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Coordinated Traffic Flow Control in a Connected 
Environment 

EXECUTIVE SUMMARY 

The current traffic system operates most of the time as an open loop dynamical system with 
control actions limited to traffic light control at intersections of arterial streets and ramps to 
highways. These control actions rely on limited sensor data to make decisions which are often 
far for the optimum. In the case of ramps, the control metering switches off when the ramp 
queue exceeds certain capacity which takes place usually during peak times when control is 
needed the most. As the traffic demand increases the current situation is not sustainable as 
congestion will get worse and inefficiencies increase unless new sensor technologies and traffic 
flow control techniques are developed. 

The deployment of vehicle to infrastructure (V2I) and vehicle to vehicle (V2V) technologies is 
the inevitable choice that will open the way to a revolution in traffic flow control and 
optimization as connectivity will enable the design of accurate traffic control techniques to 
better control traffic and prevent the onset of congestion. 

The purpose of this project is to investigate how connectivity provided by such communication 
technologies can be used to develop traffic flow control systems that will enhance mobility, 
safety, and provide positive benefits to transportation efficiency and environment. We propose 
a coordinated traffic flow control system that consists of four components: variable speed limit 
(VSL), lane change (LC) and ramp metering (RM) control as well as traffic signal control (TSC) of 
adjacent intersections affecting or affected by ramp traffic from the highway. We use cell 
transmission model (CTM) to capture freeway traffic dynamics due to its simplicity and 
reasonable accuracy. The freeway segment of interest is divided into multiple homogeneous 
sections under the CTM framework. The VSL controller computes the speed limit 
recommendations for each CTM section using measured flows and densities in a feedback 
manner and communicates them to the upstream vehicles. It is designed to dissipate freeway 
bottleneck congestion at an arbitrary location with the proper choice of deployment location 
and the assistance from LC and RM control. As for the arterials, we design a traffic-responsive 
traffic signal controller (TSC) that computes the cycle length based on a modified Webster 
model, and then computes the split using estimated traffic flow ratio.  

Each control component requires some information from others as part of the control input 
except LC. The VSL control requires the on-ramp and off-ramp flow rate when computing the 
desired inflow for each CTM section. The RM algorithm estimates the on-ramp demand using 
arterial signal plans and traffic flow data. The TSC requires the off-ramp flow rate to estimate 
the flow ratio of each phase. The above data-sharing and coordination mechanism improves 
the accuracy of traffic states estimation and the efficiency of the overall traffic control.  

The proposed integrated controller is simulated using a microscopic traffic simulator based on 
the commercial software PTV Vissim 10. The simulation road network contains a 16-km 
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segment of I-710 freeway and the adjacent arterial region in Los Angeles, California, United 
States. The freeway segment has 5 lanes, 5 on-ramps and 5 off-ramps. All ramps are connected 
with the arterial road network. There are 7 arterial intersections aligned in parallel with the 
freeway. Vehicle inputs are generated from one freeway entrance and 16 arterial entrances 
based on the traffic data of April 2019 from PeMS. The traffic simulation model is integrated 
with the emission model MOVES provided by the Environment Protection Agency (EPA) to 
calculate the average emission rates of vehicles in each microscopic simulation. The integrated 
controller is evaluated in a free flow scenario as well as two incident scenarios in terms of the 
average travel time (ATT), the average number of stops and the emission rates of CO2. Ten 
independent Monte-Carlo simulations for each combination of scenario and control method are 
carried out and results are averaged in order to reduce randomness and improve reliability. 

As expected, the coordination mechanism does not produce significant benefits under free flow 
conditions. However, when the road network is under the pressure of incidents and congestion, 
the coordinated control reduces the travel time and the emission for the affected region 
compared with individual control. For example, when a freeway lane closure affects both the 
freeway travel and the on-ramp merging, the coordinated control improves the freeway travel 
time by 7% and the arterial travel time by 10%. 
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Introduction  

Demand for freeway and arterial travel grows in a fast pace as the population increases in 
metropolitan areas worldwide, leading to traffic congestion and delays at sensitive parts of 
road networks such as ramps and intersections. Research efforts on freeway [1-3] and arterial 
traffic management [4-6] as separate entities have both achieved certain levels of success in 
terms of reducing travel time, collision risks and emissions. However, the joint control of 
freeway and arterial traffic has been rarely explored due to the difficulty of modeling two 
completely different traffic patterns and high complexity of the road network. In practice, the 
coordinated operation of freeways and adjacent arterials is hindered by the fact that the two 
facilities are typically managed by two separate authorities with different objectives and limited 
communications [7]. Despite the above-mentioned restrictions, some field-based studies have 
verified the effectiveness of coordinating freeway ramp metering (RM) with adjacent arterial 
traffic signals [8-10], which can be considered as a preliminary step of coordinating freeway and 
arterial (CFA) operations and reveals the great potential of CFA on improving traffic operation 
efficiency.  

Popular freeway traffic control techniques include variable speed limit (VSL) control, lane 
change (LC) control and ramp metering (RM). During the last few decades research efforts 
focused on one or a combination of the above three methods to alleviate congestion at freeway 
bottlenecks. The VSL controller regulates the traffic flow via variable speed commands in order 
to protect the bottleneck flow to stay at its maximum possible value and reduce the effect of 
capacity drop [11]. VSL control techniques designed using macroscopic models failed to take 
into account the forced lane changes at the bottleneck leading to capacity drop which VSL 
control cannot effectively handle [12-14]. To address this issue, LC recommendations are used 
at the upstream area of the bottleneck to guide the vehicles onto open lanes in advance and 
reduce the forced lane changes and the consequential capacity drop [15]. Ramp metering 
controls the inflow of traffic to the freeway lanes by adjusting the traffic signal timing at each 
on-ramp entrance. Despite the promising effect of RM in theory [1, 16], the on-ramp space is 
frequently saturated during peak hours, which forces RM to switch off offering no benefits 
when it is needed the most. Although alternative solutions which consider the balance of 
freeway occupancy and on-ramp queue length have been proposed [17, 18], the improvement 
is still limited when both freeway traffic and on-ramp demands are high. 

The above facts motivate us to examine a more intuitive solution by connecting the ramps with 
adjacent arterial road networks and using arterial traffic signals to assist the management of 
on-ramp demands, as pointed out by a few CFA studies [9, 19]. We extend these efforts by 
integrating all the previous mentioned freeway traffic regulation techniques (VSL, LC, RM) with 
arterial traffic signal control (TSC) to mitigate congestion for a complex road network involving 
freeway and adjacent arterial intersections under different demand levels and incident 
scenarios. 
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Literature Review 

Among numerous freeway traffic management schemes, variable speed limit (VSL) control and 
ramp metering (RM) have been widely studied due to their easy implementation and significant 
benefits in traffic mobility, safety, and environment impact. 

