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Control measures at merging locations aimed at either the mainline traffic or on-ramp traffic do not lead to a fairness in the
distribution of total delay across the two streams. This paper presents a control strategy of combining a lane change control with a
ramp metering system at motorway merges. The control strategy presents the opportunity to control the delays incurred at the two
traffic streams of the merge. An optimization problem is formulated for a multilane motorway with an on-ramp with the aim to
minimize the total travel time of the system. The proposed strategy is tested using an incentive-based lane-specific traffic flow
model. Results revealed a 17% reduction in the total travel time due to the proposed strategy. Moreover, it was shown that the
distribution of delays over the mainline and on-ramp could be controlled via the proposed strategy. The performance of the
combined control was also compared to the individual control measures. It was observed that the individual control measures
(lane change only and ramp metering only) lead to high delays on either the mainline or on-ramp compared to the combined
control, where the balance between the delay for the drivers on the mainline and on-ramp could be regulated. The combined lane
change and ramp metering control presents opportunities for the road authorities to manage the total delay distribution across the

two traffic streams.

1. Introduction

Motorway merging sections are recurrent bottlenecks prone
to congestion due to the high lane changing (LC) activity
near the bottleneck with on-ramp and mainline traffic
competing for the same space downstream of the merge.
This leads to the onset of congestion and a drop in the queue
discharge rate, a phenomenon known as capacity drop [1, 2].
Early attempts to prevent congestion at merging sections are
related to the control of on-ramp flow entering the mainline
via ramp metering (RM) to avoid or delay the onset of
congestion on the mainline [3, 4]. RM is a popular and well-
known traffic control measure employed at on-ramp sec-
tions to deal with congestion problems [5]. RM works by
restricting the flow entering the motorway from the on-
ramp. This is usually done by using a traffic light, which
controls the ramp flow entering the motorway based on the

traffic conditions on the motorway. A variety of RM algo-
rithms have been proposed over the years such as the well-
known feedback based ALINEA [3], feed-forward based
ALINEA [6], reinforcement learning based RM [7], RM
using microscopic gap detection [8], and RM algorithm
based on neural networks [9]. These studies have indicated
the benefits of RM. Classical RM algorithms generally work
by comparing a measured or target variable such as flow,
occupancy, or density of the motorway against a desired/
reference value to avoid the onset of congestion on the
motorway. The benefits of RM mainly in terms of reduced
travel times have been highlighted in these studies. However,
one of the major drawbacks of RM is that, by limiting the on-
ramp flow entering the mainline, long queues can built up on
the on-ramp, which can lead to high delay for the on-ramp
vehicles. This can also affect the adjacent surface streets due
to queue spillback from the on-ramp [10, 11]. This is
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especially true when the on-ramp and mainline demand are
high. An overview of various RM algorithms is given by
[5, 12].

Variable Speed Limit (VSL) is a popular mainstream
traffic flow control measure, which is used to regulate the
inflow to critical sections and prevent high densities.
Multiple studies have used VSL to improve the traffic flow
efficiency at merge bottlenecks. VSL controllers such as
Model predictive control (MPC) based [13], shockwave
theory based [14], feedback based [15], and optimal control
based [16] have been tested at merge bottlenecks to improve
the traffic flow efficiency. These studies reported certain
improvements in travel time and stability. However, the
observed improvements in traffic efficiency and travel times
are varying and inconsistent [17, 18]. And in some cases, the
designed speed limits are too low (~20-30km/h) to be
implemented in practice on the motorway as these can create
an additional bottleneck upstream of the VSL [19, 20].

Mandatory and suboptimal LCs are among the major
reasons for reduced traffic flow efficiency at merging bot-
tlenecks [10, 21]. Emerging technologies in the form of
Vehicle-to-Infrastructure (and Vehicle-to-Vehicle) com-
munication and Advanced Driver Assistance Systems
(ADAS) create opportunities to develop smart traffic
management strategies, which can alleviate congestion at
recurring bottlenecks such as merging sections. Using such
emerging technologies, various studies evaluated LC control
measures to improve traffic flow efficiency at merging lo-
cations. Studies involving LC control are mainly restricted to
advisory systems, which use microscopic simulations to
analyze the impact of LC advisories to individual vehicles on
the motorway. Marinescu et al. [22] proposed a slot-based
merging algorithm for automated vehicles, where vehicles
are allocated in virtual slots, and the on-ramp vehicles are
slotted into any empty slots remaining on the mainline. The
algorithm increased the merging probability by utilizing the
free slots on the left lanes of the motorway. Park and Smith
[23] developed a LC advisory, which encouraged early LCs
for the vehicles on the mainline to create more space for
merging. Most of the LC advisory studies are usually based
on the gap-acceptance approach, where vehicles are advised
to change to adjacent lanes when gaps of sufficient size are
available and create space to facilitate the merging process.
However, the influence of the controlled or advised LCs on
traffic flow and any induced LCs was rarely discussed.

