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Abstract

Variable speed limit control (VSLC) has emerged as a promising approach for improving traffic
safety and reducing congestion. However, local adjustment of VSLC may have broader impacts
on the transportation network performance due to driver rerouting. This study proposes a
deep reinforcement learning (DRL) controller based on twin-delayed deep deterministic policy
gradient (TD3) algorithm to improve mobility and safety over a small-scale interconnected
network considering rerouting behavior. The proposed DRL-based VSLC controller is designed
to handle a large number of possible speed limits at each time step by utilizing a deep actor-
critic framework. The study also experiments with different reward functions to characterize
network mobility, safety, and traffic oscillation. Additionally, we investigate the sensitivity of
the control algorithm across different traffic patterns, driving behavior, and VSLC locations,
where the proposed TD3 algorithm demonstrated robustness and generalizability. Our findings
indicate that implementing network-specific reward functions leads to improvements in traffic
safety and mobility. Specifically, it results in a 3.84% enhancement in overall safety, as measured
by time-to-collision metrics, and a 33.2% improvement in mobility by reducing total travel time
compared to the scenario without VSL control. While comparable in safety performance, TD3
outperforms deep deterministic policy gradient (DDPG) algorithm by 15.1% in terms of mobility.
This study contributes to the understanding of the impacts of VSLC on transportation networks
and provides insights into effective ways of implementing VSLC to improve network mobility
and safety.
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1. Introduction

With increasing levels of vehicle connectivity and automation, variable speed limit control
(VSLC) empowers traffic management agencies to dynamically regulate traffic progression based
on prevailing system conditions, such as traffic and weather events. VSLC has demonstrated the

potential to improve traffic safety by reducing speed variance and increasing average headway

(Tslam et al.l 2013} [Li et all 2016; [Abdel-Aty et al., [2006} [Lee et al.| 2004} Park et al., [2008]).

Additionally, it offers a cost-effective approach to mitigating re-current (Emmerink et al.l [1995])

and non-recurring congestion conditions (Chen et al. [2016}; Kwon et al., 2006) and reduces the

need to upgrade the existing infrastructure (Hoogendoorn et al., [2013} |Li et al., 2014} [Farrag
. As by-products of improving safety and mobility, research also shows the potential
of VSLC to reduce vehicle emission (Grumert et al., 2015} Bel and Rosell, [2013) and dampen
traffic shock wave (Hegyi et al.l [2005bl, [2008).

With increasing connectivity and on-board computation capabilities, vehicles can receive
and process information on transportation states (e.g., travel time and variable speed limit)
in real-time and reroute to their destinations based on their current information. As a result,
VSLC not only directly influences the travel speed and travel time of certain links, but also
indirectly causes broader traffic redistribution due to traffic rerouting. The traffic redistribution
affects the mobility of the whole transportation system despite each vehicle only aiming to
improve its mobility. In addition, vehicle rerouting may also lead to a higher frequency of lane
changing before intersections/interchanges, which increases the likelihood of vehicle collision
and the formation of local bottlenecks. Therefore, it is imperative to consider these direct and
indirect effects at a network level when deciding the optimal VSLC strategies.

Different methodologies have been explored for VSLC, such as rule-based
et al] [2008}; [Li and Ranjitkar, [2015), model-based including feedback-based control(Carlson|
let all 2013} [Jin and Jin| [2015} [Karafyllis and Papageorgioul 2019) and model predictive con-
trol (MPC) (Hegyi et al., 2005a; |[Han et al., 2017; |Li et al. |[2019), and reinforcement learning
(RL)-based methods (Kusié¢ et al., 2020a} [Li et al.| [2017; [Walraven et al.| |2016} [Vrbani¢ et al.,
[2021} [Kusic¢ et all 2020a; [El-Tantawy et all 2013} Wu et al., |2020c). Rule-based methods use

predefined rules to set speed limits based on traffic conditions, while model-based approaches
utilize mathematical traffic flow models to predict the effects of different speed limits. However,

these methods may not easily handle complex scenarios or adapt to changing traffic condi-



tions. Model-based methods dynamically adjust speed limits on roadways based on real-time
traffic conditions and system feedback or predictions to optimize traffic flow, enhance safety,
and mitigate congestion. However, model-based methods can be constrained by their reliance
on idealized traffic models, extensive numerical computations, and the need for calibration of

numerous parameters. In recent years, RL-based approaches have emerged as a promising al-

ternative solution to overcome the limitations of model-based methods (Kusi¢ et all [2020b).

RL allows the development of smart controllers that automatically adjust speed limits based
on traffic conditions. These RL-VSLCs differ in terms of the selection of system states, reward
functions, and learning algorithms (Kusi¢ et al., 2020a; Li et al., |2017; Walraven et al., 2016;
[bani¢ et al.} 2021)). Q-learning (QL) is commonly used in RL-VSLCs, but it faces challenges with

large state spaces and continuous state-action representations (Kusi¢ et all [2020a) [El-Tantawyl|

et al., |2013; Wu et al.| 2020c). More recent approaches, such as actor-critic algorithms, have

demonstrated improved efficiency and effectiveness in VSLCs (Wu et al., |2020c} |Gregurié et al.|

2022).

Although there have been studies using RL methods to achieve optimal VSLC strategies,

most studies focus on enhancing traffic performance at intersections or link levels (Kusié et al.|

[2020a; Wu et al., 2020c; Wang et al. 2019a)). For instance, Wu et al.| (2020c) used a deep

deterministic policy gradient (DDPQG) algorithm to alleviate bottlenecks at a freeway section,

demonstrating improved safety and mobility through VSLC. Nonetheless, these studies often

overlook potential impacts on surrounding links. |Zhu and Ukkusuri (2014) presented a dynamic

speed limit control model utilizing a link-based dynamic network loading approach based on a
cell transmission model (CTM) and reinforcement learning algorithm, demonstrating significant
reductions in total travel time and emissions in a stochastic traffic network. However, network-
level traffic rerouting and the impacts of VSL placement locations were not considered. VSLCs
have also been investigated in other different contexts, such as temporary speed limit control

for work zone management (Lin et al., 2004), dynamic lane management (e.g., high-occupancy

vehicle (HOV) lanes or reversible lanes) (Radwan et al., 2011), environmental impact reduc-

tion (Vrbanié¢ et all [2022)), ramp-metering for traffic flow control (Dadashzadeh and Ergun|
2019). None of these studies focuses on the network-level impacts of VSLC. Optimizing VSLC

strategies is challenging due to adaptive decision-making and interconnected network topology.