Early VSL control designs aimed at stabilizing mainstream traffic flows and minimizing speed 
variations with reactive rule-based logic [20, 21]. The reactive nature of these approaches 
introduces time lags between VSL actions and traffic conditions, and thus, leads to limited 
performance in terms of travel time and energy consumption. In contrast, many recent 
developed VSL algorithms compute the speed commands by solving an optimization problem at 
each time step based on predictions of future traffic states using model predictive control 
(MPC) techniques [22-25]. The objective function to be optimized typically consists of total 
travel time, safety measurements, emission rates and fuel consumption. Although MPC-based 
approaches improve the control performance by eliminating time lags of VSL command 
activation compared to reactive rule-based approaches, they do not guarantee the stability of 
vehicle densities and require substantial computational efforts when applied to large-scale road 
networks. Another well-known alternative is to design a feedback law to compute appropriate 
speed limits using current and past traffic states [26-28], which consumes much less 
computational efforts than MPC-based approaches. In addition, feedback-based VSL controller 
guarantees the convergence of mainstream traffic flows and densities analytically [29]. 
However, feedback-based approaches rely on accurate measurements of traffic states to 
generate effective control actions. A small deviation from the true value on sensitive variables, 
vehicle densities for example, may produce unsatisfactory closed-loop behaviors [30]. To 
address the issue, Alasiri et al. proposed a robust VSL algorithm to treat the uncertainties as a 
variable in the traffic model and eliminate it with proportional-integral (PI) control [31]. The 
design was based on a single cell transmission model (CTM) section without ramps. 

The deployment location of VSL signs is a crucial design parameter but has been neglected by 
most of the above studies. Latest research developed some standards on placing VSL signs in 
order to achieve optimal control performance [11, 32-34]. In [32], the authors claimed that VSL 
signs should be placed at locations so there is enough space for vehicles to accelerate and reach 
the bottleneck capacity. In [33], VSL signs were placed at locations in an effort to minimize 
collision risks at freeway recurrent bottlenecks. In [34], Martinez and Jin defined the "optimal" 
location as the minimum discharging distance to prevent capacity drop, based on which they 
formulated an optimization problem using a variation of Lighthill-Whitham-Richards (LWR) 
model. However, the minimum discharging distance may not necessarily produce the best 
performance in terms of travel time, safety and emission. In [11], a lower bound of the 
upstream VSL zone distance was developed using rigorous analysis and simulation verification 
based on an idealized freeway network without considering ramps. 

Since ramps connect freeways with arterial streets, a well-designed ramp metering strategy 
should be able to improve the traffic mobility of both regions. Some isolated RM algorithms 
were first proposed in 1990s [35, 36], including the famous ALINEA [16], which takes freeway 
occupancy as input and computes the metering rate in a local feedback control manner. The 
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classic ALINEA does not consider the potential spillback of on-ramp queues under high traffic 
demands. Therefore, it was modified in [17] to avoid the overextension of on-ramp queues by 
including both the mainstream occupancy and the queue length in the feedback loop. Due to 
the fact that ramp flows are also affected by the mainstream traffic, coordinated RM algorithms 
that take into account both local and system-wide traffic conditions typically outperform 
isolated RM algorithms. In [37], Paesani et al. proposed a system-wide adaptive RM algorithm 
to compute the metering rates based on estimated future traffic states with linear regression. 
The lack of accurate real time data makes such methods deviate considerably from the 
theoretical best performance. In [38], another extension of ALINEA was made by connecting all 
the on-ramps via a central controller and dynamically distribute the ramp demands. When one 
on-ramp queue reaches the threshold, the central controller increases the throughput of this 
particular on-ramp while decreases the throughput of other on-ramps. In [39], a similar two-
level structure was embedded into the RM algorithm. The upper-level controller determines 
the optimal total inflow using MPC framework, and the lower level controller distributes the 
computed total inflow to each on-ramp. Although improvement can be observed by 
coordinating each RM controller within the network, the control performance is still limited 
when heavy traffic exists in the mainstream, as RM only affects the vehicle density closely 
downstream of the on-ramp. This motivates the investigation of combining RM with 
mainstream traffic regulation techniques such as VSL and LC control. 

To coordinate VSL and RM, Hegyi et al. proposed an optimization-based formulation with an 
objective function containing the total time spent (TTS) for the mainstream traffic and the on-
ramp queue [40]. This framework has been adopted by many researchers since then to 
demonstrate the optimality of their proposed integrated controllers [1, 41-43]. As previously 
mentioned, optimization-based algorithms (mainly using MPC) are not applicable to large-scale 
road networks because the computation time increases rapidly with the network size [3]. To 
tackle this problem, several easy-to-implement integrated controllers have been proposed [3, 
44, 45] based on shock wave theory, feedback control or logic rules. A common drawback of 
these algorithms is the lack of coordination between different types of controllers. 

Traffic signal control (TSC) is considered as the most important and effective method to manage 
arterial traffic. Existing TSC strategies can be divided into two categories: fixed-time TSC and 
traffic-responsive TSC. Fixed-time TSC switches between predetermined signal programs 
according to the time of the day, and thus, suitable for stable, unsaturated traffic conditions. In 
[46, 47], F. V. Webster designed a signal timing model to minimize the travel delay and 
developed the basis for modern fixed-time TSC design. Two of the most widely implemented 
and extended fixed-time TSC strategies are MAXBAND [48] and TRANSYT [49]. MAXBAND 
coordinates traffic signals along an arterial with the same cycle length and proper offsets so 
that vehicles can travel without stopping, which formulates a progression band with a uniform 
bandwidth to be maximized. Representative extensions of MAXBAND include assigning multiple 
bandwidths for different road segments [50], incorporating route guidance [51], or speed 
advisory [4]. TRANSYT takes historical traffic data of the road network as input, and then 
determines the optimal signal control with a heuristic "hill climbing" algorithm. The major 
limitation of fixed-time TSC is that it cannot handle highly saturated traffic conditions or 
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incident scenarios, which prompts the study of real-time traffic-responsive TSC. In [52], a 
traffic-responsive version of TRANSYT - SCOOT, was developed to adjust signal cycles, splits and 
offsets with newly-measured traffic flows and occupancy. In [53], a real-time hierarchical 
optimized distributed effective system (RHODES) was proposed with two main operation 
processes. The first process uses sensor data to estimate future traffic flows within the 
network. The second process selects the optimal phasing time with dynamic programming (DP) 
and decision trees. Despite their satisfactory performance in numerous field tests, most traffic-
responsive TSC systems rely on accurate real-time traffic data and a powerful central machine 
to solve optimization algorithms whose complexity grows exponentially with the size of the 
problem leading to costly implementation with restrictions on the size of arterial networks.  

Due to limited on-ramp space it is difficult to maintain efficient freeway operations and avoid 
the spillback of ramp queues simultaneously with freeway traffic control only [7]. A promising 
solution is to coordinate freeway and arterial (CFA) traffic and utilize arterial road capacities to 
mitigate on-ramp or freeway congestion. However, very few research efforts have been made 
in this area due to the difficulty of modeling two completely different traffic patterns and high 
complexity of the road network. In [54, 55], separate models are developed to characterize the 
freeway part and the arterial regions, and then MPC-based control schemes are proposed to 
minimize the total time spent/delay. Both studies verified the performance improvement by 
having a centralized control over the mixed road network, but only RM and TSC are considered 
as traffic regulation techniques.  