Compared to the limited literature on LC advisory
systems, there exist several studies that consider the lon-
gitudinal control of individual or a platoon of vehicles
(either by influencing speed, headway, or acceleration) in
order to create gaps near merging sections. Ran et al. [24]
and Kato et al. [25] evaluated merging algorithms for fully
automated traffic with control over a platoon of vehicles.
Davis [26] and Liu et al. [27] investigated the performance of
a merging assistant for mixed traffic consisting of manually
driven and Cooperative Adaptive Cruise Control (CACC)
vehicles. Pueboobpaphan et al. [28] and Nagalur Subraveti
et al. [29] developed merging assistants involving speed
interventions for the mainline vehicles to create gaps to
facilitate merging. Min et al. [30] proposed a centralized
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approach based on game theory to control the process of on-
ramp merging in a connected environment. However, most
of these studies were either limited to single lane motorways
or LC behavior, and their impacts were not taken into
consideration.

Integrated and coordinated control approaches involv-
ing a combination of some of the above-mentioned mea-
sures have also been developed. Hegyi et al. [13] used an
MPC based controller for optimal coordination of VSL and
RM. The framework was evaluated using the second-order
METANET model. Carlson et al. [31] integrated VSL with
RM and formulated an optimal control problem to evaluate
the performance also using METANET. Iordanidou et al.
[32] extended the approach considering multiple on-ramp
sections with the aim to balance the delays caused by dif-
ferent actuators. Zhang and Ioannou [18] combined a LC
control with VSL near lane closures (merging process
somewhat similar to those near on-ramp sections). The VSL
controller was based on a feedback linearization technique,
while the LC controller provided recommendations to the
drivers. However, the LC strategies designed in this study
were based on case specific rules, which may not be optimal.
Lietal. [33] integrated a local and coordinated RM with VSL
controllers to achieve an efficient and equitable motorway
system. Tajdari et al. [34] integrated RM with a feedback-
based LC controller and evaluated the performance of the
integrated control at merging section assuming the presence
of connected and automated vehicles. But the LC flows being
regulated were bound to a threshold value instead of the
capacity of the target lane. Cho and Laval [35] proposed a
RM-VSL combined control strategy to avoid or reduce the
extent of capacity drop at merge bottlenecks. However, the
study did not assume a minimum speed limit for the VSL or
take into account the differences between lanes. Most of
these studies also do not discuss the impact of integrated and
(or) coordinated control on the distribution of delays across
the two traffic streams.

Capacity drop at merging sections is primarily due to the
high LC activity—forced and courtesy LCs at these locations.
This can be improved by encouraging more discretionary
and courtesy LCs further upstream of the on-ramp, so that
the conflicts between mainline and ramp traffic are avoided
by creating space for the incoming demand. As discussed
above, RM alone is not efficient for high traffic demand. And
while LC control alone on the mainline can create space for
the on-ramp demand, this can cause excessive delays for the
mainline traffic due to disturbances and congestion created
on the left (inner) lanes due to the LC activity from the right.
The unfair allocation of benefits and high delays for on-ramp
flow due to RM have been highlighted in multiple studies
[36-38]. Restricting to a single control at merging sections
leads to an unbalanced distribution of delays across the two
traffic streams.

Hence, addressing this issue, the main goal of this study
is to combine a LC control with a RM system at merging
sections and evaluate the control strategy in terms of the
travel time improvements and delay distribution. By com-
bining the LC control with the well-known RM, it is ex-
pected that the delays on the mainline and on-ramp can be
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controlled according to the respective demands and pre-
vailing traffic conditions. This paper evaluates the perfor-
mance of a combined control with the aim to reduce the
travel times and improve the traffic flow efficiency at a
motorway merging section. The proposed control strategy to
manage delays at merging areas is applied on a simple yet
realistic test case to show the validity of the concept pro-
posed. Lateral flows upstream of the merge on the mainline
are controlled to create more space for the on-ramp demand,
and this is coordinated with a RM system to control the on-
ramp demand entering the motorway. The combined con-
trol measure is compared to the individual control measures
to assess the differences in performance. An optimization-
based framework is used to determine the LC rates upstream
of the merging area for the LC control. The various control
strategies are evaluated via simulation experiments using an
incentive-based first order lane-specific traffic flow model.
The traffic stream is considered macroscopically in this
study. It should be highlighted that the main contribution of
this paper is not the control approach itself but rather the
insights obtained via the application of this control ap-
proach. Insights gained from this study aim at providing a
foundation for the development of traffic management
strategies via in-vehicle information systems (IVIS) and
roadside units (RSU) for motorway merges.

