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 4 

Abstract – Recognition of the necessity for connected and automated vehicles (CAVs) is 5 

gaining momentum. CAVs can improve both transportation network efficiency and safety 6 

through control algorithms that can harmonically use all existing information to coordinate 7 

the vehicles. This study addresses the problem of optimally coordinating CAVs at merging 8 

roadways to achieve a smooth traffic flow without stop-and-go driving. We present an 9 

optimization framework and an analytical, closed-form solution that allows online 10 

coordination of vehicles at the merging zone. The effectiveness of the efficiency of the 11 

proposed solution is validated through simulation and it is shown that coordination of 12 

vehicles can reduce fuel consumption and travel time significantly.  13 

 14 

Keywords: Automated vehicles, merging highways, vehicle coordination, cooperative merging 15 

control, highway on-ramps, and cooperative driving 16 

 17 

INTRODUCTION 18 

The widespread use of the automobile is the source of traffic congestion and increasing traffic 19 

accidents. Although driver responses to various disturbances can cause congestion (1), intersections 20 

and merging roadways are the primary sources of bottlenecks (2). In 2014, congestion caused 21 

people in urban areas to spend 5.5 billion hours more on the road and to purchase an extra 2.9 22 

billion gallons of fuel, resulting in a total cost estimated at $121 billion (3). Moreover, traffic 23 

congestion can produce driver discomfort, distraction, and frustration, which may encourage more 24 

aggressive driving behavior and further slow the process of recovering free traffic flow (4).  25 

The increasing integration of energy, transportation, and cyber networks coupled with human 26 

interactions is giving rise to a new level of complexity in the transportation network. As we move 27 

to increasingly complex systems, new control approaches are needed to optimize the impact on 28 

system behavior of the interplay between vehicles at different traffic scenarios (5–8).  29 

Connected and automated (CAVs) can provide shorter gaps between vehicles and faster responses 30 

while improving highway capacity. Several efforts reported in the literature have aimed at 31 

enhancing our understanding of the potential benefits of connected vehicle technologies. Li et al. 32 

(9) recently surveyed relevant research on improving transportation safety and efficiency using 33 

traffic lights and vehicle-to-infrastructure communication. There has been also a significant amount 34 

of work in developing approaches for improving both safety and traffic flow.  35 

Ramp metering is a common method used to regulate the flow of vehicles merging into freeways 36 

to decrease traffic congestion (10). Although it has been shown that ramp metering can aim at 37 

improving the overall traffic flow and safety on freeways, there are several challenges associated 38 

with the interference between the traffic flows on adjacent roads. Different approaches to address 39 

these challenges, including the use of feedback control theory (11), (12), (13), (14), (15), optimal 40 

control (16–18)  and heuristic algorithms (19, 20), have been reported in the literature to date (21). 41 

Given the recent technological developments, several research efforts have considered approaches 42 

to achieve safe and efficient coordination of merging maneuvers with the intention to avoid severe 43 

stop-and-go driving. Research efforts using either centralized or decentralized approaches have 44 

focused on coordinating CAVs in specific traffic scenarios, e.g., intersections, merging highways, 45 
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etc (22).  The overarching goal of such efforts is to yield a smooth traffic flow avoiding stop-and-1 

go driving. In a centralized approach there is at least one task in the system that is globally decided 2 

for all vehicles by a single central controller. In decentralized approaches, the vehicles are treated 3 

as autonomous agents that attempt, through strategic interaction, to maximize their own efficiency. 4 

In this framework, each vehicle obtains information from other vehicles and roadside infrastructure 5 

to optimize specific performance criteria, e.g., efficiency, travel time, while satisfying the 6 

transportation system’s physical constraints, e.g., stop signs, traffic signals. 7 

One of the very early efforts in this direction was proposed in 1969 by Athans (23). Assuming a 8 

given merging sequence, Athans formulated the merging problem as a linear optimal regulator, 9 

proposed by Levine and Athans (24) to control a single string of vehicles, with the aim of 10 

minimizing the speed errors that will affect the desired headway between each consecutive pair of 11 

vehicles. Later, Schmidt and Posch (25) proposed a two-layer control scheme based on heuristic 12 

rules that were derived from observations of the non-linear system dynamics behavior. Similar to 13 

the approach proposed by Athans (23), Awal et al. (26) developed an algorithm that starts by 14 

computing the optimal merging sequence to achieve reduced merging times for a group of vehicles 15 

that are closer to the merging point. 16 

Kachroo and Li (27) in 1997 used sliding mode control and designed longitudinal and lateral 17 

controllers to guide the vehicle until the merging maneuver is completed. The same year, Antoniotti 18 

