties; eventually the models were more
rigorously calibrated and validated using real-data from a motorway in the U.K. The obtained results show
that, although the tested models employ different mechanisms to include the capacity drop phenomenon,
they are all able to produce an appropriate flow reduction at the merge area whenever traffic congestion is
present. Furthermore, it is important to point out that Approaches 1, 3, 4, and 5 can be implemented in a
similar way to other types of bottlenecks (e.g. due to lane-drop, tunnel etc.), while Approach 2, in its current
form, can only be applied to merging bottlenecks because of its inherent formulation.

The obtained results were found to be quantitatively similar with respect to the achieved PI values, which is
mainly attributed to a traffic situation with limited complexity and a limited number of internal comparison
data. Future investigations involving more complex traffic situations and richer data might shed more light
on the comparative quantitative accuracy of different approaches.
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