The remainder of the paper is organized as follows:
Section 2 gives a brief description of the lane-specific traffic
flow model used for simulation experiments to evaluate the
various cases along with a description of the RM algorithm
used in this study. In Section 3, description of the optimi-
zation problem and the framework for LC control is pro-
vided. Section 4 presents the hypothetical network
considered along with a description of the no-control sce-
nario. In Section 5, a comparison of the travel times and
delays for the different cases is shown, followed by

At
ky(t+1) =k (1) + A7[

In (1), q and k denote the flow and density of the cell
segments, respectively. Iq is the lateral flow between the cell
segments, rq is the flow entering from an on-ramp, and ¢
represents the simulation horizon with t =1,2,3, .. .., T. The
total simulation time is given by tg, =T At.

The probability of LC is considered as a function of
multiple incentives (I), which are difference in density
among lanes (I 5;), desire to maintain route (I,, keep-right
bias (I, and cooperation towards merging vehicles (I
which have been observed in various studies.

coop?
I'= I+ T + Ig + Looop- (2)

The probability of flow to change lanes from [ to I is
given by

P (3)

i,1—l

[ IKZ—KZ’]
» = max| 0, ———|,

’ Kl+ Kl’

discussions on the observed results, which are reported in
Section 6. Finally, the paper is concluded with recom-
mendations for future works in Section 7.

2. System Modelling

In this section, a brief description of the traffic flow model
used for the simulations and the algorithm used for RM is
provided.

2.1. Lane-Specific Traffic Flow Model. An incentive-based
lane-specific traffic flow model is used for the simulation
experiments to evaluate the performance of the proposed
control measure. For a detailed description of the model, we
refer to Nagalur Subraveti et al. [39]. The remainder of this
section is based on Nagalur Subraveti et al. [39] and provides
a summary of the lane-specific model presented in that
paper.

The starting point of the model is the well-known cell
transmission (CTM) model proposed by Daganzo [40],
which is extended to consider lane dynamics. The compu-
tation of lateral flows is based on an incentive framework,
where LC is described as a function of various incentives
such as keep-right, maintaining desired route and courtesy.
The model also takes into consideration downstream con-
ditions in the computation of lateral flows. The lateral and
longitudinal flows are computed assuming a triangular
fundamental diagram (FD). The lanes on the motorway are
partitioned into cell segments of length Ax and time is
discretized into steps of duration At. The density update
equation of a multilane motorway divided into lane-wise
segments, with the segments indexed asi =1,2,3, .... nand
the lanes as I =1,2, .... m in discrete terms is

Qi1 () = G () + 1q; - (6) + 10— () = 1q;; -y (6) = 1g;y—1y (B) + 7y (t)]- (1)

where K is the weighted density of a cell segment i on lane [.
A weighted density term is considered to take into account
the effect of downstream conditions on LC flows. The lateral
demand of a cell is a function of P;; , and the total de-
mand of the cell. The lateral flow Ig;; ,; in (1) is hence the
minimum of the lateral demand of the origin cell and supply
of the target cell.

In the model, the flow entering from the on-ramp is
prioritized over the longitudinal and lateral flows. This
means that the mainstream congestion does not spill back
onto the on-ramps, and the on-ramp demand upon entering
the acceleration lane can successfully enter the mainline.
Empirical studies such as Bar-Gera and Ahn [41] have in-
dicated that the merging behavior is dictated by a fixed ratio
denoted as the merge-ratio, which can be equal to the lane-
ratio of the two streams. However, it has been pointed out
that there are many other factors influencing this behavior



(such as lane ratios, road geometry, and curvature). Hence,
for simplicity, we make this assumption to preserve the focus
of this paper, which are the insights obtained from the
implementation of this control strategy.

The first-order traffic flow model is extended to incor-
porate capacity drop. This is done by employing the ap-
proach proposed by Han et al. [42], wherein the supply of a
cell segment is decreased with increasing density of the
upstream cell segment. This implies that as the cell segment i
becomes overcritical, the maximum possible flow in the
supply function of the downstream cell segment i+ 1 is
linearly decreased as a function of density of cell segment i
which results in a flow lower than the capacity of the cell
segment.