(28, 29) proposed a decentralized hybrid controller for keeping a safe headway between the vehicles 19 

in the merging process. In their work, there is no vehicle to vehicle communication but each vehicle 20 

decides the time to merge, yield, or exit the freeway based on the local information received from 21 

its own sensors. Ran et al. (30) used three levels of assistance for the merging process to select the 22 

available gap in the main road for the vehicle that is entering the merging ramp. Uno et al. (31) 23 

used the concept of virtual vehicle platooning for autonomous merging control. In this approach, a 24 

virtual vehicle is mapped onto the main road before the actual merging occurs. This concept was 25 

explored further by Lu and Hedrick (32) and Lu et al. (33), where a central controller identifies and 26 

interchanges relevant information with the vehicles that will be involved in the merging maneuver 27 

and each vehicle assumes its own control actions to satisfy the assigned time and reference speed.  28 

Raravi et al. (34) proposed an approach in which, once a merging sequence has been defined, an 29 

optimization problem is solved to find the minimum time that each vehicle in the control area will 30 

take to reach the intersection. Milanes et al.  (35) presented a fuzzy controller that uses the local 31 

information received to decide the accelerator and brake pedal position for each vehicle to achieve 32 

a smooth merging maneuver. The approach proposed by Marinescu et al. (36) builds upon the 33 

concept of slot-based traffic management, in which the intelligent vehicles drive inside a virtual 34 

slot. Ntousakis et al. (37) proposed two decentralized algorithms for automated merging control in 35 

which each vehicle uses information of the vehicles inside a cooperation area to determine the 36 

appropriate sequence to merge into the main road. Results showed that both algorithms performed 37 

safely and the traffic flow was kept at reasonable rates. More recently, the concept of cooperative 38 

merging, in which the vehicles on the main road adjust its speed to facilitate the merging process 39 

of the vehicle attempting to merge, was used in (38) and, a decentralized control framework, the 40 

analytical solution of which can coordinate CAVs in two adjacent intersections, was presented in 41 

(39).  42 

Although previous research reported in the literature has aimed at enhancing our understanding of 43 

coordinating vehicles either at intersections, or merging roadways, deriving online an optimal 44 

closed-form solution for vehicle coordination in terms of fuel consumption still remains a 45 

challenging control problem. Depending on how they are formulated, the solutions based on 46 

optimization could impose a heavy computational load that will limit their potential for online 47 

implementation, which is the ultimate goal of any strategy. 48 
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This paper has two main objectives: 1) to formulate the problem of optimal vehicle coordination at 1 

merging roadways in terms of fuel consumption under the hard constraint of collision avoidance 2 

and 2) to derive online a closed-form solution in a centralized fashion. The research effort in this 3 

direction has been reported in  (40), (41). 4 

The contributions of this paper are 1) an analytical, closed-form solution using Hamiltonian 5 

analysis, and 2) the validation of the optimal solution through simulation and quantification of the 6 

implications for fuel consumption and travel time. 7 

 8 

PROBLEM FORMULATION  9 

Merging roadways are among the primary sources of bottlenecks generating traffic congestion 10 

resulting in severe stop-and-go driving and thus excessive fuel consumption. Figure 1 illustrates a 11 

common scenario in which a secondary one-lane road merges onto a main one-lane road. Typically, 12 

the vehicles on the secondary road have to yield to the vehicles on the main road and wait until the 13 

safest opportunity to merge onto the main road. On highly congested roads the merging process is 14 

even more tedious and undesirable stop-and-go traffic flow becomes unavoidable.  15 

 16 

Figure 1. Merging Roads with connected and automated vehicles coordinated by a centralized controller 17 

We consider the merging roadways of Figure 1. The region of potential lateral collision of the 18 

vehicles is called merging zone and has a length S. There is also a control zone and a centralized 19 

controller that can control the vehicles traveling inside the control zone. The distance from the entry 20 

of the control zone until the entry of the merging zone is L. 21 

Modeling Framework 22 

We consider an increasing number of automated vehicles ( )N t  , where t  is the time, 23 

entering the control zone (Figure 1). When a vehicle reaches the control zone at some instant t  the 24 

controller assigns a unique identity ( ) 1i N t   that is an integer corresponding to the location of 25 

the CAV in a first-in-first-out (FIFO) queue for the control zone. If two, or more vehicles enter the 26 

control zone at the same time, then the controller selects randomly their position in the queue. The 27 

number ( )N t  can be reset only if no vehicles are inside the control zone. 28 

Let  ( ) 1,..., ( )t N tN  be the queue associated with the control zone. The dynamics of each 29 

vehicle i , ( )i tN , are represented with a state equation 30 

 0 0( , , ),   ( ) ,i i i i i ix f t x u x t x    (1) 31 
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where t   is the time, ( )ix t , ( )iu t  are the state of the vehicle and control input, 0
it  is the time 1 

that vehicle i  enters the control zone, and 0
ix  is the value of the initial state. For simplicity, we 2 

consider that each vehicle is governed by a second order dynamics 3 

 
( )