Methodology 

In this section, we propose an integrated control strategy to regulate the traffic in a road 
network consisting of both freeway and the adjacent arterial region (depicted in Figure 1) with 
the purpose of reducing the vehicle travel time, the emission rates, and the queue lengths of 
on-ramps and arterial intersections under all traffic conditions and input demand levels. Traffic 
data and control inputs are shared between the two systems to enhance the control 
performance. Note that all the freeway ramps are connected with arterial roads. Some 
connections are omitted in Figure 1 due to limited drawing space. More details of the road 
network configuration will be presented later in the section. The notations used hereafter are 
summarized in Table 1. 
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Figure 1. Road network 
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Table 1. Definition of variables and model parameters 

Symbol Definition Unit 

𝑑  the freeway vehicle input veh/h 

𝑑𝑘
𝐸  the vehicle input of arterial intersection 𝑘 with the direction specified  

by the superscript (𝐸 stands for Eastbound) 

veh/h 

𝐶  the capacity of each section/cell veh/h 

𝐶𝑏   the bottleneck capacity  veh/h 

𝑞𝑖  the mainstream inflow of freeway section 𝑖 veh/h 

𝑞𝑖+1  the mainstream outflow of freeway section 𝑖 veh/h 

𝑟𝑖  the on-ramp inflow of freeway section 𝑖 veh/h 

𝑠𝑖  the off-ramp outflow of freeway section 𝑖 veh/h 

𝑣𝑓  the free flow speed  km/h 

𝑤  the back propagation speed  km/h 

𝑤̃  the rate that the outflow 𝑞𝑖+1 decreases with density 𝜌𝑖 when 𝜌𝑖 ≥ 𝜌𝑐 km/h 

𝜌𝑐  the critical density of the section/cell at which 𝑣𝑓𝜌𝑐 = 𝑤̃(𝜌̃
𝑗 − 𝜌𝑐) =

𝑤(𝜌𝑗 − 𝜌𝑐) = 𝐶 

veh/km 

𝜌𝑗  the jam density at which the inflow 𝑞𝑖 decreases to 0 with rate 𝑤 veh/km 

𝜌̃𝑗  the jam density at which the outflow 𝑞𝑖+1 decreases to 0 with rate 𝑤̃ veh/km 

𝜌𝑖  the density of freeway section 𝑖 veh/km 

𝐿𝑖   the length of freeway section 𝑖 km 

𝜖0  the capacity drop factor, where 𝜖0 ∈ (0, 1) unitless 

Freeway Traffic Model 

The Cell Transmission Model (CTM) is adopted to describe the traffic behaviors of the freeway 
segment because of its high computational efficiency and reasonable accuracy [29, 57-59] 
compared with higher-order models [60-62]. Under the framework of CTM, the selected 
freeway segment is divided into 𝑁 sections/cells and indexed from 1 to 𝑁 along the traffic flow 
direction, as shown in Figure 1. Each section/cell is characterized by the vehicle density, 
mainstream inflow, mainstream outflow, on-ramp inflow, off-ramp outflow and section length, 
denoted as 𝜌𝑖 , 𝑞𝑖 , 𝑞𝑖+1, 𝑟𝑖 , 𝑠𝑖 , 𝐿𝑖 respectively, where 𝑖 = 1, 2, … , 𝑁. Without loss of generality, it 
is assumed that an incident occurs and creates a bottleneck at section 𝑀 (1 < 𝑀 ≤ 𝑁), as 
shown in Figure 2. 
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Figure 2. Freeway bottleneck 

Although the original CTM can reproduce the traffic dynamics in normal circumstances, it does 
not capture the capacity drop phenomenon and bounded acceleration effects produced by 
forced lane change maneuvers at freeway bottlenecks or ramp merging areas [59, 63]. Nor does 
it consider the uncertainties in measured traffic states and model parameters. To address these 
issues and improve the consistency with microscopic observations, a modified multi-section 
CTM that accommodates the effect of both capacity drop and bounded acceleration is 
considered [29]. Moreover, the uncertainties in measurements and parameters are 
represented as an additional disturbance term 𝜇𝑖 in the conservation law of traffic flow [31]. 
Accordingly, the following equations describe the evolution of the vehicle density 𝜌𝑖  in each 
section: 

𝜌̇𝑖 =
1

𝐿𝑖
(𝑞𝑖 − 𝑞𝑖+1 + 𝑟𝑖 − 𝑠𝑖 + 𝜇𝑖)  for 𝑖 = 1, … , 𝑁  (1) 

where 

𝑞1 = min{𝑑, 𝐶,𝑤(𝜌
𝑗 − 𝜌1)}  

𝑞𝑖 = min{𝑣𝑓𝜌𝑖−1, 𝑤̃(𝜌̃
𝑗 − 𝜌𝑖−1), 𝐶, 𝑤(𝜌

𝑗 − 𝜌𝑖)}        for 𝑖 = 2, … ,𝑀 − 1,𝑀 + 2,… , 𝑁 

𝑞𝑀 = min{𝑣𝑓𝜌𝑀−1, 𝑤̃(𝜌̃
𝑗 − 𝜌𝑀−1), (1 − 𝜖(𝜌𝑀))𝐶𝑏, 𝑤(𝜌

𝑗 − 𝜌𝑀)}  

𝑞𝑀+1 = min{𝑣𝑓𝜌𝑀 , 𝑤̃(𝜌̃
𝑗 − 𝜌𝑀), (1 − 𝜖(𝜌𝑀))𝐶𝑏, 𝑤(𝜌

𝑗 − 𝜌𝑀+1)}  

𝑞𝑁+1 = min{𝑣𝑓𝜌𝑁 , 𝑤̃(𝜌̃
𝑗 − 𝜌𝑁), 𝐶}  

and (2) 

𝜖(𝜌𝑀) = {
𝜖0   if 𝐶𝑏 < 𝐶 and 𝜌𝑀 >

𝐶𝑏

𝑣𝑓

0                          otherwise
  

Freeway Traffic Control 

Based on the multi-section CTM presented above, this section aims to develop an integrated 
variable speed limit (VSL), lane change (LC) and ramp metering (RM) controller to guarantee all 
the mainstream sections operating under free-flow conditions, despite the existence of the 
bottleneck in arbitrary section 𝑀 (1 < 𝑀 ≤ 𝑁). The VSL controller regulates the mainstream 
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inflow of each section so that the density converges to the desired value and the uncertainties 
are rejected. Lane change recommendations are provided for vehicles approaching the 
bottleneck in order to reduce the number of forced lane changes at very low speed in the 
vicinity of the bottleneck. The RM control is used to prevent mainstream traffic from being 
disturbed by large ramp input flows when the on-ramp capacity is not saturated. 

Variable Speed Limit Control 

We propose a feedback-based VSL controller with the purpose of rejecting the disturbance 𝜇𝑖 in 
(1) and making the density of each section 𝜌𝑖  converge to a predefined value, denoted as 𝜌∗. In 
the ideal case (𝜇𝑖 = 0), a trivial choice is to let 𝜌∗ = 𝐶𝑏/𝑣𝑓, which corresponds to the highest 

possible flow-rate through the bottleneck. However, a small disturbance may drive the density 
towards the capacity-drop region, which introduces unwanted oscillatory behavior of the 
closed-loop system and negatively impacts convergence to desired equilibrium states [31]. On 
one hand, the value of 𝜌∗ needs to be compromised for the sake of robustness, i.e., 𝜌∗ <
𝐶𝑏/𝑣𝑓. On the other hand, it should be chosen so that the capacity is not reduced significantly.  