The traffic flow model has been tested against real-world
data for different motorway sections in Netherlands, and it
was shown that the model was able to replicate the important
lane-specific dynamics (in terms of the lane flow distribution
and merging activity) at these sections with a mean error of
~2-3 veh/km/lane in terms of estimating the lane-specific
densities. The model was also compared to a linear re-
gression model, and it was observed that the incentive-based
model resulted in lower errors in terms of estimating the lane
densities and overall better accuracy. Hence, this model is
chosen as a benchmark to represent the no-control scenario
against which any performance gains resulting from control
are compared.

2.2. Ramp Metering (RM) System. 'The aim of a RM system is
to restrict the on-ramp demand entering the motorway or
spread it over time to avoid congestion on the motorway.
The benefits of using RM at motorway merge sections to
improve traffic flow efficiency and stability have been ob-
served in multiple studies [5, 10]. ALINEA proposed by
Papageorgiou et al. [3] is one of the most popular local
feedback control RM strategies used. The algorithm uses the
occupancy downstream of a ramp (%) o, (t — 1) as input for
the control strategy. The algorithm works by controlling the
ramp inflow to the motorway, such that the occupancy on
the mainline is maintained close to a desired value 6 de-
scribed by the feedback equation:

r(t) =r(t—1)+ Kg[o— o,y (t —1)], (4)

where 7 (¢) denotes the ramp flow allowed to enter the
mainline in a time period (¢) and Ky is a regulator pa-
rameter. Several variations of ALINEA have been proposed,
where the occupancy term, which is the target/measured, is
replaced by other variables such as upstream occupancy,
speed, and flow [4, 43]. In this study, D-ALINEA, which uses
density as the measured/targeted variable, is used for the RM
system [44]. This is desirable, as the density is the state
variable of the traffic flow model described in Section 2. In
D-ALINEA, r(t) is given by the feedback equation:

r(t)=r(t—1)+ Kglk - k(t-1)], (5)

where k is tAhe desired density, which is related to the critical
density as k = &k, with £ < 1. £ can be interpreted as the
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fraction of the capacity of the road that can be filled [45]. In
D-ALINEA, the regulator parameter has a unit of km/h. The
algorithm in this case attempts to prevent the density at the
bottleneck from exceeding the critical density. In this study,
we assume & = 1. The density measurement used in (5) is
the density on the mainline downstream of the acceleration
lane. Smaragdis and Papageorgiou [4] mention that it is
preferable to control the traffic based on the conditions
downstream of the ramp for the best results. Hence, this site
was chosen as the area for density measurement. The
minimum allowable flow due to RM in this study is set to 300
veh/h to prevent long queues upstream of the acceleration
lane and avoid ramp closure.

3. Approach

This section presents the optimization problem including
description of the objective function followed by the
framework for the LC control.

3.1. Objective Function. The optimization problem finds LC
flows, which lead to the least overall Total Travel Time
(TTT) of the system. Since the traffic flow model is based on
the demand and supply concept, the flow entering a cell
segment will be lower than the demand if the origin cell
segments of the network are congested. This will result in a
flow, which is less than the demand entering the network,
which can hence cause the TTT within the section to be low.
This however results in high delays at the entrance of the
section. Hence, delays at the entrance of the mainline and
on-ramp are also added to the computation of TTT of the
system. The objective function aims to minimize TTT,
which is equivalent to maximizing throughput and is
specified as

t t t
J :J N,At + J NmAt+J N,At, (6)
0 0 0

where N =number of vehicles in the section i, N,, and N,
=vehicles queuing at the origin of the mainline and on-
ramp, respectively, due to congestion in the origin cell
segments of the network. At =simulation time step and t
=represents the simulation horizon with t =1,2,3, ...., T.

The MATLAB implementation of the Sequential Qua-
dratic Programming (SQP) algorithm (fmincon) is used to
solve the optimization problem. The LC flows observed in
the no-control scenario resulting from traffic flow model
described in the previous section are chosen as the initial
point for optimization.

3.2. LC Control Framework. We employ the LC control
framework proposed in Nagalur Subraveti et al. [46] in this
study. For a detailed description of the framework, the
authors refer to the original work. The optimization algo-
rithm attempts to find ideal LC flows to minimize the TTT
described by (6). The LC flows can be controlled in both
directions (i.e., from left to right and right to left). In the case
of on-ramps, controlling the LCs from left to right are not of
high importance, because vehicles in general would be
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apprehensive to change lanes to the right near merging
sections. Hence, for simplicity, only lateral flows towards the
left are controlled, and LCs from left to right upstream of the
on-ramp are considered to be negligible (zero in this case).