( )

i i

i i

p v t

v u t




  (2) 4 

where ( )i ip t P , ( )i iv t V , and ( )i iu t U  denote the position, speed and 5 

acceleration/deceleration (control input) of each vehicle i . Let  ( ) ( ) ( )
T

i i ix t p t v t  denote the 6 

state of each vehicle i ,  with initial value 0 0( ) 0 ( )
T

i ix t v t   
,  taking values in the state space 7 

i i i X P V . The sets iP , iV  and iU , ( )ii tN , are complete and totally bounded subsets of . 8 

The state space iX  for each vehicle i  is closed with respect to the induced topology on i iP V and 9 

thus, it is compact. 10 

Optimization Problem Formulation 11 

We seek to address the problem of coordinating online an increasing number of automated vehicles 12 

on two merging roadways. The objective is to derive an analytical solution that yields the optimal 13 

control input at any time in terms of fuel consumption. For the latter, we use the polynomial 14 

metamodel proposed in (42) yields vehicle fuel consumption as a function of the speed, v  and 15 

control input, u .  16 

To ensure that the control input and vehicle speed are within a given admissible range, the following 17 

constraints are imposed. 18 

 
min max

0
min max

( ) ,  and

0 ( ) ,   [ , ]

i

f
i i i

u u t u

v v t v t t t

 

    
  (3) 19 

where min max,  u u  are the minimum deceleration and maximum acceleration respectively, and 20 

min max,  v v  are the minimum and maximum speed limits respectively,  0
it  is the time that vehicle i  21 

enters the control zone, and f
it  is the time that vehicle i  exits the merging zone. 22 

To ensure the absence of rear-end collision of two consecutive vehicles traveling on the same lane, 23 

the position of the preceding vehicle should be greater than, or equal to the position of the following 24 

vehicle plus a predefined safe distance  . Apparently, when there is only one vehicle in the control 25 

zone there is no concern of either rear-end collision, or lateral collision in the merging zone. Thus 26 

the following definition refer to the case when the queue ( )tN  contains more than one vehicle. 27 

Definition 2.1: For each vehicle i , we define the control interval iR  as  28 

 
min max

0
min max

{ ( ) [ , ] | ( ) ( ) ,

(t) [ , ], ( ),| ( ) | 1, [ , ]},

i i i k

f
i i i

R u t u u p t p t

v v v i t t t t t

  

     N N

  (4) 29 

where vehicle k  is immediately ahead of i  on the same road. 30 

Definition 2.2: For each vehicle i , we define the set  31 

i  as the set of all positions along the lane where a lateral collision is possible, namely 32 
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0

{ ( ) | ( ) [ , ], ( ),

( ) 1, [ , ].

i i i

f
i i

p t p t L L S i t

t t t t

    

  

N

N

  (5) 1 

To avoid lateral collision for any two vehicles i  and j  on different roads, the following 2 

constraint should hold 3 

 
0, [ , ].f

i j i it t t       (6) 4 

The above constraint implies that only one vehicle, at a time, can be crossing the merging zone. If 5 

the length of the merging zone is long, then this constraint might not be realistic resulting in 6 

dissipating space and capacity of the road. However, the constraint is not restrictive in the problem 7 

formulation and it can be modified appropriately as described in the following section.  8 

We impose the following assumption that is intended to enhance safety awareness. 9 

Assumption 2.3: The vehicle speed inside the merging zone is constant.  10 

We consider the problem of minimizing the control input at any time for each vehicle from the time 11 
0
it  it enters the control zone until the time m

it  that enters the merging zone while reducing the gaps 12 

between the vehicles, under the hard safety constraints to avoid rear-end and lateral collision. The 13 

control problem of coordinating ( )N t  vehicles can be formulated as 14 

      0

( ) ( )
2

1 2 11: 1: 1

1 2

1
min ( ) ( ) ( )

2

f
i

ii i

N t N t
t

m m
i i ii i

tu R
i i

w u t dt w t u t t u t 


 


    

    (7) 15 

    Subject to: 
(2),  ( )

(6),  ( ), ,

i t

i t i j

 

  

N

N

  16 

where 1 2,w w  are weighting factors that normalize the two terms in (7). Based on the Assumption 17 

(2.3), the time m
it  that each vehicle i  enters the merging zone is given by 18 

 ,
( )

m f
i i f

i i

S
t t

v t
    (8) 19 

where f
it  is the time that each vehicle i  exits the merging zone. The second term in (7) aims at 20 

minimizing the gaps between the vehicles, and thus fully exploiting the capacity of the road to 21 

avoid potential congestion. However, future research should investigate the existence of a potential 22 

trade-off between the two terms in (7). 23 

Analytical Solution 24 

When a vehicle enters a control zone, it receives a unique identity i  from the centralized controller, 25 

as described in the previous section. Recall that  ( ) 1,..., ( )t N tN is the FIFO queue of vehicles 26 

in the control zone. A vehicle index ( )i tN  also indicates which vehicle is closer to the merging 27 

zone, i.e., for any , ( )i k tN  with i k  then i kp p .  28 

Definition 3.1: Each vehicle ( )i tN  belongs to at least one of the following two subsets: 1) ( )i tL29 