When the VSL command of section 𝑖 (𝑣𝑖) is activated, the maximum possible flow governed by 

𝑣𝑖 is 
𝑣𝑖𝑤𝜌

𝑗

𝑣𝑖+𝑤
, which is obtained by computing the coordinates of the geometric intersection of the 

supply and demand function in the fundamental diagram [30]. Therefore, the dynamics of the 
traffic flows when the VSL control is activated are described as follows: 

𝑞1 = min{𝑑,
𝑣0𝑤𝜌

𝑗

𝑣0+𝑤
,
𝑣1𝑤𝜌

𝑗

𝑣1+𝑤
, 𝑤(𝜌𝑗 − 𝜌1)}  

𝑞𝑖 = min{𝑣𝑖−1𝜌𝑖−1,
𝑣𝑖−1𝑤𝜌

𝑗

𝑣𝑖−1+𝑤
,
𝑣𝑖𝑤𝜌

𝑗

𝑣𝑖+𝑤
, 𝑤(𝜌𝑗 − 𝜌𝑖)}          for 𝑖 = 2,… ,𝑀 − 1,𝑀 + 2,… , 𝑁  (3) 

𝑞𝑀 = min{𝑣𝑀−1𝜌𝑀−1,
𝑣𝑀−1𝑤𝜌

𝑗

𝑣𝑀−1+𝑤
,
𝑣𝑀𝑤𝜌

𝑗

𝑣𝑀+𝑤
, 𝑤(𝜌𝑗 − 𝜌𝑀), (1 − 𝜖(𝜌𝑀))𝐶𝑏}  

𝑞𝑀+1 = min{𝑣𝑀𝜌𝑀 ,
𝑣𝑀𝑤𝜌

𝑗

𝑣𝑀+𝑤
,
𝑣𝑀+1𝑤𝜌

𝑗

𝑣𝑀+1+𝑤
, 𝑤(𝜌𝑗 − 𝜌𝑀+1), (1 − 𝜖(𝜌𝑀))𝐶𝑏}  

𝑞𝑁+1 = min{𝑣𝑁𝜌𝑁 , 𝑤̃(𝜌̃
𝑗 − 𝜌𝑁), (1 − 𝜖(𝜌𝑁))𝐶𝑑}  

Since the mainstream demand 𝑑 is the primary input of the freeway, the control efforts should 
be concentrated on the most upstream VSL section to ensure that 𝑞1 is within the bottleneck 
capacity, and the goal for the remaining downstream sections is to maintain a steady traffic 
flow with the assistance from the RM control. The above strategy minimizes the speed 
variations between consecutive sections and diminishes the stop-and-go traffic behavior [11]. 
Driven by this idea, the VSL commands for each section can be computed as follows: 

𝑣𝑖−1 =

{
 
 

 
 

𝑤𝑞1
𝑣

𝑤𝜌𝑗−𝑞1
𝑣               𝑖𝑓 𝑖 = 1

𝑞𝑖
𝑣

𝜌𝑖
            𝑖𝑓 𝑖 = 2,… ,𝑀

𝑣𝑓                   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

  (4) 
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where 𝑞𝑖
𝑣 is the desired mainstream inflow of section 𝑖. Assume that the disturbance 𝜇𝑖 in (1) is 

bounded by a constant 𝜇𝑚 and satisfies |𝜇𝑖| ≤ 𝜇𝑚 ≪ 𝐶𝑏. In order to reject 𝜇𝑖 and guarantee 
the convergence of the closed-loop system, we compute 𝑞𝑖

𝑣 using the following proportional-
integral (PI) controller equation [28, 31]: 

𝑞𝑖
𝑣 = 𝑞𝑖+1 + 𝑠𝑖 − 𝑟𝑖 − 𝜆1(𝜌𝑖 − 𝜌

∗) − 𝜆2(∫ (𝜌𝑖 − 𝜌
∗)𝑑𝜏 −

𝜆1(𝜌𝑖(𝑡0)−𝜌
∗)−𝜇𝑚

𝜆2

𝑡

𝑡0
)  (5) 

where 𝑞𝑖+1, 𝜌𝑖 , 𝑠𝑖 , 𝑟𝑖 are measured traffic states, 𝜆1 > 0 and 𝜆2 > 0 are the proportional and 
integral gains to be tuned via simulations, 𝑡0 denotes the time when the controller is activated. 

The following constraints are applied to the computed VSL commands to improve safety and 
feasibility in real world: 

• 𝑣𝑖 is rounded to be a multiple of 10 km/h. 

• The bounds of 𝑣𝑖: 30 km/h ≤ 𝑣𝑖 ≤ 100 km/h. 

• 𝑣𝑖 can be increased or decreased by at most 10 km/h in each control cycle. 

The length of the most upstream VSL zone (𝐿0) has a significant impact on the VSL control 
performance [11]. 𝐿0 needs to be long enough to prevent extra backpropagations from the 
bottleneck, but overextending 𝐿0 may waste the road capacity and create unnecessary travel 
delays. In this project, we extend the lower bound of 𝐿0 developed from our previous research 
by involving ramp flows and movable bottleneck locations: 

Theorem 1. Consider the freeway bottleneck control problem with VSL commands given by (4), 
the propagation of traffic congestion at the bottleneck can be completely dissipated if the 
upstream VSL zone distance 𝐿0 satisfies 

𝐿0 >
(𝑄𝑟+𝑣𝑓𝜌̅(𝑡0)−(1−𝜖0)𝐶𝑏)𝑣0

∗𝐿𝑏

((1−𝜖0)𝐶𝑏−𝑄𝑟−𝑣0
∗𝜌0(𝑡0))𝑣𝑓

  (6) 

where 𝜌0 is the density of the upstream VSL section; 𝜌̅ is the average density from section 1 to 
𝑀; 𝐿𝑏 is the distance from the beginning of section 1 to the bottleneck; 𝐶𝑏 is the bottleneck 
capacity; 𝑣𝑓 is the free flow speed; 𝜖0 is the capacity drop factor; 𝑡0 is the time the incident 

takes place; 𝑣0
∗ is the value of 𝑣0 that makes 𝑞1 equal to 𝜌∗𝑣𝑓: 

𝑣0
∗ =

𝑤𝜌∗𝑣𝑓

𝑤𝜌𝑗−𝜌∗𝑣𝑓
  (7) 

𝑄𝑟  is the net flow of all ramps from section 1 to 𝑀: 

𝑄𝑟 = ∑ 𝑟𝑖 − 𝑠𝑖
𝑀
𝑖=1   (8) 

Proof. To fully dissipate the traffic congestion at the bottleneck and stop any further 
backpropagation, we must ensure that the time it takes to evacuate the initial traffic within the 
freeway network through the bottleneck, denoted as 𝑇𝑖𝑛𝑖, is strictly less than the time spent for 
the newly-entered traffic to reach the bottleneck, denoted as 𝑇𝑛𝑒𝑤, under the impact of ramp 
flows. 
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To determine 𝑇𝑖𝑛𝑖, we first estimate the number of vehicles 𝑁𝑖𝑛𝑖 initially existing from the 
freeway entrance to the bottleneck using density measurements: 