Addressing the broader implications of VSLC implementation within interconnected transporta-

tion networks is still limited (Afifah et al., 2023)), hindering comprehensive analysis of VSLC’s

effects on transportation systems.



The main goal of this study is to optimize the VSLC strategies considering potential impacts
on safety and mobility at a network level. To achieve this goal, we propose a deep reinforcement
learning (DRL) approach enabling dynamic speed limits aiming to reduce network congestion
and accident risks. Our approach employs a deep actor-critic framework, efficiently handling a
large number of possible speed limits at each time step. The main contributions of this study

are summarized as follows.

1) We customized a deep actor-critic RL framework for the optimal control of VSLCs to
optimize mobility and safety over a small-scale transportation network considering traffic

rerouting.

2) We investigated the transferability of the proposed RL control algorithm with different
traffic and driving behavior attributes and compared the efficacy with other state-of-the-

art RL algorithms.

The remainder of this paper is structured as follows. Section 2 presents the customized RL
algorithm to address our problem, including the appropriate selection of reward functions, state
representations, and action spaces. Section 3 presents the environment setup and the result
analyses. Section 4 concludes the study and discusses possible future extensions and policy

implications.

2. Methodology

In recent years, policy-based algorithms such as DDPG (Lillicrap et al.l 2015]) have gained

popularity in different fields, including robotics (Jesus et al.,|2019; [ Xu et al., [2018]), the electricity

supply industry (Liang et al., 2020), energy systems (Li et al., 2021; Wu et al., 2020a)), wireless

communication (Qiu et all [2019), transportation (Wang et al., [2019bj |Casas, [2017; Wu et al.,
2020b)), and also in VSL related studies (Greguri¢ et al. [2022} [Wu et al., 2020c). As a model-

free off-policy RL algorithm, DDPG combines deterministic policy gradient (DPG) and deep
Q-network (DQN). Although DDPG has provided promising results for real-world problems in

different research fields, it may suffer from the following issues (Fujimoto et al., 2018]):

1) Overestimation Bias: The overestimation bias in the DDPG algorithm occurs when the
learned value function overestimates the true value of the state-action pairs. This over-
estimation bias can be problematic as it can lead to unstable and suboptimal behavior

of the algorithm. The overestimation bias arises when the policy and value networks are



jointly learned using the same samples. The policy improvement step in DDPG updates
the policy based on the current value estimate, which can be inaccurate due to the overes-
timation bias. This inaccurate value estimate can then lead to the selection of suboptimal

actions by the policy, which in turn can lead to poor convergence of the algorithm.

2) Accumulation Error: The accumulation error in DDPG occurs because the value function
estimate is based on an estimate of a subsequent state, leading to a buildup of error over
time. This error is exacerbated in a function approximation setting resulting in residual

TD-error after each update.

For our study, we adapted the twin-delayed deep deterministic policy gradient (TD3) frame-
work (originally proposed by |[Fujimoto et al.| (2018)) to implement VSLC for improving network
mobility and safety. TD3 was chosen for its ability to address the overestimation bias and accu-
mulation errors common in reinforcement learning algorithms, providing a stable and effective
control. In the remainder of this section, we first discuss the key features of TD3 using general
notations in subsection 2] Then, we present the selection of state space, reward functions,
and action space for our VSLC problem and the simulation environment setup in Section [2.2

Finally, we summarize the TD3 algorithm for our VSLC problem in Section [2.3
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Figure 1: Structure of TD3




2.1. Twin-delayed Deep Deterministic Policy Gradient

Figure [1| shows the algorithm structure of TD3. TD3 consists of two independent critic
networks and one actor network, each having an online and a target network. To mitigate
overestimation bias in Q-learning, TD3 employs a clipped variant of Double Q-learning that
utilizes two independent critic networks to estimate two Q-values for each state-action pair.
During the update process, the minimum of the two Q-value estimates is used as the target

value in the Bellman equation update, thereby reducing overestimation bias (see Equation )

’
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yi =i+ min Q;si (W
where i is an element in a minibatch N (randomly selected for training) which consists of a tuple
of s (the current state), a (action), r (reward), s* (the next state). In this Bellman equation, y is
the target Q value. Q' and GQ/ are the Q value and the weights from the target critic network,
respectively. ul and 0“/ are the policy and weights from the target actor network, respectively. v
is a discount factor (e.g., 0.9). However, when the difference between the two Q-value estimates
exceeds a predefined clipping range, the target value is clipped to lie within this range.

To further enhance the stability of the learning process, TD3 adopts target policy smoothing
techniques when forming the target critic. This involves introducing noise to the target action
generated by the target actor network during the Bellman equation update. The amount of noise

added is determined by a small standard deviation clipped Gaussian distribution (Equation (2)).

e ~ clip(N(0,0),—c, c) (2)

where, —c and ¢ are the minimum and maximum noise allowed. The resulting smoothed action
is then used as the target action for computing the Q-values in the critic network update. By
regularizing the updates and preventing overfitting to the current policy, target policy smoothing
reduces instability in the learning process.

To update the online critic network, the mean-squared error between the predicted Q-value
and the target Q-value is calculated and used to compute the gradient with respect to the critic
network parameters (Equation and (4)). The weights of the online critic networks (Hi2 and
92Q ) are then updated using an optimizer, such as stochastic gradient descent (SGD) or Adam,

to minimize the mean-squared errors.

N
Ve?/:(elQ) = %Z[Vﬁ? (yi — Q1(si, as; 91Q))2] (3)



N
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In TD3, the actor network is updated using the DPG algorithm. The gradient of the expected
return with respect to the actor parameters is computed using the chain rule (see Equation ),
and this gradient is used to update the actor weights in the direction that increases the expected

return.

N
Vond = — Z VaQ1(5, 0307 jss,ampu(s) Vor 16(5;0") 5=, ] (5)

Similar to DDPG, the learning process is stabilized using a ”soft update”. This is accom-
plished by gradually changing the target network parameters at regular intervals. Equations @
and @ are the soft updates for the target actor and the two target critic networks respectively.

In this study, 7 is selected to be 0.005 to ensure stability.

o0 rh 4 (1— 7)o" (6)
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Without loss of generality, we consider a continuous action space for our VSLC problem El
The advantage of off-policy algorithms, such as TD3, is that exploration can be separated from
the learned networks so that they are more suitable for models with a continuous action space,
which are typically challenging to explore all possible combinations in a reasonable amount of
time. We add noise to randomize the action using a Laplacian process (Jinnai et al.,|2019) which

follows the Laplace distribution, also known as a double exponential distribution as shown in
Equation .
ag ~ [:(dt, bt) (8)

where L(dz, b;) has a probability density function of i exp(—%), a is the action we get

from the online actor network, and b, is the scale parameter with a value of 1.5 in this study.