contains all vehicles traveling on the same road with i , and 2) ( )i tC  contains all vehicles traveling 30 

on different roads from i . 31 
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The time f
it  that the vehicle i  exits the merging zone is based on imposing constraints aimed at 1 

avoiding congestion in the sense of maintaining vehicle speeds above a certain value. There are 2 

two cases to consider:  3 

1) If vehicle 1i  belongs to ( )i tL , then to satisfy the second term of (7) both 1i  and i  should 4 

have the minimal safe distance allowable, denoted by  , by the time vehicle 1i  enters the 5 

merging zone, i.e., 6 

 1 ,
( )

f f
i i f

i i

t t
v t


    (9) 7 

where 0( ) ( )f
i i i iv t v t  as we designate the vehicles to exit the merging zone with the same speed 8 

they had when they entered the control zone. However, this is just a matter of specifying the final 9 

conditions of the vehicles when they exit the merging zone, and as such other alternatives could be 10 

considered depending on how we wish to formulate the problem. 11 

2) If vehicle 1i  belongs to ( )i tC , we constrain the merging zone to contain only one vehicle so 12 

as to avoid a lateral collision. Therefore, vehicle i  is allowed to enter the merging zone only when 13 

vehicle 1i  exits the merging zone, where m
it  is the time that the vehicle i   enters the merging 14 

zone), i.e., 15 

 1 ,
( )

f f
i i f

i i

S
t t

v t
    (10) 16 

where 0( ) ( )f
i i i iv t v t . However, this constraint is not restrictive and we can easily modify it by 17 

relaxing (10) and either use only (9) for both cases, or use instead of S  in (10) another desired 18 

value. 19 

Note that this recursive relationship over vehicles in a control zone queue satisfies both the rear-20 

end and lateral collision avoidance constraints. The rear-end collision avoidance constraint is 21 

satisfied at f
it  through 1

( )

f f
i i f

i i

t t
v t


   and the lateral collision avoidance constraint through 22 

1
( )

f f
i i f

i i

S
t t

v t
  . The recursion is initialized whenever a vehicle enters a control zone, i.e., it is 23 

assigned 1i  . In this case, 1
ft   can be externally assigned as the desired exit time of this vehicle 24 

whose behavior is unconstrained except for (3). Thus the time f
it  is fixed for each vehicle i . 25 

Consequently, instead of solving (7) for 2 1w w , we can solve an optimization problem for each 26 

vehicle in the queue separately 27 

 0

21
min

2

Subject to: (2), (4) ( ).

f
i

ii

t

i
tu

u

i t 


N

  (11) 28 

Hamiltonian Analysis 29 

For the analytical solution and online implementation of the problem (11), we apply Hamiltonian 30 

analysis (43). To simplify the analysis we consider the unconstrained problem, and thus the optimal 31 

solution would not provide limits for the state and control. The constrained problem formulation is 32 

discussed in (44), and it would require the constrained and unconstrained arcs of the state and 33 
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control input to be pieced together to satisfy the Euler-Lagrange equations and necessary condition 1 

of optimality (45). In the constrained problem formulation, we have to include two constraints for 2 

the speed and two constraints for the control (acceleration/braking) that would make the analysis 3 

intractable due to the numerous activation/deactivation scenarios of the constraints. So our 4 

approach yields the optimal solution as long as the control input and speed of each vehicle is within 5 

the imposed limits. Of course, the solution can be modified appropriately whenever the state/control 6 

constraints become active. However, the latter would result in a suboptimal solution.  7 

From (11) and the state equations (2), the Hamiltonian function can be formulated for each vehicle 8 

( )i tN  as follows 9 

 ( , ( ), ( )) ( , ( ), ( )) ( , ( ), ( )),T
i i iH t x t u t L t x t u t f t x t u t     (12) 10 

Thus 11 

 
21

( , ( ), ( )) ,
2

p v
i i i i i iH t x t u t u v u        (13) 12 

where p
i  and v

i   are the co-state components.  13 

The Hamiltonian allows finding the optimal control input, speed and position for each vehicle as a 14 

function of time, namely  15 

 *( ) ,i i iu t a t b    (14) 16 

 
* 21
( ) ,

2
i i i iv t a t b t c     (15) 17 

 
* 3 21 1
( ) ,

6 2
i i i i ip t a t b t c t d      (16) 18 

where ic   and id  are constants of integration. These constants can be computed by using the initial 19 

and final conditions. Since we seek to derive the optimal control (14) online, we can designate 20 

initial values 0( )i ip t   and 0( )i iv t , and initial time, 0
it  to be the current values of the states ( )ip t  and 21 

( )iv t  and time t , where 0 f
i it t t  . Therefore, the constants of integration will be functions of 22 

time and states, i.e., ( , , ),  ( , , ),  ( , , ),  and ( , , )i i i i i i i i i i i ia t p v b t p v c t p v d t p v . To derive online the 23 

optimal control for each vehicle i ,  we need to update the integration constants at each time t . 24 