𝑁𝑖𝑛𝑖 = 𝐿0𝜌0(𝑡0) + 𝐿𝑏𝜌̅(𝑡0)  (9) 

Since the congestion is active at the bottleneck, the bottleneck throughput is 𝑞𝑏 = (1 − 𝜖0)𝐶𝑏 
due to the capacity drop. Assuming the bottleneck throughput 𝑞𝑏 and the net ramp flow 𝑄𝑟  are 
constants during the congestion resolving process, 𝑇𝑖𝑛𝑖 is computed as follows: 

𝑇𝑖𝑛𝑖 =
𝑁𝑖𝑛𝑖

𝑞𝑏−𝑄𝑟
=

𝐿0𝜌0(𝑡0)+𝐿𝑏𝜌̅(𝑡0)

(1−𝜖0)𝐶𝑏−𝑄𝑟
  (10) 

On the other hand, the newly-entered traffic travel through the network under the activated 
VSL commands. The proposed VSL control strategy matches 𝑞1 with the selected equilibrium 
𝜌∗𝑣𝑓 using 𝑣0

∗ in the most upstream section, and then maintains a steady traffic flow through 

downstream sections with speed limits ideally equal to 𝑣𝑓. Therefore, 𝑇𝑛𝑒𝑤 can be estimated as 

𝑇𝑛𝑒𝑤 =
𝐿0

𝑣0
∗ +

𝐿𝑏

𝑣𝑓
  (11) 

To guarantee 𝑇𝑖𝑛𝑖 < 𝑇𝑛𝑒𝑤, we have 

𝐿0𝜌0(𝑡0)+𝐿𝑏𝜌̅(𝑡0)

(1−𝜖0)𝐶𝑏−𝑄𝑟
<

𝐿0

𝑣0
∗ +

𝐿𝑏

𝑣𝑓
  (12) 

which is equivalent to (6) after rearranging the above inequality and keeping 𝐿0 only on the left 
side. 

Lane Change Control 

To mitigate the capacity drop triggered by forced lane change maneuvers and increase the 
throughput at the bottleneck, we provide lane change (LC) recommendations to vehicles 
moving in the closed lane(s) before approaching the bottleneck. The distance from the 
bottleneck to activate the LC control, denoted as 𝑑𝐿𝐶, is a crucial control variable that needs to 
be determined properly. 𝑑𝐿𝐶  must be longer than the minimum distance required for vehicles 
to complete LC maneuvers safely, but overextending 𝑑𝐿𝐶  may lead to the underutilization of the 
road capacity. In this project, 𝑑𝐿𝐶  is computed from the empirical formula proposed in [15]: 

𝑑𝐿𝐶 = 𝜉 ∙ 𝑛  (13) 

where 𝑛 is the number of lanes closed at the bottleneck, 𝜉 is a design parameter that depends 
on the traffic demand and can be found via microscopic simulations. 

Ramp Metering 

As mentioned previously, the performance of VSL control in regulating the traffic flow relies on 
a steady ramp input within the mainstream receiving ability, which is achieved by the ramp 
metering (RM) control. In the meantime, the ramp queue should not exceed the length of the 
ramp. Therefore, the RM controller needs to maintain a good balance between the mainstream 
traffic and the ramp queue. A well-known solution to the above problem is the ALINEA/Q 
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algorithm proposed in [17] - an extension of the classic ALINEA algorithm by considering the 
ramp queue capacity. Note that the original ALINEA/Q contains both the occupancy and the 
queue length in the feedback loop. In this project, we use the density of the mainstream 
section instead of the occupancy in order to be consistent with the mechanism of the VSL 
control [64].  

The adopted ALINEA/Q algorithm involves 3 steps in general:  

1) Compute the first RM rate 𝑟𝑖
𝑑  based on the mainstream density 𝜌𝑖  and the RM rate of 

previous control cycle.  

2) Compute the second RM rate 𝑟𝑖
𝑞  based on the queue length 𝑤𝑖  and the estimated 

demand 𝑑̃𝑖 for the on-ramp at CTM section 𝑖.  

3) Take the maximum between 𝑟𝑖
𝑑  and 𝑟𝑖

𝑞  as the final RM rate 𝑟𝑖.  

which is expressed by the following equations: 

𝑟𝑖
𝑑(𝑡) = 𝑟𝑖(𝑡 − 𝑇) + 𝛽𝑑(𝜌

∗ − 𝜌𝑖(𝑡))  

𝑟𝑖
𝑞(𝑡) = 𝛽𝑞(𝑤𝑖

𝑟 − 𝑤𝑖(𝑡)) + 𝑑̃𝑖  (14) 

𝑟𝑖(𝑡) = max{𝑟𝑖
𝑑(𝑡), 𝑟𝑖

𝑞(𝑡)}  

where 𝑡 is the current time, 𝑇 is the control cycle, 𝜌∗ is the desired density, 𝑤𝑖
𝑟 is the reference 

queue capacity of ramp 𝑖, 𝛽𝑑  and 𝛽𝑞 are the feedback gains of the density and queue length 

respectively. The estimation process of 𝑑̃𝑖 is presented later using the arterial traffic states and 
signal plans. 

Although the RM algorithm is able to prevent the spillback of the ramp queue to some extent, 
the effect would be limited when the freeway is heavily occupied and meanwhile there exist 
large on-ramp demands, which happens frequently during peak hours in the urban area of 
major cities. In this case, the assistance from arterial traffic management is needed to exploit 
the capacity of potentially unsaturated arterial roads and evenly distribute the loads of all 
available ramps. 

Arterial Traffic Management 

The arterial road network under consideration contains 𝐾 homogeneous signalized 
intersections indexed from 1 to 𝐾 in the freeway traffic flow direction, as depicted in Figure 1. 
The on-ramp entrances and off-ramp exits lie on the East side of each intersection. There are 
2(𝐾 + 1) entrances plus 𝑁 off-ramps that generate traffic flow into the arterial road network. 
Some of these inputs may exceed the road or ramp capacity, leading to heavy congestion and 
long queues at corresponding locations. Incidents or road constructions may worsen the 
situation as they introduce bottlenecks that lower the capacity. At this stage, we assume traffic 
signal control (TSC) is the only method to regulate arterial traffic flows. Fixed-time TSC 
strategies cannot fit various input levels and traffic conditions as mentioned in the literature 
review. Therefore, we propose a traffic-responsive scheme to determine the optimal signal 
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program that minimizes the travel time, the fuel consumption and the emissions for each 
intersection based on the observation of input demands, which consists of two main steps:  

1) Compute a modified Webster cycle length model for isolated intersections.  

2) Apply the model for each intersection in the original arterial network with estimated 
demands.  