1For conventional VSLC, a speed limit is usually set at a 5 mph increment. However, we envision that when
connected and automated vehicles (CAVs) become prevailing, it is potentially beneficial for VSL to be set as a
continuous variable. After learning an optimal continuous VSL, we can round up/down to the nearest 5 mph for
practical implementation if needed.



By using Equation (), we get a random action, which can be further clipped into a range
[@min, @maz] using Equation @[) if needed to ensure practicability (e.g., speed limits cannot be

lower than 5 mph.)

ay = Cllp(ﬁ(dt |bt)7 Amyin a'maib) (9)

2.2. State, Reward, Action, and Simulation Environment

The selection of state, reward, and action directly influences the performance of RL algo-
rithms. In this subsection, we discuss the selected state, reward, and action functions for the

VSLC problem based on the performance in our numerical experiments.

State:. For the VSLC problem, we have chosen length-based occupancy of all links as the state.
Length-based occupancy is the ratio between the sum of the lengths of the vehicles to the length

of the road section in which those vehicles are present, usually represented as a percentage.

Reward:. In this study, we explore three different objectives, including safety, mobility, and
traffic oscillation. The selection of reward functions for different objectives is presented below.
Notice that other reward functions can be flexibly constructed to guide the VSLC towards
different objectives, such as driving comfortability, energy efficiency, or a combination of multiple
objectives. We will leave other control objectives for future research.

Objective - Improving safety:

Time-to-collision (TT'C) is a commonly used metric in the field of traffic safety to assess the
likelihood of a collision between two vehicles. It is defined as the estimated time it would take
for two vehicles to collide if they maintain their current trajectory and speed (Hydénl [1996)).

The formula is as follows.

Xi(t)—Xi1(t)—l if X1 (t) > Xi—l (t)

)

TTC; = XiW-Xia® (10)
0, Otherwise

where:

X; : the speed of the vehicle i

X, : the rear position of the vehicle 4



l; : the length of vehicle 7

1 — 1 : the vehicle in front of vehicle ¢

TTC is a useful metric for safety rewards in RL. If an agent takes an action that leads to a
decrease in TT'C, then that action can be considered unsafe and penalized accordingly. However,
we note that collision risk should not be linear to TT'C' as the sensitivity of a larger TTC may
not indicate the change of safety performance as much as smaller 7T'C. In this study, we adopt

a log transformation of the TT'C, as shown in Equation .

TTCi,new = log(TTCl) (11)

Conceptually, Log(TTC) can be an effective safety metric in transportation systems due to
its ability to provide a continuous and sensitive measure of safety dynamics. Unlike discrete
safety events such as emergency braking, which offer insights into specific instances of safety
interventions, log(TTC) offers a nuanced representation of safety risks by continuously moni-
toring variations in hazard proximity over time. Moreover, log(TTC) offers a more accurate
evaluation of safety compared to traditional TTC metrics by emphasizing the smaller TTC at
critical moments. This continuous nature allows for proactive interventions to mitigate potential
hazards effectively.

Objective - Improving mobility:

In line with previous studies, we adopt total travel time (TTT) as the measurement for
mobility, as defined in Equation . Intuitively, the reward function is negative of TTT so

that a higher TT'T value (i.e., vehicles take longer to traverse the network) yields lower rewards.

TTT = Z CurrentTT, x N, (12)
a€EA

where:

TTT : total travel time
CurrentTT, : the current travel time on a link a

N, : the number of vehicles on the link a

Objective - Dampening traffic oscillation:




In addition to utilizing VSLC to enhance network mobility and safety, dampening traffic
oscillation is a typical traffic control strategy to ensure that vehicles are evenly distributed to

each of the alternative routes at all times.

1
ANumVeh = 3 Z |[NumVeh,; — NumVeh;| (13)
i#jER

When there are only two alternative routes, the reward function for dampening traffic oscil-

lation can be defined in Equation .

ANumVeh = [NumVeh; — NumVehs,| (14)

where:

ANumVeh : total relative difference in the number of vehicles in different routes
R : The set of alternative routes

NumVeh; : number of vehicles in route 4

Action:. In this study, the VSLC agent uses TD3-based RL to control traffic flow with variable
speed limits. We consider continuous speed limit control actions a; considering the potential that
speed limits can be controlled and enforced in a higher granularity when vehicles are connected
and automated. The speed limit is calculated as Vi + I % as, where Vj is the minimum speed
(e.g., 30 mph), I is the incremental interval (e.g., 5 mph), and a; is the action taken at time ¢,
including added noise (Equation ) The continuous speed limit control can be converted to
discrete speed limits for practical implementation for human drive vehicles using an equation

Vo + I xround(ay).

2.3. TDS3 algorithm summary

We train our TD3 model with the state, reward, and action defined in the previous subsec-
tions. The summary of the TD3 algorithm is presented in Algorithm

While formal hyperparameter optimization techniques, such as grid search and random
search, were considered in the literature, they were computationally infeasible for our computa-
tional hardware given the involvement of complex microscopic traffic dynamics. Therefore, we
employed a practical, iterative tuning approach, adjusting key hyperparameters incrementally
based on observed performance in multiple traffic scenarios. This method allowed us to achieve

stable convergence and consistent solution quality without excessive computational costs. For

10



Algorithm 1 Twin-delay deep deterministic policy gradient (TD3)

1: Set observation space, action space, and reward function to implement VSLC.

@

10:
11:
12:

22:

Set algorithm parameters: 7, b;, d, N.
Randomly initialize two critic networks Q;, Q2 and actor network p with parameters 9,
692 and 0", respectively.
Initialize target network weights 021 + 991, 99 + 992 and O « O~
for each episode do
Start traffic simulation with SUMO and obtain initial state s
for each time step ¢ in episode do
Select an action from the current policy a; = p(s;;0*) and perform the exploration
method following Laplacian process (Equation ) and clipping (Equation @D) to obtain
at.
Calculate V; = Vg + Ia; and feed it into SUMO as the speed limit.
Obtain reward 7 (s, a;) and the next state s;11
Store a tuple (s¢, at,r(s¢, at), Se+1) in replay memory
Sample minibatch of N transitions (s¢,, at,, 7, St;+1,¢ € {1,2, ..., N}) from replay mem-
ory.
for each i € {1,2,..., N} do
Update target Q value y;, following .
end for
Update critics GJQ +— arg mine;g + vy (W — Qj (st an; 9?))2,3' e {1,2}
if t mod d == 0 do
Update 0* by the DPG, with gradient defined in (/5|
Update target actor and critic networks based on and
end if
end for
end for

11



instance, the learning rate of 0.002 was selected after testing various values and observing that
it provided the best trade-off between stability and convergence speed. Higher values, such as
0.005, led to instability, whereas lower values slowed convergence significantly. Similarly, other
parameters like discount factor, batch size, policy noise, and policy update frequency were tuned
iteratively.