Equations (15) and (16), along with the initial and final conditions defined above, can be used to 25 

form a system of four equations of the form i i iT b = q , namely 26 

 

3 2

2

3 2

2

1 1
1

6 2
( )1

1 0
( )2

,
( )1 1

( ) ( ) 1
6 2 ( )

1
( ) 0

2

i i

i i

f
f f f i i i

i i i f

i i i

f f f

i i i

t t t

a p t
t t

b v t

c p t
t t t

d d t

t t t

 
 
 

   
 

   
 

     
   

 
   

     
 
 
 

  (17) 27 

Hence we have  28 

 1( , ( ), ( )) ( , ( ), ( )),i i i i i i it p t v t t p t v t b = T q   (18) 29 
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where ( , ( ), ( ))i i it p t v tb  contains the four integration constants ( , , )i i ia t p v , ( , , )i i ib t p v , ( , , )i i ic t p v , 1 

( , , )i i id t p v . Thus (14) can be written as  2 

 *( , ( ), ( )) ( , ( ), ( )) ( , ( ), ( )).i i i i i i i i iu t p t v t a t p t v t t b t p t v t    (19) 3 

Since (17) can be computed online, the controller can yield the optimal control online for each 4 

vehicle i , with feedback indirectly provided through the re-calculation of the vector  5 

( , ( ), ( ))i i it p t v tb  in (18). 6 

RESULTS  7 

To validate the effectiveness of the efficiency of our analytical solution we simulated the merging 8 

scenario presented in previous sections in Matlab. In our simulation, the length of the control and 9 

merging zones is 400 L m  and 30 S m . We assume that each vehicle travels at a constant speed 10 

of 13.41 m/s before entering the control zone. When a vehicle reaches the control zone then the 11 

centralized controller designates its acceleration/deceleration until the vehicle exits the merging 12 

zone. All vehicles are assumed to have the characteristics described in Section II-B. 13 

We considered four case studies: (1) coordination of 4 vehicles, 2 for each road, (2) coordination 14 

of 30 vehicles, 15 for each road, (3) coordination of 30 vehicles assuming the vehicles on the 15 

secondary road reach the control zone at a lower speed of 11.2 m/s, and (4) coordination of 30 16 

vehicles that enter the control zone with 29 m/s. The solutions were compared to a baseline scenario 17 

where it was assumed that the vehicles on the main road have the right-of-way. That is, the vehicles 18 

on the secondary road have to come to a full stop before entering the merging zone. To quantify 19 

the benefits in fuel consumption, we used the polynomial metamodel in (42) as discussed in Section 20 

II-B. 21 

Case Study 1: Coordination of 4 vehicles 22 

In this case study, we implemented the analytical solution for the coordination of 4 vehicles. The 23 

vehicles depart from the same position on each road. The purpose of this scenario is to validate that 24 

the controller will coordinate each vehicle to enter the merging zone only after the previous vehicle 25 

has already left (Figure 2a). Even though the vehicles start at the same initial positions on each 26 

road, the controller was able to derive online the optimal acceleration/deceleration by allowing only 27 

one vehicle at a time in the merging zone. The optimal acceleration/deceleration and speed profile 28 

for each vehicle are illustrated in Figure 2. Vehicle 1 accelerates first since it is cruising on the 29 

main road and has the right-of-way following by vehicle 2.  30 

Case Study 2: Coordination of 30 vehicles 31 

In this case study, the centralized controller coordinates 30 vehicles moving on two merging roads 32 

(15 vehicles on each road) with random initial positions and no limitations on the minimum or 33 

maximum speed, i.e., unconstrained problem. The controller is able to derive online the optimal 34 

control input for each vehicle by avoiding collision in the merging zone (Figure 3). We note that 35 

as the number of vehicles in the control zone on each road increases this has an impact on the 36 

acceleration/deceleration of each vehicle (Figure 3a). The controller accelerates the vehicles closer 37 

to the merging zone to create more space in the road for the following vehicles.  38 

However, as the number of vehicles on the road increases and reaches its maximum capacity, 39 

eventually, the vehicles entering the control zone will need to decelerate, or even come to a full 40 

stop as imposed by the road capacity constraints. This is evident in Figure 3b, where the vehicles 41 

that are back in the queue need to decelerate as imposed by the safety constraints.  42 

 43 
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 1 
Figure 2. Position trajectories (a), control input (a) and speed profile (b) of the four vehicles for the case study 1 2 

 3 

Figure 3. Position trajectories (a), control input (b) and speed profile (c) of the vehicles for the case study 2 4 
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Case study 3: Coordination with different initial speed for each road 1 

In this case, we considered the coordination of 30 vehicles with different initial speeds for the main 2 

and secondary roads. The vehicles on the main road arrive at 30 mph and the vehicles on the 3 

secondary road will arrive at 25 mph. All the vehicles exit the merging zone at a desired speed of 4 