Cycle Length Model 

The pioneer research on signal cycle optimization was conducted by F. V. Webster [46, 47], who 
developed a formula to compute the signal cycle that minimizes travel delays while considering 
the uncertainties of traffic models as follows: 

𝑇𝑐
∗ =

1.5𝑇𝑙+5

1−𝑌
  (15) 

where 𝑇𝑐 is the signal cycle and 𝑇𝑙 is the lost time per cycle. The lost time is defined as the time 
during which no vehicles are able to pass through an intersection due to the transition between 
a green phase and a red phase. 𝑌 ∈ [0, 1) is the sum of flow ratios of each phase group, which 
indicates the degree of saturation of an intersection. The flow ratio is defined as the actual 
traffic flow divided by the saturation flow. The saturation flow is set to be 1800 veh/h/lane in 
this project. Extensions based on the Webster model have been made over the years to 
optimize different objective functions such as fuel consumption, emissions and the number of 
vehicle stops [65-67]. In this paper, we adopt the modified Webster model proposed by Calle-
Laguna et al. [67]: 

𝑇𝑐
∗ = 𝛼1 ln (

𝑇𝑙

1−𝑌
) + 𝛼2  (16) 

where 𝛼1 and 𝛼2 are determined by solving a linear regression problem on the data collected 
from microscopic simulations over an isolated intersection. The detailed configuration of the 
isolated intersection is presented in Figure 3. Each intersection is four lanes wide (left, right, 
and a double through) with a length of 100 m. The arterial road connected to the intersection is 
two lanes wide and lasts for 1 km on each direction in order to accommodate the long queue 
under high demands. The default signal plan involves four phases as shown in Figure 4. Since 
only medium and high traffic demands are considered, all signal plans must have a separate 
left-turn phase to enhance the mobility and safety of the intersection operation [68]. 
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Figure 3. Intersection configuration 

 
Figure 4. Signal phasing scheme 

The commercial microscopic simulator PTV VISSIM 10 is used to generate the data for 
estimating the model parameters 𝛼1 and 𝛼2 in (16). The vehicle inputs are set to be equal for all 
directions (𝑑𝑊 = 𝑑𝑁 = 𝑑𝐸 = 𝑑𝑆) and selected from 500 to 2000 veh/h with the increment of 
50 veh/h. For each input level, we test a wide range of signal cycles from 30 to 180 s with the 
increment of 10 s, and evaluate their performance using the following performance index 
function [65]: 

𝑃 = 𝛾1
𝑇𝑡

𝑇𝑡,0
+ 𝛾2

𝐹

𝐹0
+ 𝛾3

𝐸

𝐸0
  (17) 

where 𝑇𝑡 is the average travel time, 𝐹 is the average fuel consumption, 𝐸 is the average 
emission rates of CO2, and 𝛾1, 𝛾2, 𝛾3 are the corresponding weights. 𝐹 and 𝐸 are computed 
using the EPA MOVES model [69]. 𝑇𝑡,0, 𝐹0, 𝐸0 are the base-case results obtained from the 
scenario where the signal cycle is 60 s. According to [65], we set 𝛾1 = 0.4, 𝛾2 = 𝛾3 = 0.3. The 
lost time 𝑇𝑙 is 16 s per cycle. The turning ratio of each approach is 20% left-turn traffic, 60% 
through traffic and 20% right-turn traffic. The data collection process is summarized as follows: 

1) Set the vehicle input for each entrance. 
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2) Compute the flow ratio with respect to the saturation flow for each phase group. 

3) Repeat the simulation for each signal cycle: 

a. Set the signal cycle and allocate the green light time according to the flow ratio 
of each phase. 

b. Run the simulation for 30 min. 

c. Compute the performance index using (17). 

4) Find the cycle length that yields the lowest performance index. 

After iterating the above process for all input levels twice, we plot the obtained data points and 
the linear regression curve in Figure 5. As a result, 𝛼1 = 76.9 and 𝛼2 = −186.2. 

 

Figure 5. Determine cycle length model using linear regression 

Model Application 

Since the intersections in the interested road network have a uniform configuration identical to 
the one presented in Figure 3, the derived optimal cycle length model is applicable to all the 
intersections. If there exist intersections with different configurations, separate models need to 
be computed using the same approach presented above. To apply the model, we first estimate 
the demands of each intersection as follows:  

𝑑̃𝑘
𝑊 = 𝑑𝑘

𝑊 + 𝑠𝑖  

𝑑̃𝑘
𝐸 = 𝑑𝑘

𝐸  
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𝑑̃𝑘
𝑆 = {

𝑑1
𝑆                                                                               if 𝑘 = 1

𝑦𝑘−1
𝑊,𝑙 𝑑̃𝑘−1

𝑊 + 𝑦𝑘−1
𝐸,𝑟 𝑑̃𝑘−1

𝐸 + 𝑦𝑘−1
𝑆,𝑡 𝑑̃𝑘−1

𝑆                otherwise
  (18) 

𝑑̃𝑘
𝑁 = {

𝑑𝐾
𝑁                                                                               if 𝑘 = 𝐾

𝑦𝑘+1
𝑊,𝑟𝑑̃𝑘+1

𝑊 + 𝑦𝑘+1
𝐸,𝑙 𝑑̃𝑘+1

𝐸 + 𝑦𝑘+1
𝑁,𝑡 𝑑̃𝑘+1

𝑁                otherwise
  

where 𝑑̃𝑘
𝑊 is the estimated demand of the Westbound approach at intersection 𝑘, 𝑑𝑘

𝑊 is the 
actual Westbound vehicle input of intersection 𝑘, 𝑠𝑖 is the off-ramp flow rate heading toward 

intersection 𝑘 (𝑠𝑖 = 0 if the off-ramp does not exist), 𝑦𝑘
𝑊,𝑙 is the left-turn flow ratio of the 

Westbound approach at intersection 𝑘. The superscript denotes the traffic flow direction in the 
following manner: 𝐸 - Eastbound, 𝑊 - Westbound, 𝑁 - Northbound, 𝑆 - Southbound, 𝑙 - left-
turn, 𝑟 - right-turn, 𝑡 - through. We assume all vehicle inputs and turning ratios are known with 
uncertainties and all links within the arterial network are unsaturated. 

Based on the estimated demands, we calculate the flow ratio of each phase group with respect 
to the phase scheme presented in Figure 4 and sum them up to obtain 𝑌: 

𝑌1 =
(𝑦𝑆,𝑟+𝑦𝑆,𝑡)𝑑̃𝑆

𝑞𝑠
𝑆 +

(𝑦𝑁,𝑟+𝑦𝑁,𝑡)𝑑̃𝑁

𝑞𝑠
𝑁   

𝑌2 =
𝑦𝑆,𝑙𝑑̃𝑆

𝑞𝑠
𝑆 +

𝑦𝑁,𝑙𝑑̃𝑁

𝑞𝑠
𝑁   

𝑌3 =
(𝑦𝑊,𝑟+𝑦𝑊,𝑡)𝑑̃𝑊

𝑞𝑠
𝑊 +

(𝑦𝐸,𝑟+𝑦𝐸,𝑡)𝑑̃𝐸

𝑞𝑠
𝐸   (19) 

𝑌4 =
𝑦𝑊,𝑙𝑑̃𝑊

𝑞𝑠
𝑊 +

𝑦𝐸,𝑙𝑑̃𝐸

𝑞𝑠
𝐸   

𝑌 = 𝑌1 + 𝑌2 + 𝑌3 + 𝑌4  

where 𝑞𝑠 is the saturation flow of the approach whose direction is specified by the superscript. 
In this project, 𝑞𝑠 = 7200 veh/h for all directions at each intersection. Since (19) applies to all 
intersections in the road network, the index of the intersection is omitted for the sake of 
simplicity. 