The decision variable chosen for the optimization
problem is the probability of flow that can change lanes
(P,_,y) described in (3). Selecting P;,__,; as the decision
variable is advantageous because of its direct relation to the
computation of the LC flows. The constraints for this de-
cision variable can also be easily set since the probability can
only range from zero to one. The LC flows are controlled on
the mainline in a section upstream of the on-ramp.

4. Benchmark Problem

The benchmark network chosen for the simulation exper-
iments is depicted in Figure 1. The network consists of a
three-lane mainline motorway with a single lane on-ramp
merging into the mainline after 4.5km. The network is
divided into 3 segments. Segment A-B is the mainline
section upstream of the on-ramp 4.5 km long. Segment B-C
consists of 3 mainline lanes and an acceleration lane, which
is 300 m long (similar to the length of acceleration lanes
commonly observed on Dutch motorways). The section
downstream of the acceleration lane is labelled as segment
C-D, which is 1.2 km in length. The point where the on-ramp
intersects with the mainline motorway is labelled as merging
point. The RM installation is assumed to be present at this
location. The shaded region in the figure on the mainline
represents the LC control zone, where the LCs of the
mainline traffic are controlled.

The demand profile for the mainline and on-ramp
chosen for this study is shown in Figure 2. Both demand
profiles follow a similar trend. The simulation is run for 80
minutes with the inflow entering the network being stopped
after 1 hr. This ensures that the entire flow exits the section,
so that the final state of the network is similar for the dif-
ferent test cases enabling a fair comparison of the TTT and
delays. A constant demand is maintained for ten minutes
followed by a gradual rise for the next 10 minutes. This is
followed by constant demand at a high level for the next
twenty minutes. Due to the increased inflow, congestion sets
in upstream of the merging point on the mainline and on-
ramp. The demand drops from this peak and gradually
decreases in the next ten minutes before levelling off and
remaining constant for the final ten minutes after which the
inflow to network is stopped. During the period of high
demand, the lanes are at near-critical conditions.

The network parameters used in the traffic flow model
are free flow speed (u) =108km/h, wave speed (w)
=20km/h and jam density (kj,;,,) =128 veh/km. The net-
work parameters are assumed to be the same for all the lanes.

The simulation time step for the model is chosen to be
10s. According to the assumed simulation time step and the
free-flow speed, the minimum cell segment length, which
follows the CFL condition [47], is 300 m. This is chosen as
the length of the cell segments. A total of 45 cell segments are
present upstream of the merging point. The acceleration lane
consists of one cell segment of length 300 m. The remaining

15 cell segments are downstream of the end of acceleration
lane.

Different control strategies are compared to the no-
control case to analyze the performance of the system in the
presence of the implemented control measures. These dif-
ferent cases include (1) LC control, (2) RM, and (3) com-
bined LC and RM control. In the control cases, which
include lateral control, it is assumed that LCs can happen
from right to left, while zero LC activity is assumed from left
to right. No such constraints are assumed on the direction of
LC flows in the no-control scenario. The lateral flows are
controlled in a section of length 600 m upstream of the
merging point. No LCs other than the controlled ones are
assumed in the optimization problem to make sure that the
LC flows resulting from the traffic flow model do not interact
with those determined by the optimization process. Note
that this can be implemented in practice with a ban on LCs
unless instructed otherwise. The control time step for the LC
flows is chosen to be 1 minute. Flows entering from the on-
ramp are also controlled via the RM every minute. The
density measurement used in equation (5) is the density on
the mainline near C (end of the acceleration lane) in Fig-
ure 1. There are a total of six cell segments (two on each lane)
within the LC control section.

5. Results

In this section, we discuss the results observed in the dif-
ferent control strategies described in the previous section. A
comparison between the TTT and delays on the two traffic
streams for the different cases and the unsatisfied demand
upstream of the on-ramp is shown in this section. A detailed
discussion on the observed traffic dynamics along with
reasons for the differences in the observed performance is
provided in Section 6.

5.1. Comparison of TTT and Delays. In order to get an
understanding of the performance of the various control
measures evaluated, the TTT of the system as well as the TTT
only on the mainline for the different cases is initially looked
into. Figure 3 shows the comparison of the no-control
scenario against the various control cases in terms of the
TTT of the system.