Table [1| provides all the hyperparameters used in this study through numerical experiments.
Future work can incorporate additional learning-based approaches (such as data augmentation
(Li et al.l [2020), reward shaping (Wu et al., [2021]), and exploration strategies (Xu et al.l [2021))

to further improve the performance.

Table 1: Hyperparameter and Their Effects

Hyperparameter Tested Range Selected Value | Effect

Learning Rate (a) [0.001, 0.002, 0.005, 0.01] 0.002 Determines the learning step size during the gradient
descent update for the actor network. The selected
value provided a good balance between convergence
speed and stability, avoiding both overshooting and
slow learning.

Learning Rate (3) [0.001, 0.005, 0.01] 0.005 Determines the step size during the gradient descent
update for the critic network. A higher learning rate
for the critic helped in faster value estimation with-
out causing instability.

Discount Factor () [0.85, 0.9, 0.95] 0.9 Determines the importance of future rewards. The
selected value ensures that the agent takes both im-
mediate and long-term rewards into account, with
future rewards moderately discounted.

Batch Size [32, 64, 128, 256, 512] 256 Affects the stability and efficiency of the learning
process. The selected batch size provided stable gra-
dient estimates without overfitting, balancing com-
putational efficiency and learning stability.

Replay Memory Size (M) [500,000, 1,000,000, 2,000,000] 1,000, 000 Stores past experiences for training the model. A
large buffer size allows the model to learn from a
diverse set of experiences, improving generalization
and stability.

Tau (1) [0.001, 0.005, 0.01] 0.005 The soft update parameter for the target networks.
The selected value ensures slow updates, providing
stable training and preventing drastic changes that
could destabilize the learning process.

Policy Noise [0.005, 0.01, 0.02] 0.01 Noise added to the target policy during critic update
helps in exploration by introducing randomness. The
selected value ensured sufficient exploration without
causing instability.

Policy Update Frequency (d) 11,2, 3,4, 5] 2 Updating the policy network every 2 iterations
helped stabilize the training process by allowing the
critic network to provide accurate value estimates.

3. Experiment Results

At the current stage, limited RL algorithms have been directly trained on real transportation

systems E| In order to advance the understanding of the potential of RL algorithms, high-fidelity

20ne of the main concerns of training RL-based algorithms on real transportation systems is that “bad”
actions may be implemented to cause severe congestion or safety issues. There are several methods one can

12



simulators are used in the existing literature.. We used the open-source Simulation of Urban

MObility (SUMO) software (Lopez et al., 2018) for our simulation experiment, which is known

for its flexibility and has been used in various RL-based traffic control studies (Zeynivand et al.|
12022; [Wang et al., 2022; [Kusi¢ et al. [2021} Boukerche et al.|[2021). We tuned the microscopic car

following & lane changing models, and dynamic routing and rerouting behavior to approximate
real microscopic driving behaviors and traffic dynamics. The outputs of microscopic driving
behavior models are aggregated to reflect realistic macroscopic traffic fundamental diagrams,
see Figure 2] Our vehicle types were connected passenger cars, and we assigned each vehicle
an individual ”speedFactor” following a normal distribution (mean=1, standard deviation=0.1,

range=[0.2,2]) to achieve varied desired driving speeds. For the car-following model, we used the

Intelligent Driver Model (IDM) proposed by [Treiber and Kesting| (2017) with a lane change gap

acceptance setting of 1 second. The default lane-changing model in SUMO was used with the
default ”lcspeedGain” value of 1, where a higher value of ”lcspeedGain” refers to the eagerness
of vehicles to perform lane changing to gain speed. Vehicles were allowed to re-route based on

the real-time travel times using the traci.vehicle.reroute Traveltime function El
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Figure 2: Fundamental Diagram

We implemented the TD3 algorithm on a four-node network (see Figure , through which

employ to enhance the robustness of RL-based approaches during online training. For example, from a control
algorithm perspective, we can penalize the severe congestion or safety issues more than mild situations. From
a data perspective, we can use digital twins to assist the online training of RL-based approaches which can
significantly avoid the implementation of adverse actions. From a practical perspective, one can enforce the
smoothness and bounds of the speed limit control to avoid adverse control outcomes. However, there is a trade
off between the overall control efficiency and reliability. So a quantitative way to decide their balance will also
be a promising research topic.
3For more information, visit https://sumo.dlr.de/docs/TraCIl/Change_Vehicle_State.html
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vehicles traversed from node 1 to node 6 via two alternative routes (i.e., path 1-2-3-5-6 and
path 1-2-4-5-6). All links within the network span 1 mile in length, with Link 1-2 and Link 5-6
accommodating 4 lanes each, while the remaining links have 2 lanes each.

We consider a steady state of OD traffic flow in our network, which is 3000 vehicles/hour. The
total simulation time is around 2400 seconds and approximately 2000 vehicles are simulated.
These vehicles were assumed to utilize real-time transportation system information, such as
travel time, to calculate the shortest route to their destination and reroute accordingly using the
traci.vehicle.rerouteTraveltime function. The selection of the four-node network was deliberate,
as it effectively captures route choices, lane changes, and traffic diverge/merge behaviors, thereby
enabling insights into the impacts of VSLC on network safety and mobility despite its simplicity.
There are two main reasons why the simple network serves the purpose for this paper. First, this
work is one of the first to investigate the impacts of VSLC considering rerouting. Using a small-
scale network allows us to have a more controlled environment to focus on selected rerouting
options given local VSLC to clearly observe and analyze the impact of different VSLC objectives.
Second, considering a large-scale network is a straightforward process but introduces a significant
level of computational and calibration difficulties, which is beyond the scope of this study. For
example, the current simulation framework depends on SUMO, which is a microscopic traffic
simulator. While SUMO is known to be high fidelity in capturing microscopic driving behavior,
it lacks scalability for large networks. The training of the proposed RL algorithm relies on
hundreds of episodes to reach a reliable convergence solution, so a microscopic-simulation-based
RL algorithm may not be suitable for a large network. To mitigate this issue, there are two
potential improvements. First, we can adopt a mesoscopic simulator to balance the accuracy of
traffic modeling and computational scalability. Second, to mitigate the computational issues, a
multi-agent framework with zero-shot learning can be adopted to leverage the existing single-
agent trained model within a multi-agent framework. Zero-shot learning techniques can be
employed to enable each agent to apply the learned policies directly to new sections of the
network without a system-level retraining. In the base case, VSLC was implemented at Link 2-
3 to regulate the traffic. We rounded the optimal speed limits to the nearest 5 mph increments,
ranging from 30 mph to 65 mph for VSL-controlled roads, while other roads maintained a
constant 40 mph speed limit. In this section, network safety is measured using the log(TTC)
and network mobility using TT'T as discussed in detail in Section A simulation runtime was
approximately 54 hours for 800 episodes on a Linux system with a 16 cores Intel(R) Core(TM)
i9-9900K CPU @ 3.60GHz processor, NVIDIA GEFORCE RTX 2080 Ti GPU, and 16 GB of