We then compute the cycle length 𝑇𝑐 for each intersection using (16) with the following 
feasibility constraints: 

• 𝑇𝑐 is rounded to be a multiple of 10 s. 

• 30 s ≤ 𝑇𝑐 ≤ 180 s. 

Once 𝑇𝑐 is determined, we can allocate the green light time for each phase according to the 
flow ratios found in (19): 

𝑇𝑔,𝑗 =
(𝑇𝑐−𝑇𝑙)𝑌𝑗

𝑌
                for 𝑗 = 1, 2, 3, 4  (20) 

where 𝑇𝑔,𝑗  denotes the green light time of phase 𝑗 per cycle, and the lost time 𝑇𝑙 = 16 s. 

To minimize travel delays and improve the traffic mobility, it is recommended to unify the cycle 
length for closely spaced traffic signal and use proper offsets to create a progression band 
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(green wave) for vehicle platoons on the main street [68]. However, the intersections in our 
simulation network are relatively far apart with a minimum distance of 600 m and 1500 m on 
average. Besides, the longitudinal traffic is not significantly larger than the lateral traffic at each 
intersection. Therefore, the offset optimization is not considered in this project. The offset of 
each signal is simply set to 0 s. 

On-ramp Demand Estimation 

As previously mentioned, the on-ramp demand estimation must be as accurate as possible for 
the adopted ramp metering (RM) algorithm to be effective. Assuming the arterial road linked 
with on-ramp 𝑖 is also connected to intersection 𝑘, we estimate the on-ramp demand using the 
knowledge of the arterial signal plans as follows: 

𝑑̃𝑖 =
𝑦𝑖
𝑜𝑛(𝑇𝑔,1𝑑̃𝑘

𝑁+𝑇𝑔,2𝑑̃𝑘
𝑆+𝑇𝑔,3𝑑̃𝑘

𝐸)

𝑇𝑐
  (21) 

where the green light time 𝑇𝑔,𝑗  and the cycle length 𝑇𝑐 are associated with intersection 𝑘. 𝑦𝑖
𝑜𝑛 is 

the 𝑖-th on-ramp turning ratio. 

Numerical Simulations 

Simulation Network 

The proposed control methodologies are simulated using a microscopic traffic simulator based 
on the commercial software PTV Vissim 10. The road network in Figure 6 contains a 16-km 
segment of I-710 freeway and the adjacent arterial region in Los Angeles, California, United 
States. The freeway segment is divided into 6 CTM sections and one upstream VSL zone. Each 
CTM section has a length of 2 km. The length of the upstream VSL zone is determined by (6). 
The freeway segment has 5 lanes, 5 on-ramps and 5 off-ramps. All ramps are connected with 
the arterial road network. There are 7 arterial intersections aligned in parallel with the freeway. 
Vehicle inputs are generated from one freeway entrance and 16 arterial entrances as indicated 
by arrows in Figure 6. The left and right turning ratio of each approach follows the normal 
distribution 𝑁(0.2, 0.02), and the through traffic ratio follows 𝑁(0.6, 0.06), if not specified 
otherwise. The default on-ramp turning ratio follows 𝑁(0.7, 0.07), and the default off-ramp 
turning ratio follows 𝑁(0.4, 0.04). The mean values of these turning ratio distributions are 
calculated based on the traffic data of April 2019 from PeMS. Each vehicle input of the network 
also follows a normal distribution whose mean value is obtained from the same data source, 
and the standard deviation is set to be 10% of the mean. Each simulation run lasts for 40 min. 
The incident takes place after a 10-min warm up and will be cleared at 30 min.  
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Figure 6. Simulation road network  

No Incident Scenario  

In this section, we present the simulation results without any incident in the road network in 
Figure 6. The vehicle inputs are in a moderate level, therefore no significant congestion is 
produced in this scenario. The active controllers are ramp metering and arterial traffic signal 
control. To quantify the benefits by coordinating ramp metering (RM) with adjacent arterial 
traffic signal control (TSC), we compare the performance of two types of control strategies – 
without coordination (denoted as type (i)) and with coordination (denoted as type (ii)). To be 
more specific, in type (i) control, the RM controller cannot estimate the demand using (21), 
which is replaced by the RM rate of the previous cycle. The TSC has no information of the off-
ramp flow rate, instead it uses the historical average value. 

The evaluation standard involves the average travel time (𝑇𝑡), the average number of stops (𝑁𝑠) 
and the average emission rates of CO2 (𝐸). To simplify the notation, we use 𝐼𝑗 to denote the 𝑗-th 

intersection where 𝑗 = 1, 2, … , 7 and 𝑅𝑖 to denote each on-ramp where 𝑖 is the index of the 
corresponding CTM section. 𝑇𝑡 , 𝑁𝑠, 𝐸 are evaluated for both freeway and arterial separately. 
The details of computing 𝑇𝑡 , 𝑁𝑠 , 𝐸 can be found in [15]. Considering the stochastic nature of 
microscopic simulations, we take the average of 10 simulation runs for each case and record 
the final results in Table 2. 

Table 2. Evaluations of no incident scenario 

Region Control Type 𝑻𝒕 (min) 𝑵𝒔 𝑬 (g/veh/km) 
Freeway (i) 10.2 0.1 202.8 

Freeway (ii) 10.2 0.1 204.6 

Arterial (i) 4.0 1.3 230.6 

Arterial (ii) 3.8 1.2 229.1 

As we compare the evaluation results of control (i) and (ii), the improvement produced by (ii) 
over (i) is trivial in this scenario, which indicates that the coordination between RM and TSC 
cannot produce much benefit under free flow conditions. In the next two scenarios, we will 
introduce some incidents to break the free flow condition and reexamine the effectiveness of 
the proposed coordination strategy.  
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Ramp Closure Scenario  

In this section, we present the simulation results in a ramp closure scenario marked by the red 
rectangle in Figure 6. Assuming most vehicles reroute to the next available on-ramp during the 
incident, we change the mean values of the turning ratio distributions (left-turn/through/right-
turn) at critical approaches as follows:  

• Eastbound approach at intersection 4: 0.2/0.2/0.6 

• Southbound approach at intersection 4: 0.1/0.7/0.2 

• Southbound approach at intersection 5: 0.5/0.4/0.1 

The standard deviation remains to be 10% of the mean.  

Since the freeway is not blocked by the incident, VSL and LC control are inactive in this scenario. 
We are interested in the performance of three types of control strategies as follows: 

(i) Inactive ramp metering 
(ii) No coordination between RM and TSC 
(iii) Coordinated RM and TSC 

In the first control strategy, the on-ramp metering is inactive, thus there is no restriction for on-
ramp travel. In the second control strategy, the RM controller cannot estimate the demand 
using (21), instead it is replaced by the RM rate of the previous cycle. In both the above 
strategies, the TSC does not know the off-ramp flow rate, instead it uses the historical average 
value when computing signal plans. Table 3 presents the evaluation results for the ramp closure 
scenario. 