30 mph. The position trajectory of the vehicles is illustrated in Figure 4a. The vehicles are able to 5 

merge without collision. Note also that the vehicles on the main road reach higher speed values 6 

(Figure 4b) than in the case study 2.  7 

 8 

Figure 4. Position trajectories (a) and speed profile (b) of the vehicles in case study 3 9 

Fuel consumption and travel time results 10 

To compare fuel consumption benefits of vehicle coordination we considered a baseline scenario, 11 

in which the vehicles on the secondary road have to stop before the intersection to allow the vehicles 12 

in the main road to cross the merging zone. Only after all the vehicles on the main road have crossed, 13 

the vehicles on the secondary road start accelerating to reach again the maximum allowed speed. 14 

The cumulative fuel consumption is higher in the baseline case compared to the case study 2 where 15 

the vehicles are coordinated through the centralized controller (Figure 5a). In particular, optimal 16 

vehicle coordination improves overall fuel consumption by 52.7% for the case study 2, and 48.1% 17 

for the case study 3 compared to the baseline scenario. The total travel time is also improved by 18 

7.1%, and 13.5%, respectively (Figure 5b).  19 

 20 

Figure 5. Cumulative fuel consumption (a) and travel time (b) for the baseline and case studies 2 and 3 21 
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Case study 4: Coordination at 65 MPH 1 

Merging roadways are very common in highways. Thus we also considered a scenario where the 2 

vehicles enter the control zone at 29.05 m/s. The maximum and minimum speed limits inside the 3 

control zone were specified to be equal to 31.29 m/s and 22.35 m/s respectively.  4 

In this case, however, the controller was unable to satisfy the safety constraints within the length 5 

of the control zone and the speed limits. To address this issue, we have two options: 1) increase the 6 

length of the control zone and 2) increase the speed limit. Since increasing the speed limit beyond 7 

31.29 m/s might raise several safety concerns, we increased the length of the control zone to 1,200 8 

m. However, we recognize that this might be unrealistically a long zone, and as such this fact 9 

indicates the potential limitations of the proposed approach. Nevertheless, the controller was able 10 

to coordinate the vehicles but some of the vehicles had to reach the speed limits, which indicates 11 

that eventually increasing also the speed limit might be inevitable. 12 

CONCLUSIONS 13 

In this paper, we addressed the problem of optimal coordination of CAVs at merging roadways. 14 

We formulated the problem as an unconstrained optimal control problem and we applied 15 

Hamiltonian analysis to derive an analytical, closed-form solution. The effectiveness of the 16 

efficiency of the proposed solution was validated through simulation and it was shown that vehicle 17 

coordination can reduce significantly both fuel consumption and travel time. The proposed 18 

approach allows the vehicles to merge without creating congestions and under the hard constraint 19 

of collision avoidance.  20 

Ongoing research investigates the feasibility of the solution when at the time the vehicles enter the 21 

control zone some of the constraints are active and the computational implications. Future research 22 

should consider a more sophisticated transportation simulation model including more advanced 23 

vehicle models aimed at providing the practical implications of implementing such approach. 24 

Future research should also consider a diversity of vehicles and technologies, i.e., CAVs, non-25 

CAVs, and also investigate the existence of a potential trade-off between fuel consumption and 26 

congestion. 27 

 28 

ACKNOWLEDGEMENTS 29 

This manuscript has been authored by UT-Battelle, LLC, under Contract No. DE-AC05-30 

00OR22725 with the US Department of Energy. The United States Government retains and the 31 

publisher, by accepting the article for publication, acknowledges that the United States 32 

Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or 33 

reproduce the published form of this manuscript, or allow others to do so, for United States 34 

Government purposes. 35 

This research was supported in part by the Laboratory Directed Research and Development 36 

Program of the Oak Ridge National Laboratory, Oak Ridge, TN 37831 USA, managed by UT-37 

Battelle, LLC, for the US Department of Energy (DOE), and in part by UT-Battelle, LLC, through 38 

DOE contract DE-AC05-00OR22725 through DOE's SMART Mobility Initiative. This support is 39 

gratefully acknowledged.  40 

 41 

References  42 

1.  A. A. Malikopoulos, J. P. Aguilar, An Optimization Framework for Driver Feedback 43 

Systems. IEEE Trans. Intell. Transp. Syst. 14, 955–964 (2013). 44 

2.  R. Margiotta, D. Snyder, “An agency guide on how to establish localized congestion 45 

mitigation programs” (2011), (available at 46 



Rios-Torres & Malikopoulos 

 

http://ops.fhwa.dot.gov/publications/fhwahop11009/fhwahop11009.pdf). 1 

3.  D. Schrank, B. Eisele, T. Lomax, J. Bak, “"2015 Urban Mobility Scorecard, Texas A&M 2 

Transportation Institute 2015” (2015). 3 

4.  V. L. Knoop, H. J. Van Zuylen, S. P. Hoogendoorn, Microscopic Traffic Behaviour near 4 

Accidents. 18th Int. Symp. Transp. Traffic Theory (2009). 5 

5.  S. Hong, A. A. Malikopoulos, J. Lee, B. Park, Development and Evaluation of Speed 6 

Harmonization Using Optimal Control Theory: A Simulation-Based Case Study at a Speed 7 