14



RAM memory.

In the remainder of this section, we first compared different VSLC traffic control strategies
for the base case. Then, we compared our proposed model against different algorithms, as-
sessed the proposed model’s generalization capabilities, and performed sensitivity analyses on

the placement of VSLC in the network to improve traffic safety and mobility.

Figure 3: Four-Node Network

8.1. Assessment of Different Control Objectives in the Network

We compared four traffic control objectives: no VSLC, VSLC for mobility, VSLC for safety,
and VSLC for dampening traffic oscillation. The comparison of different performance metrics
from these four traffic control objectives is summarized in Table

Table 2: Performance of Different Traffic Control Objectives

. Lane change Total travel
Routing frequency (%) 2 1og(TTC) time (sec)
% of vehicles in Route 1 | % of vehicles in Route 2

No VSL 49.41 50.59 13.97 9.526 x 10° 9.188 x 107
VSLC implementation 64.35 35.65 10.13 0.149 x 10° | 6.576 x 107
(mobility)
VSLC implementation 26.38 73.62 14.25 1.002 x 108 | 1.349 x 108
(safety)
VSLC implementation 50.32 49.68 26.66 1.005 x 10° | 1.534 x 108
(traffic oscillation)

(a) Traffic Distribution
Without VSLC, although the total numbers of vehicles using each route were close, vehicles
alternated between routes over time, resulting in pronounced traffic oscillation, as seen in Figure

On the other hand, VSLC for dampening traffic oscillation achieved closer traffic assignment
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in both routes at all times, as shown in Table 2] and illustrated in Figure [Id] However, we note
that dampening traffic oscillation may not be an effective strategy in terms of mobility and
safety measurements, as we will discuss later in this section. Implementing VSLC for mobility
attracted more vehicles to Route 1 (see Figure due to the higher speed limit set on Link 2-3,
while VSLC for safety discouraged vehicles from using Link 2-3 (see Figure by providing a
lower speed limit (see Figure [5]).

(b) Network Mobility

Table [2| summarizes traffic mobility (measured by TTT) for each control objective. VSLC for
mobility achieved the lowest total travel time, which was 28.4% lower compared to no VSLC.
This strategy provided a higher speed limit, reducing bottlenecks on Link 1-2 (see Figure .
On the other hand, VSLC for safety worsened mobility, which was 46.82% lower than no VSL
control, due to the lower speed limits and increased routing complexity, causing a larger queue
length as shown in Figure VSLC for traffic oscillation, aiming to balance occupancy in both
routes, yielded the least mobility improvement, resulting in the largest queue on Link 1-2 (see
Figure . These results show that naively maintaining equal occupancy of each route might
unintentionally deteriorate the network performance.

(c) Network Safety

Table [2 presents a comparison of traffic safety measurements (measured by log(TTC)) for var-
ious traffic control objectives. The VSLC implemented for traffic oscillation exhibited slightly
higher log(TTC) values in comparison to the VSLC aiming at safety improvement. However,
the former strategy entailed more frequent lane-changing activities, leading to an increase in
emergency brake events, as depicted in Figure [6b] which consequently might result in poten-
tially hazardous situations. In contrast, the VSLC designed for safety demonstrated the fewest
emergency occurrences, as well as a high log(TTC). Notably, the VSLC implemented for mo-
bility experienced a marginal 3.95% decline in safety compared to the scenario with no VSL
control. In conclusion, the VSLC strategy tailored for safety enhancement stood out as the
most effective approach for improving safety in the transportation network and only focusing
on mobility performance might inadvertently lead to higher collision risks.

Remark 1: The numerical results suggest that safety and mobility can sometimes be conflict-
ing objectives. This observation aligns with the inherent trade-offs often present in transporta-
tion systems, where optimizing for one objective may inadvertently compromise the other. One
can engineer a reward function to better balance these two objectives. However, we note that

the mobility results we reported in the numerical section are the output of simulation without
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Figure 6: Microscopic Mobility and Safety Measurements

traffic accidents. If a traffic accident actually happens, it can cause significant delays. In this
sense, optimizing safety can also improve the expected mobility and minimize the variance of
travel time.

Remark 2: To evaluate the performance of a certain safety measurement as the reward func-
tion, we need to evaluate multiple safety measurements in a holistic view. For example, the
findings in Table [2| show that the VSLC strategy focused on oscillation leads to slightly higher
log(TTC) values compared to the VSLC aimed at safety improvement (i.e., with log(TTC) as
the reward function). However, this does not mean minimizing oscillation is the safest since
it also results in more frequent lane-changing activities. Increased lane changes can lead to
higher instances of emergency braking, which can create potentially hazardous situations de-
spite the higher average log(TTC). On the other hand, although no VSLC has a lower lane
change frequency, it produces higher emergency brakes and lower log(TTC) compared with
VSLC (safety). In contrast with no VSLC and VSLC for oscillation, the VSLC strategy aims to
improve log(TTC) (i.e., reduce collision risks) show fewer emergency braking events, and main-
tain a relatively high log(TTC). Such results indicate that the VSLC strategy designed for safety
successfully balances maintaining safe distances (high log(TTC)) and reducing risky behaviors

(fewer lane changes and emergency brakes). Thus, it stands out as the most effective reward
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function for improving overall safety. While log(TTC) provides good numerical performance in
terms of overall system safety and algorithm convergence, valuable further research is to further
optimize the selection of safety measures in the context of reinforcement learning or investigate
the theoretical properties of alternative safety measures in a more general setting to guide the
selection of safety reward functions.