Table 3. Evaluations of ramp closure scenario 

Region Control Type 𝑇𝑡 (min) 𝑁𝑠 𝐸 (g/veh/km) 
Freeway (i) 10.2 0.1 202.2 

Freeway (ii) 10.2 0.1 202.7 

Freeway (iii) 9.9 0.1 198.8 

Arterial (i) 4.9 1.4 250.6 

Arterial (ii) 4.8 1.2 248.5 

Arterial (iii) 4.5 1.2 236.7 

In Table 3, the proposed ramp metering algorithm cannot provide much benefit without 
knowing the incoming demand as we compare the freeway results of control (i) and (ii). With 
estimated demand, the RM improves the freeway travel time by 3% and the emission of CO2 by 
2%. The proposed TSC also requires the knowledge of off-ramp flow rate to compute proper 
signal plans. As we compare the arterial results of control (ii) and (iii), the coordination 
improves the travel time by 6% and the emission of CO2 by 5%. These evaluation results 
indicate that the data-sharing mechanism between ramp metering and arterial intersections is 
beneficial to the control efficiency of both sides.  
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Lane Closure Scenario  

In this section, we test the proposed integrated control strategy in a freeway lane closure 
scenario marked by the gold rectangle in Figure 6. The incident takes place at 30 m downstream 
the freeway merging point of the on-ramp 𝑅4, which creates a bottleneck at CTM section 4 
(𝑀 = 4) and congestion at 𝑅4 by hindering the merging process. Assuming the ramp congestion 
at 𝑅4 makes some vehicles reroute to 𝑅5 during the incident, we change the mean values of the 
turning ratio distributions (left-turn/through/right-turn) at critical approaches as follows:  

• Eastbound approach at intersection 4: 0.2/0.4/0.4 

• Southbound approach at intersection 4: 0.15/0.65/0.2 

• Southbound approach at intersection 5: 0.4/0.4/0.2 

The standard deviation remains to be 10% of the mean.  

To identify the benefits provided by each control component as well as the coordination, we 
compare the performance of three types of control strategies as follows: 

(i) Inactive freeway control 
(ii) No coordination between freeway and arterials 
(iii) Proposed integrated control 

In the first control strategy, VSL, LC and RM are inactive despite the existence of the freeway 
bottleneck. In the second control strategy, the VSL control has no ramp flow information, thus, 
𝑠𝑖 and 𝑟𝑖 are ignored when computing the desired CTM inflow using (5). The restrictions on RM 
and TSC are the same as the second control strategy in the ramp closure scenario. 

Table 4 presents the evaluation results for the lane closure scenario. 

Table 4. Evaluations of lane closure scenario 

Region Control Type 𝑇𝑡 (min) 𝑁𝑠 𝐸 (g/veh/km) 
Freeway (i) 12.9 1.2 215.7 

Freeway (ii) 11.7 0.3 215.5 

Freeway (iii) 10.9 0.3 208.2 

Arterial (i) 5.1 2.0 251.9 

Arterial (ii) 4.9 1.3 244.3 

Arterial (iii) 4.4 1.2 234.0 

The effectiveness of the proposed freeway control on a lane-drop bottleneck is verified by 
comparing the freeway results of (i) and (ii). However, without the knowledge of ramp flow and 
on-ramp demand, the efficiency of VSL and RM is suboptimal. The freeway travel time and the 
emission of CO2 can be further reduced by 7% and 3.5% with the proposed data-sharing 
mechanism. The dissipation of freeway bottleneck congestion allows more on-ramp traffic to 
get through and slightly improves the arterial traffic mobility as we compare the arterial results 
of (i) and (ii). With the knowledge of off-ramp flows as part of the TSC input, the arterial travel 
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time and the emission of CO2 are reduced by 10% and 4%. These evaluation results verify the 
significance of coordination in terms of both freeway and arterial traffic control.  

Sensitivity of Turning Ratios 

In this section, we discuss how sensitive the system is with respect to turning ratios. As 
mentioned previously, the turning ratio follows a normal distribution, and thus, it changes 
slightly in each simulation run under the same case. The evaluation results under the same case 
in terms of 𝑇𝑡 , 𝑁𝑠, 𝐸 are mostly within a 5% range of the average value, which indicates that the 
proposed approach is robust against small disturbances in turning ratios. However, if the 
turning ratios change dramatically due to the incidents, we observe 10-25% increase in arterial 
travel time depending on the types of control. Note that the incidents are not located in 
arterials and the arterial congestion is triggered by the changes of turning ratios. Therefore, the 
results imply that the proposed approach cannot perfectly handle such dramatic changes of 
turning ratios.  

Conclusion 

In this project, we proposed an integrated freeway and arterial traffic management strategy to 
improve the operation efficiency of both systems under various traffic conditions. The freeway 
part consists of a robust VSL controller to maintain a steady traffic flow around the desired 
value, an LC controller to reduce the capacity drop at a lane-drop bottleneck, and an RM 
algorithm to balance the mainstream density and the ramp queue. The on-ramp demand is 
estimated using the signal plan of the adjacent arterial intersection when computing the RM 
rate. The arterial signal plans are determined by simulation-based cycle length models and 
estimated demands of all intersection approaches in a traffic-responsive manner. Sharing 
measurements and control plans between the two systems improves the accuracy of traffic 
state estimations, and thus, enhances the overall control performance. We tested the proposed 
approach on a segment of I-710 freeway along with the adjacent arterial intersections using 
microscopic simulations. As a result, the coordinated control does not produce significant 
benefit over individual control in the free flow scenario without incidents. However, when the 
on-ramp or freeway lane is blocked by an incident, the coordination improves the average 
travel time and the emission rate of CO2 for the specific region affected by the incident. In the 
lane closure scenario, both freeway and arterial traffic control achieve higher operation 
efficiency when using the proposed coordination strategy.   
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Data Summary 

Products of Research  

Vehicle records were collected from each microscopic simulation, and then evaluated the 
average travel time, the average number of stops and the average emission rates of CO2 using 
the vehicle records.  

Data Format and Content  

All data was compressed into a zip file “CORFLO_project_data.zip”. The “signal_files” folder 
contains all VISSIM signal files used for the simulation. The “vehicle_records” folder contains 
vehicle records for all scenarios as well as the linear regression data for the cycle length model. 
Each vehicle record is a fzp file generated by VISSIM that contains all vehicle information in the 
specific simulation run. The evaluation results of each case are stored in a csv file in the 
corresponding subfolder. “scenario0” refers to the no incident scenario. “scenario1” refers to 
the ramp closure scenario. “scenario2” refers to the lane closure scenario. 

In addition, we included the VISSIM model and Python3 scripts for running VISSIM simulations 
and evaluations in the root folder.  

Data Access and Sharing  

All of the above-mentioned data and files are available via Harvard Dataverse under the name 
“Replication Data for: Coordinated Traffic Flow Control in a Connected Environment”. They can 
be accessed with the following DOI: https://doi.org/10.7910/DVN/4GK5MW 
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