Reduction Zone. 96th Annu. Meet. Transp. Res. Board, 2017. (To Appear. 8 

6.  J. Rios-Torres, A. A. Malikopoulos, Energy Impact of Different Penetrations of Connected 9 

and Automated Vehicles: A Preliminary Assessment. ACM SIGSPACIAL Comput. Transp. 10 

Sci. 2016 (To Appear. 11 

7.  A. A. Malikopoulos, Centralized stochastic optimal control of complex systems. 2015 Eur. 12 

Control Conf. (2015), doi:10.1109/ECC.2015.7330627. 13 

8.  A. A. Malikopoulos, V. Maroulas, J. Xiong, A multiobjective optimization framework for 14 

stochastic control of complex systems. 2015 Am. Control Conf. (2015), 15 

doi:10.1109/ACC.2015.7171999. 16 

9.  L. Li, D. Wen, D. Yao, A Survey of Traffic Control With Vehicular Communications. IEEE 17 

Trans. Intell. Transp. Syst. 15, 425–432 (2014). 18 

10.  U.S. Department of Transportation. Federal Highway Administration, Ramp Metering: A 19 

Proven, Cost-Effective Operational Strategy—A Primer, (available at 20 

http://www.ops.fhwa.dot.gov/publications/fhwahop14020/sec1.htm). 21 

11.  M. Papageorgiou, H. Hadj-Salem, J.-M. Blosseville, ALINEA: A local feedback control 22 

law for on-ramp metering. Transp. Res. Rec. 1320 (1991). 23 

12.  I. Papamichail, M. Papageorgiou, Traffic-Responsive Linked Ramp-Metering Control. 24 

IEEE Trans. Intell. Transp. Syst. 9, 111–121 (2008). 25 

13.  R. C. Carlson, I. Papamichail, M. Papageorgiou, Local feedback-based mainstream traffic 26 

flow control on motorways using variable speed limits. IEEE Trans. Intell. Transp. Syst. 12, 27 

1261–1276 (2011). 28 

14.  G.-R. Iordanidou, C. Roncoli, I. Papamichail, M. Papageorgiou, Feedback-Based 29 

Mainstream Traffic Flow Control for Multiple Bottlenecks on Motorways. IEEE Trans. 30 

Intell. Transp. Syst., 1–12 (2014). 31 

15.  S. Agarwal, P. Kachroo, S. Contreras, S. Sastry, Feedback-Coordinated Ramp Control of 32 

Consecutive On-Ramps Using Distributed Modeling and Godunov-Based Satisfiable 33 

Allocation. IEEE Trans. Intell. Transp. Syst. 16, 2384–2392 (2015). 34 

16.   a. Alessandri, A. Di Febbraro, A. Ferrara, E. Punta, Optimal control of freeways via speed 35 

signalling and ramp metering. Control Eng. Pract. 6, 771–780 (1998). 36 

17.   a. Kotsialos, M. Papageorgiou, Nonlinear optimal control applied to coordinated ramp 37 

metering. IEEE Trans. Control Syst. Technol. 12, 920–933 (2004). 38 

18.  C. Pasquale et al., Two-class freeway traffic regulation to reduce congestion and emissions 39 

via nonlinear optimal control. Transp. Res. Part C Emerg. Technol., - (2015). 40 

19.  L. N. Jacobson, K. C. Henry, O. Mehyar, Real-time metering algorithm for centralized 41 

control. Transp. Res. Rec. Urban traffic Syst. Oper., 17–26 (1989). 42 

20.  J. Hourdakis, P. . Michalopoulos, Evaluation of ramp control effectiveness in two Twin 43 

Cities freeways. Transp. Res. Board 81st Annu. Meet. (2002). 44 

21.  M. Papageorgiou, A. Kotsialos, Freeway Ramp Metering: An Overview. IEEE Trans. Intell. 45 

Transp. Syst. 3, 271–281 (2002). 46 

22.  J. Rios-Torres, A. A. Malikopoulos, A Survey on Coordination of Connected and 47 

Automated Vehicles at Intersections and Merging at Highway On-Ramps. IEEE Trans. 48 

Intell. Transp. Syst. (2016). 49 

23.  M. Athans, A unified approach to the vehicle-merging problem. Transp. Res. 3, 123–133 50 

(1969). 51 



Rios-Torres & Malikopoulos 

 

24.  W. S. Levine, M. Athans, On the optimal error regulation of a string of moving vehicles. 1 

IEEE Trans. Automat. Contr. 11, 355–361 (1966). 2 

25.  G. Schmidt, B. Posch, A two-layer control scheme for merging of automated vehicles. 22nd 3 

IEEE Conf. Decis. Control, 495–500 (1983). 4 

26.  T. Awal, L. Kulik, K. Ramamohanrao, Optimal traffic merging strategy for communication- 5 

and sensor-enabled vehicles. Intell. Transp. Syst. - (ITSC), 2013 16th Int. IEEE Conf., 1468–6 