Remark 3: In our analysis, we focused on minimizing the total travel time, which inherently
considers various factors contributing to delays, including capacity drops at certain locations
caused by VSLC. We do not aim to optimize the mobility at a specific location. Instead, we

focus on the mobility of the whole network.

8.2. Comparison with Other Algorithms

We compared the proposed TD3 algorithm with other state-of-the-art RL algorithms, in-
cluding value-based DQL, policy-based soft actor-critic (SAC), DDPG algorithms, as well as a
classic control algorithm and no VSL control to understand the potential of each algorithm on
improving network mobility and safety. The control algorithm implemented in this study is a
rule-based variable speed limit system. It dynamically adjusts speed limits in real-time based
on observed traffic conditions, aiming to enhance network mobility and safety. Specifically, the
algorithm lowers speed limits when traffic density surpasses a critical threshold or when average
vehicle speeds drop below a predefined level. Conversely, in low-density, high-speed conditions,
the algorithm restores speed limits to their maximum allowable values to facilitate smoother
traffic flow. The algorithm aligns conceptually with methodologies by |Allaby et al| (2007)) and
Lee et al.| (2006)), which leverage real-time traffic parameters to adapt speed limits dynamically.

All models were trained for 800 episodes with the same SUMO parameters. The average
performance of different methods across the 100 test episodes for the base case is presented in

Table [3

Table 3: Average Performance of Different Algorithms in Improving Network Safety and Mobility in Base Case

Method Network safety (unit: seconds) | Network mobility (unit: seconds)
No VSLC 9.5262 x 10° 9.1878 x 107
Control algorithm 9.6823 x 10° 8.4221 x 107
VSLC-DQL 8.8534 x 10° 1.1302 x 108
VSLC-SAC 9.2121 x 10° 8.4903 x 107
VSLC-DDPG 9.9546e+05 7.2324 x 107
VSLC-TD3 9.8919e+05 6.1384e+07
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The results indicate that both TD3 and DDPG VSLC strategies significantly enhance net-
work performance in terms of safety and mobility. The TD3 algorithm excels in improving
network mobility, showing a 33.2% increase over no VSL control and a 15.1% improvement
over the DDPG algorithm. In terms of safety, however, DDPG shows a slight advantage, im-
proving traffic safety by 0.6% in terms of log(T'TC) compared to TD3. This can be attributed
to DDPG’s aggressive exploration mechanism, which effectively navigates sparse but critical
safety signals, such as those involving short time to collision. Despite its better performance in
log(TTC), DDPG may suffer from overestimation bias, which could affect its reliability. Con-
versely, TD3 mitigates such bias through its twin Q-networks, enhancing the reliability of its
results. In contrast to the policy-based methods, the value-based DQN method failed to im-
prove network safety and mobility performance, which was 7.05% and 23% lower than no VSL
control, respectively. This could be because value-based algorithms in continuous action spaces
require discretization of the action space, making the learning process slow and computationally
expensive. Additionally, discretization could lead to suboptimal actions being chosen, as the
algorithm was limited to a finite set of actions. Compared to the no-VSL scenario, the control
algorithm led to a 9.1% improvement in mobility and a 1.3% enhancement in safety. However,
compared to the RL-based strategies, the control method demonstrates less adaptability to fluc-
tuating traffic conditions, which might explain its limited efficiency in improving network safety

and mobility.

3.8. Assessment of RL Generalizability

A generalizable agent can adapt to new and unseen scenarios and demonstrate effective
performance even when environmental conditions have changed. In the context of road traffic,
evaluating the generalizability of an RL agent is critical due to the complex, dynamic, and
ever-changing nature of traffic environments that traffic simulators can not capture completely.
Studies, e.g., (Wang et al., 2012), have shown that the variation in traffic conditions and unfore-
seen events in real-world transportation systems can cause the failure of VSL control. To test
the generalizability of the algorithm, we evaluated the learned algorithm in environments with
different demands, “speedFactor”, and “lcspeedGain” scenarios. While assessing the model for
one of these attributes, the other attributes were kept the same as the base case. We evalu-
ated the performance of all models on 100 test episodes. The results are presented in Figure [7}
We found that our learned VSLC strategies based on the base case settings could be applied
to an environment with different parameters with an improved safety or mobility performance

compared with the no VSLC case. Since different factors led to similar observations, we will
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only explain the generalization capability of the trained model in detail for O-D demand as an
example in the remainder of this subsection.

Figure [Ta] and Figure [7D] show that although the VSLC RL algorithm is learned given the
base case O-D demand, the algorithm can improve both safety and mobility when O-D demand
deviates from the base case. In Figure the VSLC algorithm can increase the safety per-
formance, measured by log(TTC), by 3.84% in the base case compared with the case without
VSLC. When we applied the learned VSLC algorithm to a lower O-D demand case (0.5 times the
original O-D demand) and a higher O-D demand case (1.5 times the original O-D demand), the
proposed VSLC was capable of increasing the network safety performance by 4.57% and 7.94%,
respectively. In Figure [TD] a similar observation holds for mobility, where the learned VSLC
algorithm based on the base-case O-D demand is capable of improving mobility, measured by

TTT, by 10.68% - 31.44%.

8.4. Assessment of Different VSLC Control Scopes

To demonstrate the value of considering network-wide effects of VSLC, we conducted experi-
ments comparing the effectiveness of different control scopes, including link-specific, neighborhood-
specific (only consider the control links and the adjacent link(s)), and network-specific mobility
and safety rewards. We implemented VSLC on Link 2-3. Figure [8al and [8b|illustrate the result-
ing Log(TTC) and total travel time, respectively. We can see that a network-specific reward
function can enhance these safety and mobility metrics around 2 to 9 folds. More specifically,
when training based on the link-specific reward, the Log(TTC) value is the lowest around 10°
seconds, indicating minimal safety improvements confined to the controlled link with potential
risks elsewhere in the network. The neighborhood-specific reward shows moderate improvement
to 5 % 10° seconds, while the network-specific reward yields the highest Log(TTC) values close
to 10° seconds. Similarly, from Figure the total travel times reduce from 6.2% 107 to 107 sec-
onds by using a network-specific reward instead of link-specific reward. Considering neighboring
links slightly reduces the total travel time compared to the link-specific approach, indicating
improved traffic flow and reduced congestion in the vicinity. These result highlights the benefits
of considering the network impacts of VSLC beyond the implemented link or neighboring links

on enhancing overall traffic safety and mobility.
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Figure 7: Effects of Different Traffic Attributes on Network Safety and Mobility
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Figure 8: Comparison of Safety and Mobility Measures for Different Control Scopes with VSLC Implementation
at Link 2-3