It can be seen from the figure that all the control cases
lead to a reduction in the TTT of the system compared to the
no-control scenario. The maximum benefits are obtained in
the combined LC + RM control case followed by the LC only
case and RM only case, respectively. The TTT of the system is
reduced by a maximum of 17% in the LC+RM case and a
minimum of 4% in RM only case. While RM leads to sig-
nificant reduction in the TTT on the mainline, this also leads
to high delays for the on-ramp traffic, which can be seen
from higher overall TTT of the system compared to the other
two control cases.

Now, we take a closer look at the distribution of the total
delays incurred upstream of the merge location to get a
better understanding of the location of the delays. Figure 4
shows a comparison of the delays at the two traffic streams
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FIGURE 2: Demand profiles-mainline demand (a) and on-ramp demand (b).
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FIGURE 3: Comparison of the TTT of the system.

upstream of the merging point. In the no-control case, the
mainline traffic experiences high delay as the on-ramp de-
mand merges into the mainline. An opposite trend is ob-
served in the RM case where the on-ramp delay is high with
slight delay on the mainline. This is to be expected as the on-
ramp demand is restricted from entering the mainline by the

RM system based on the conditions on the mainline. The LC
control leads to the least total delay among all the cases
although the mainline suffers from a comparatively high
delay compared to the RM only case. Compared to the LC
only control case, the combined control experiences a
slightly higher overall delay. However, the distribution of
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FIGURE 4: Delays upstream of the merging point on the two streams.

delays across the mainline and on-ramp is more even with
both experiencing almost similar delays.

The flow exiting the bottleneck gives an insight into the
reason behind the variation in the TTT for the different
cases. The flows exiting the merge bottleneck (i.e., the lo-
cation where the acceleration lane ends) are shown in
Figure 5. The bottleneck throughput is shown from the 11™
minute as the network is in free flow in the first ten minutes.
In all the control cases, the exit flow during the period of
peak demand is higher than the exit flow in the no-control
case. In the traffic flow model, capacity drop is incorporated
by modifying the supply function of the cell segment, such
that a cell segment is set to receive lower flows when the
density of the upstream cell segment becomes overcritical.
Since all the control cases reduce conflicts between the
mainline and on-ramp traffic by either restricting on-ramp
demand via RM or creating space on the mainline by
diverting the mainline flow towards the left lanes via LC
control or by using a combination of both, lower densities are
observed at the bottleneck area leading to higher exit flows.
The combined control leads to higher exit flows for a longer
duration as compared to the LC only case. This is because the
density on the left lanes starts increasing due to LCs from the
right. However, in the combined control case, the number of
LCs is lower as part of the on-ramp demand is restricted by
the RM system leading to the reduced need for creation of
space for the metered on-ramp demand. Fluctuations in the
exit flow can be observed in the LC only case along with the
combined control case. This is due to the optimizer balancing
the need to accommodate ramp demand by directing high LC
flows towards left with the need to avoid congestion in the left
lanes due to the LC activity. These fluctuations can be avoided
by introducing a term that penalizes abrupt variations in the
LC flows in the objective function.

5.2. Speed Contour Plots. Figure 6 shows the speed contour
plots for the various control cases. We chose to plot pace

(i.e., 1/speed) to better illustrate the differences between the
low speeds (so technically speaking, they are pace contour
plots). However, the corresponding speeds are represented
on the color bar for easy interpretation. Note that the dif-
ferences in pace also better illustrate the differences in travel
time than differences in speed. The duration and area of
severe congestion (highlighted by the region in red repre-
senting lower speeds) are reduced in all the control cases
when compared to no-control scenario. In the no-control
scenario, as the demand increases on the mainline and on-
ramp, the density on the mainline also increases causing the
onset of congestion starting from lane 3, which then
propagates to the left lanes. When the demand on the
mainline and on-ramp gradually decreases, the congestion is
dissolved, and the network returns to a steady state.

Reduction is speeds observed in the RM only case near
the merge point as the traffic from the on-ramp merges into
the mainline. However, the congestion does not propagate
far upstream and is much less severe as the RM restricts the
demand entering lane 3. In all the cases, congestion begins
around the 20™ minute, which corresponds to the increase in
demand on the mainline and on-ramp. Although there are
some courtesy LCs in the no-control and RM cases from lane
3 to the right lanes (lanes 1 and 2) to accommodate the
incoming flow, it is not enough due to the considerably high
demand.