1474 (2013). 7 

27.  P. Kachroo, Z. L. Z. Li, Vehicle merging control design for an automated highway system. 8 

Proc. Conf. Intell. Transp. Syst., 224–229 (1997). 9 

28.  M. Antoniotti, A. Deshpande, A. Girault, Microsimulation analysis of automated vehicles 10 

on multiple merge junction highways. IEEE Int. Conf. Syst. Man, Cybern., 839–844 (1997). 11 

29.  M. Antoniotti, A. Desphande, A. Girault, Microsimulation analysis of multiple merge 12 

junctions under autonomous AHS operation. IEEE Intell. Transp. Syst. Conf., 147–152 13 

(1997). 14 

30.  B. Ran, S. Leight, B. Chang, A microscopic simulation model for merging control on a 15 

dedicated-lane automated highway system. Transp. Res. Part C Emerg. Technol. 7, 369–16 

388 (1999). 17 

31.  A. Uno, T. Sakaguchi, S. Tsugawa, A merging control algorithm based on inter-vehicle 18 

communication. Proc. 199 IEEE/IEEJ/JSAI Int. Conf. Intell. Transp. Syst. (Cat. 19 

No.99TH8383), 783–787 (1999). 20 

32.  X. Y. Lu, H. S. Tan, S. E. Shladover, J. K. Hedrick, Implementation of longitudinal control 21 

algorithm for vehicle merging. Proc. AVEC 2000 (2000). 22 

33.  X.-Y. Lu, H.-S. Tan, S. E. Shladover, J. K. Hedrick, Automated Vehicle Merging Maneuver 23 

Implementation for AHS. Veh. Syst. Dyn. 41, 85–107 (2004). 24 

34.  G. Raravi, V. Shingde, K. Ramamritham, J. Bharadia, Merge algorithms for intelligent 25 

vehicles. Next Gener. Des. Verif. Methodol. Distrib. Embed. Control Syst., 51–65 (2007). 26 

35.  J. Milanes, V.; Godoy, J.; Villagra, J.; Perez, Automated On-Ramp Merging System for 27 

Congested Traffic Situations. IEEE Trans. Intell. Transp. Syst. 12, 500–508 (2011). 28 

36.  D. Marinescu, J. Čurn, M. Bouroche, V. Cahill, On-ramp traffic merging using cooperative 29 

intelligent vehicles: A slot-based approach. IEEE Conf. Intell. Transp. Syst. Proceedings, 30 

ITSC, 900–906 (2012). 31 

37.  I. Ntousakis, K. Porfyri, I. Nikolos, M. Papageorgiou, Assessing the impact of a cooperative 32 

merging system on highway traffic using a microscopic flow simulator. Proc. Int. Mech. 33 

Eng. Congr. Expo. (2014). 34 

38.  W. Cao, M. Mukai, T. Kawabe, H. Nishira, N. Fujiki, Cooperative vehicle path generation 35 

during merging using model predictive control with real-time optimization. Control Eng. 36 

Pract. 34, 98–105 (2015). 37 

39.  Y. Zhang, A. A. Malikopoulos, C. G. Cassandras, Optimal control and coordination of 38 

connected and automated vehicles at urban trafic intersections. Proc. 2016 Am. Control 39 

Conf., 6227–6232 (2016). 40 

40.  J. Rios-Torres, A. A. Malikopoulos, Automated and Cooperative Vehicle Merging at 41 

Highway On-Ramps. IEEE Trans. Intell. Transp. Syst. (2016). 42 

41.  J. Rios-Torres, A. A. Malikopoulos, P. Pisu, Online Optimal Control of Connected Vehicles 43 

for Efficient Traffic Flow at Merging Roads. 2015 IEEE 18th Int. Conf. Intell. Transp. Syst. 44 

(2015). 45 

42.  M. A. S. Kamal, M. Mukai, J. Murata, T. Kawabe, Model Predictive Control of Vehicles on 46 

Urban Roads for Improved Fuel Economy. IEEE Trans. Control Syst. Technol. 21, 831–841 47 

(2013). 48 

43.  L. S. Pontryagin, L.S. Pontryagin: Mathematical Theory of Optimal Processes (CRC Press; 49 

English ed edition, 1987). 50 

44.  M. Papageorgiou, M. Leibold, M. Buss, Optimierung: Statische, dynamische, stochastische 51 



Rios-Torres & Malikopoulos 

 

Verfahren für die Anwendung (Springer, 2012). 1 

45.  E. Kreindler, Additional necessary conditions for optimal control with state-variable 2 

inequality constraints. J. Optim. Theory Appl. 38, 241–250 (1982). 3 

 4 