8.5. Sensitivity of VSLC Placement in the Network

Although VSLC has the potential to enhance transportation safety and mobility, implement-
ing VSL control throughout the entire network can be costly and may cause unnecessary burdens
for information processing. In this section, we explored the potential impacts of different VSLC
placement locations in the test example shown in Figure [9] to identify the optimal VSLC place-
ment. Given the network’s symmetry, our analysis strategically focused on selected segments to
demonstrate the impact of VSLC placement links on network performance. Figure |§|(a) shows
VSLC implementation on the Link 1-2, which is utilized by vehicles prior to node 2 where they
have two alternative routes to choose from. Figure |§|(b) controls the speed of Link 2-3, which
is the base case of the study. Figure [Jfc) and (d) assess whether dividing the links (Link 1-2
and 2-3 respectively) into upstream and downstream and controlling their speed by separate
VSLC devices can further improve the network mobility and safety. The reasons why we choose
to implement VSLs on Link 2-3 instead of Link 2-4 or Link 3-5 are as follows. First, Link 2-4
serves as a parallel route to Link 2-3 in the symmetrical four-node network used in this study
(see Figure 3). Given their functional similarity, implementing VSLs on both links would result
in redundant findings. Therefore, we selected Link 2-3 as a representative upstream segment

for VSL placement. Second, VSLs are known to be effective in managing upstream traffic flow

to mitigate congestion before it propagates downstream (Carlson et all 2011). Implementing

VSLCs on a downstream link, such as Link 3-5, will have a limited impact on controlling the
congestion formation and the overall network performance compared to regulating traffic flow
at upstream segments. The motivation behind these scenarios is that if there is congestion

downstream of a link, increasing the speed limit throughout the entire link could exacerbate
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the queue. In such scenarios, setting a higher speed limit downstream and a lower speed limit
upstream of a link may mitigate queue formation. In the remainder of this subsection, we first
examine the placement of VSLC for enhancing network safety, followed by a discussion on the

placement of VSLC for improving network mobility.

Position of VSL Diagram

(a) One VSL in the Link 1-2

(b) One VSL in the Link 2-3
(Base case) T

(c) Two VSLs in the

upstream and the EXEEEEERESCLREDS ESEERERRREREEE

downstream of the Link
1-2

(d) Two VSLs in the
upstream and the b ]
downstream of the Link
2-3

Figure 9: Locations of VSLC Placements

(a) Network Safety
Figure [10] presents the average safety reward over 800 training episodes. Notably, the base case
was not the most effective in terms of improving the average safety reward. Figure shows

that the two VSLCs deployed upstream and downstream of Link 1-2 yield the most desirable
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outcome for improving the average safety reward (log(TT'C)). VSLC placement in the upstream
and downstream links of Link 2-3 and one VSLC placement on Link 1-2 also provided a higher
average safety reward than the base case, with the former reaching a steady state faster than the
latter. To better understand the reasons leading to these different safety impacts of the various
VSLC placements, a further investigation into the microscopic driving behavior is needed, as
discussed below.

To analyze the microscopic driving behavior, 15 episodes of SUMO simulation were randomly
selected and investigated. The average performance, driving behaviors, and speed limit of each
strategy are presented in Table [4 Figure and Figure respectively. Figure shows
that placing VSLC on Link 2-3 results in an average speed limit ranging from 30 to 35 mph
during peak periods. However, due to the lower speed limit on this route compared to Route
2, the majority of vehicles (on average 67.73%, see Table [4]) preferred to use Route 2, which
had a constant speed limit of 40 mph, to reach their destination. The worse safety performance
of placing VSLC on Link 2-3 could be because the potential lane changing incentives to Route
2 results in emergencies that require the use of emergency brakes (on average 15 times) (see
Figure .

The placement of VSLCs in the upstream and downstream of Link 1-2 yielded the highest

improvement of average safety reward (1.56%) compared to the base case (see Table [{]). This
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Table 4: Average Performance of Different VSLC Locations Aiming to Improve Network Safety

Routing Lane change TTT of all > log(TTC)
Route 1 (%) | Route 2 (%) | frequency (%) | vehicles (sec)
Link 1.2 50.34 49.66 16.22 1.220e4-08 9.936e+05
(2.97) (2.97) (2.43) (1.651e+07) | (2.1186e+04)
Link 2.3 32.27 67.73 13.20 8.778e+07 9.799¢+05
(7.17) (7.17) (2.51) (1.7735e+07) | (1.5826e+04)
Link 1-2 (upstream,
downstream ) 49.77 50.23 16.92 9.774e+07 9.952e+05
(2.77) (2.77) (3.31) (1.6262e+07) | (2.5877e+04)
Link 2-3 (upstream,
downstream) 43.99 56.01 19.26 1.228e4-08 9.891e+05
(5.84) (5.84) (6.71) (3.2419e+07) | (3.3130e+04)

is attributed to the lower speed limit in the upstream (ranging on average from 30 to 35 mph)
compared with downstream (ranging on average from 35 to 40 mph) which allows the traffic to
smoothly change to the desired lane before reaching the intersection node 2. The lane change
frequency for this strategy was higher than the base case at 16.9% on average. But due to the
reduced variance in the speed limit provided by VSLCs, the number of aggressive drivers who
changed lanes to gain speed was 10.71% lower than the base case (see Figure , resulting in
the lowest number of emergency brakes (with an average of 3.26 times) being pressed compared
to all other strategies (see Figure . As both routes had a similar speed limit, vehicles were
distributed to both routes almost equally.

The placement of one VSLC on Link 1-2 resulted in slightly worse performance compared
with two VSLCs on Link 1-2 but better performance on average safety reward in comparison
to the base case. On one hand, one VSLC on Link 1-2 implied a homogeneous speed limit for
Link 1-2, which averages between 35 to 40 mph. This led to a higher average queue formation
(376 meters), which resulted in a higher number of aggressive drivers and emergency breaks,
compared with the case of two VSLCs on Link 1-2. On the other hand, similar to two VSLCs
on Link 1-2, vehicles choose to use both routes almost equally. The less intention to choose a
particular route leads to a decrease of 8.88% in the number of aggressive drivers changing lanes
compared with the base case, resulting in an average of 4.88 emergency brake activations (see
Figure .