In the LC control case, the reduction in severe con-
gestion can be attributed to the reduction in the number of
conflicts between the mainline and on-ramp vehicles. This is
because of the increased number of LCs upstream of the
merging point to create space for the incoming on-ramp
demand. The net total number of LCs (i.e., difference in the
number of LCs in each direction) from lane 3 to 2 is 707, and
from lane 2 to 1, it is 439 due to the LC control. Comparing
this to the no-control case, the net total number of LCs in
from lane 3 to 2 is 396 and 191 from lane 2 to 1. So, the
number of LCs from right to left roughly doubles in the LC
control case. In the LC only case, more flow is directed
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towards the left lanes to facilitate the merging process by
creating gaps. However, this high LC activity causes dis-
ruptions and results in mild congestion on the left lanes of
the mainline. This causes delay to the traffic on the mainline.
This is highlighted in the pace contour plots, where lower
speeds are observed compared to the RM only case especially
after the 35™ minute. However, due to the space created on
lane 3, vehicles coming from the on-ramp can merge more
easily into the mainline leading to less delay. A longer LC
control section can lead to the LC activity to be more spread

out over space probably resulting in lower delays on the
mainline. However, in reality, LCs too far upstream of the
merging point to create space for the on-ramp flow can be
unrealistic and might lead to flow moving back to the right
lanes due to increased density in the left lanes.

In the combined control setup, the RM controls the
inflow to the mainline via the RM algorithm given by (5),
while the space for this metered flow is created via the LC
control, where the mainline flow on the right lanes is di-
rected to the left lanes. For the chosen demand profile, as the
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ramp and mainline demands increase simultaneously at the
same rate, the LC rates obtained via the optimization
framework and the RM settings led to approximately similar
delays upstream of the mainline and on-ramp. There are
some differences in the severity of congestion especially near
the merging point between the combined and LC cases. In
the combined control case, the area of congestion is further
reduced especially at the onset of congestion due to the flow
that is controlled by the RM, which reduces the number of
conflicts between the on-ramp and mainline flow.

5.3. Queue Length at the on-Ramp. Figure 7 shows the queue
upstream of the merging point at the on-ramp caused by
vehicles that cannot enter the acceleration lane due to the
RM system. During the peak demand, the queue length is
high and increasing over the entire duration in the RM only
case. The duration as well as the peak of the queue is much
lower in the combined control case than in the RM only case.
This leads to the lower on-ramp delays in the combined
control case. In the combined control scheme, the queue
length is never too high, which can be beneficial in con-
trolling the queues on the on-ramps. This exhibits the ad-
vantages presented by the combined control case as
compared to the RM only case. A queue control mechanism
wherein the metering rate depends upon the maximum
storage space available at the on-ramp is not considered in
this study.

6. Discussions

In this section, discussions on the results for the various
control measures and the reasons for the differences in the
observed performance are provided.

The RM case does not yield any significant improve-
ments in terms of the overall TTT when compared to the LC
only and combined control case. The reduction in the TTT

for the RM case is around 4% compared to the nearly 17%
reduction in TTT for the other cases. There are two reasons
for the lower benefits of the RM case.

Firstly, vehicles from the acceleration lane merge into the
mainline initially in lane 3 (also known as the shoulder lane/
right-most lane) and based on the prevailing traffic condi-
tions, and they either remain on this lane or change to the
left lanes. Therefore, even if there is enough overall space in
the mainline, the available space that is of most importance
is the space in lane 3. The RM system considers the overall
available space via the density of the section measured on the
mainline at the end of the acceleration lane. While the
feedback controller leads to a reduction in flow entering the
mainline during overcritical conditions, this flow might still
be higher than the space available in lane 3. The major LC
activity occurs from the acceleration lane to lane 3. This leads
to the onset of congestion in lane 3, which slowly propagates
to the other lanes as vehicles move to the left lanes due to the
sharp increase in density on lane 3. In addition, the per-
formance of a RM system is generally evaluated using road
level traffic flow models. However, in a lane-specific model,
each lane is treated as a separate entity. If the RM system is
changed to consider the density of lane 3 only, the flow due
to RM is greatly reduced, which causes large queues up-
stream of the acceleration lane and consequently, lower
improvements in TTT. Hence, the availability of space on
the right-most lane should be given higher importance, and
the prevailing lane flow distribution should be taken into
consideration while designing the RM algorithms.

Secondly, it is assumed that RM rates are controlled
every minute. The measurement of the target variable, which
is the density of the mainline section near the bottleneck, is
performed every minute (similar to the aggregation period
of roadside loop detectors). Hence, it is possible that, at a
particular time interval, the mainline is undercritical.
However, in the next interval, due to higher demand (either
on the mainline or ramp or in some cases both), the section
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can get overcritical. Especially, at near-critical conditions,
even slight increase in demand can quickly lead to the onset
of congestion. In the case study, the section changes from
near critical to overcritical between the 13th and 14th
minutes. Combined with low metering rates, high on-ramp
demand, and the control period of the metering rate, the RM
is not able lead to sufficiently high exit flows and conse-
quently lower TTT.