VSLC placement in both the upstream and downstream of Link 2-3 also provided a slightly
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Figure 12: Speed Profiles for Different VSLC Placements Aiming to Improve Network Safety

higher average safety reward improvement compared with the base case. However, the abrupt
changes in speed limits in the upstream and downstream areas (see Figure may not be as
effective as the base case, as the number of aggressive drivers was higher on average (Figure,
leading to a higher number of emergency brakes being used compared to other cases (Figure
11al). These results suggest that while more degrees of control freedom may improve the reward
function, it may cause unintended risks if those risks are not effectively measured by the reward.
The optimal coordination of multiple distributed speed limit controllers is certainly beyond the
scope of this paper and will be left for future studies.

(b) Network Mobility

The average mobility reward over 800 training episodes is presented in Figure The base
case performed better in terms of improving network mobility compared with other strategies.
One VSLC placement on Link 1-2 and two VSLC placements in the upstream and downstream
of Link 1-2 exhibited similar levels of improvement, with the former achieving stability faster
than the latter, which is as expected because a higher degree of control freedom is harder to
learn the optimal strategy. Conversely, VSLC placement in the upstream and downstream of

Link 2-3 resulted in the worst network mobility improvement. Similar to the safety assessment,

4In Figure we show the negative total travel time. Therefore, the higher the curve, the better the mobility.
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15 episodes were randomly selected for each strategy to compare their network mobility /safety
performance, driving behavior, and optimal speed limits, as summarized in Table [5| Figure
and Figure [T5], respectively.

Total Travel Time (veh-sec)

—— Link 1-2

—— Link2-3
—1.1{ — Link I-2 (upstream,downstream)
Link 2-3 (upstream,downstream)

0 100 200 300 400 500 600 700 800
Episodes

Figure 13: Convergence Patterns of TD3 Algorithms Aiming to Improve Network Mobility

The average speed limit achieved through the placement of VSLC on Link 2-3 is presented
in Figure [I5D] where the speed limit ranges from 60 to 65 mph over the subset of episodes. The
higher speed limit in Route 1 attracted about 65% of vehicles opting for Route 1. Consequently,
the average queue formation was the lowest, at an average of 140 meters. The total delay
resulting from this strategy was the lowest among all the strategies, with a value of 7.166X10”
seconds for all vehicles. As a byproduct, this strategy resulted in the highest log(TTC') among all
the considered strategies aimed to maximize mobility.Furthermore, due to the reduced variance
in speed limit provided by VSLC, the base case recorded the least number of aggressive drivers
(on average 2640 drivers) and emergencies (on average 83 emergency brakes) (see Figure [I4).
Therefore, while aiming to improve network mobility, one VSLC on Link 2-3 balances the safety
performance as well.

VSLC placement on Link 1-2 did not perform as well as the base case mainly because the two
alternative routes were equally attractive to drivers approaching node 2 and significant traffic
weaving and delay were observed when drivers changed lanes and chose their desired routes.

This resulted in 58.67% higher average queue formation than the base case (see Figure |14c).
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Table 5: Average Performance of Different VSLC Locations Aiming to Improve Network Mobility

Routing Lane change TTT of all | > log(TTC)
Route 1 (%) | Route 2 (%) | frequency (%) | vehicles (sec)
. 52.99 47.01 11.30 8.056e4-07 8.845e+05
Link 1-2
(2.19) (2.19) (2.09) (9.338¢+06) | (1.776e+04)
, 65.04 35.96 11.56 7.166e+-07 9.274e+05
Link 2-3
(2.77) (2.77) (1.89) (9.951e+06) | (1.348¢+04)
Link 1-2 (upstream,
downstream ) 52.50 47.50 11.98 7.283e+07 8.785e+05
(2.33) (2.33) (5.02) (1.956e+07) | (4.801e+04)
Link 2-3 (upstream,
downstream) 69.91 30.09 14.13 8.366e+07 9.204e+05
(9.10) (9.10) (3.36) (1.770e4+07) | (1.869e+04)

These can be also seen from Table [5| that the total delay on average is 16.75% higher than the
base case.

Different from VSLC for safety, when VSLC was aiming to improve mobility, separate VSLCs
in the upstream and downstream of Link 2-3 led to the worst mobility performance. This could
be because separately controlling two VSLCs significantly increases the learning complexity.
Without good coordination between upstream and downstream VSLCs, a queue formed down-
stream of Link 2-3 when the majority of traffic chose Route 1. Although increasing the number
of VSL can increase the optimal reward theoretically, it introduces complexity for RL algorithms
to learn and converge to global optimal. Thus, the performance of multiple VSLs can be worse
than a single VSL case in practice.

To summarize, implementing one VSLC on Link 2-3 provided the best network mobility
improvement as well as a good balance of network safety with fewer emergencies. Implementing
VSLC on Link 1-2 with either single or separate control strategies resulted in suboptimal network
mobility improvement due to the delay caused by lane changing and longer queue formation
before intersection node 2. In addition, implementing VSLCs in the upstream and downstream
of Link 2-3 could be challenging to learn and resulted in additional queue formation on Link 2-3

due to a lack of speed coordination between the upstream and the downstream.
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4. Discussion

This study proposes a twin-delayed deep deterministic policy gradient (TD3) model to learn
and control VSL for a subset of links for network mobility and safety. The simulation experiments
show that the proposed TD3 algorithm can lead to better performance in terms of network
mobility and safety compared with other DRL-based models. The study also examines various
traffic limit control objectives and quantifies the performance of the learned VSLC model on
other non-optimized objectives. The study finds that when the objective is to enhance network
mobility, network safety may be compromised, and vice versa. Additionally, sensitivity analysis
reveals the impact of VSLC placement locations on network mobility and safety, offering valuable
insights for consideration when implementing VSLC in transportation networks.

Despite the promising results, there are important future extensions to consider. First, the
study uses a simplified four-node network to ensure clear and controlled analysis. While this
approach effectively highlights the impacts of VSLC on network safety and mobility, future
research should extend the findings to more complex urban or highway networks to further
validate the model’s scalability and robustness. Second, the reward functions in this study focus
on optimizing either safety or mobility independently. Exploring combined reward functions that
simultaneously consider both objectives may offer a more balanced traffic management strategy.
Third, the study relies on high-fidelity simulations for evaluation. Incorporating real-world
traffic data or suitable resolution of digital twins in future research would enhance the realism
and applicability of the findings, ensuring the model’s effectiveness in practical implementations.
Fifth, from a computational perspective, future research can also explore multi-agent models
to handle more complex information availability scenarios and distributed control of VSL in
larger-scale transportation networks. Addressing these limitations and extensions can further
optimize VSLC implementation and enhance traffic management in transportation networks,

considering the increasing availability of detailed data and vehicle connectivity.
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