The improvements in the TTT in the LC control case
were due to the higher number of LCs towards the left lanes
spread over space in the LC control section leading to more
space for the ramp demand and reduced conflicts between
the two traffic streams. The TTT for the combined control
was even lower than the LC only case. The total delay in this
case was also observed to be distributed evenly on the
mainline and on-ramp.

However, the delays across the mainline and on-ramp
can also be controlled in this coordinated setup by changing
the parameters of the RM and LC control, which can change
the distribution of delays. For example, higher rates of RM
can result in the flow from the on-ramp to be reduced
leading to a comparatively higher delay and queue length at
the entrance of the ramp. This leads to a decrease in the
number of LCs on the mainline resulting in lower delay on
the mainline.

Figure 8 shows the variations of the delays on the
mainline and on-ramp for different control parameter
values. Delays upstream of the on-ramp are represented on
the horizontal axis, and delays on the mainline upstream of
the merging point are represented on the vertical axis. The
LC rates obtained from the optimization framework are
varied along with the metering rate of the ALINEA algo-
rithm. In the figure, more LC rates towards the left lanes on
the mainline imply priority towards the on-ramp flow, and
mainline priority is indicated by higher metering rate for the
on-ramp demand. The delay isolines represent a range be-
tween which the overall delays might fall by regulating the
control parameters. The mainline delay is highly reduced
when the on-ramp demand is highly metered. This is to be
expected as there are no disturbances created on the
mainline due to the space created on the mainline by the LC
control. The conflicts between the two streams are greatly
reduced as well due to the control of the on-ramp demand
entering the motorway due to the higher metering rate. This,
however, leads to extremely high delays for the on-ramp
vehicles. When the on-ramp demand is prioritized, the
mainline experiences very high delays due to the high LC
rates towards the left lanes on the mainline. The number of
conflicts between the mainline and on-ramp traffic is re-
duced (although not completely eliminated), but the in-
creased interactions between the mainline vehicles causes
disturbances on the mainline leading to comparatively
higher delays on the mainline.

The findings show that the combined LC and RM control
allows the possibility to vary the delays across the two
streams while also leading to a reduction in the overall TTT
of the system. The combined control allows the possibility to
consider the distribution of delays and the fairness between
the mainline and on-ramps. Thus, based on the incoming
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demand on the two traffic streams, the coordinated control
can be tuned accordingly to avoid heavy congestion on
either stream. If the demand on the ramp is high, LC control
can be used to direct flow away from the right lanes and
create space. And when the mainline demand is high, RM
can be used to control the flow entering the mainline.

7. Conclusions

The proposed control strategy combines a lane-specific
traffic flow model, which has been validated against real-
world data, and a traditional and robust RM system to
manage the delays at merge sections. The performance of a
proposed control strategy is evaluated for near-critical traffic
conditions at motorway merges. An optimization problem
was formulated to determine the LC rates upstream of the
merged area on the mainline of a multilane motorway. This
was coordinated with the density-based variation of ALI-
NEA RM system, which used the density downstream of the
merge as the measured/targeted variable. The combined
control scheme was also compared to the individual control
measures to observe the differences in performance. The
control measures were evaluated via simulation experiments
using an incentive-based lane-specific traffic flow model. It
was observed that the combined control case along with the
LC control only case resulted in considerable reduction in
the total travel time of the network. However, the way the
total delay was distributed upstream of the merge varied
across the different cases. In the individual control cases, the
total delay was disproportionately distributed with high
delays on either the mainline or on-ramp. However, the
combined control strategy led to similar delays across the
two traffic streams. It was also shown that these delays could
be regulated by changing the parameters of the combined
control setup. The choice in terms of prioritizing between
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mainline and on-ramp control can be made based on their
respective demands, which is made possible via the coor-
dinated control.

While the proposed control strategy was successfully
validated against a simple yet realistic test case, it is im-
portant to investigate the robustness of the coordinated
control setup for a variety of demand profiles and traffic
conditions. Future works can also include assessing the
performance gains using microsimulation tools as well as
evaluating the proposed strategies for mixed traffic involving
Connected Autonomous Vehicles (CAVs). Furthermore, the
study is currently restricted to isolated merges and exten-
sions to multiple on-ramp sections with coordinated LC and
RM can also be explored.
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