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Abstract— In this paper, we present an optimization frame-
work for cooperative merging of platoons of connected and
automated vehicles at highway on-ramps. The framework
includes (1) an optimal scheduling algorithm, through which,
each platoon derives the sequence and time to enter the
highway safely, and (2) the formulation of an optimal control
problem the solution of which allows each platoon to derive
its optimal control input (acceleration/deceleration) in terms
of fuel consumption. We evaluate the efficacy of the proposed
optimization framework through VISSIM-MATLAB simulation
environment. The proposed framework significantly reduces the
crossing time and fuel consumption of platoons at the highway
on-ramps compared to the baseline scenario where the vehicles
on the minor road yield to the vehicles on the highway.

I. INTRODUCTION

Highway on-ramp is one of the main sources of traffic
bottlenecks as the capacity of the road section is lesser
than the neighboring roads. Several research efforts in the
literature have used ramp metering to maximize the capacity
of the highway by regulating the inflow of vehicles from
on-ramps. Athan [1] formulated a vehicle merging problem
and facilitated the safe merging of vehicles without severe
acceleration and deceleration except in emergency condi-
tions. An overview of various research efforts in the literature
that regulated flow of vehicles using ramp metering can be
found in [2]. In these approaches, there is no communication
between the merging vehicles and extreme care is expected
from the drivers while merging from on-ramps. The advances
in connected vehicle technologies and automated driving can
avoid human errors and offer better opportunities to improve
the mobility of commuters [3].

Cooperative merging control of connected and automated
vehicles (CAVs) can reduce congestion and provide signif-
icant benefits in terms of road capacity, fuel consumption,
travel time, and vehicle emissions [4]. Merging control
algorithms for cooperative vehicles were presented in [5],
[6] to create appropriate gap between vehicles from on-
ramps to enter the motorway. In another effort, an optimal
control framework for cooperative merging was presented
to minimize fuel consumption [7]. A detailed summary of
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various approaches for coordination of CAVs at highway on-
ramps can be found in [4].

Recently, an optimal control framework was developed
to minimize travel time and fuel consumption of vehicles
[8]. The research effort in [9] formulated an optimal control
problem to minimize the engine effort and passenger dis-
comfort. Some research efforts facilitated safe merging using
optimization techniques [10], reinforcement learning [11]
and multi-agent Q-learning [12]. The majority of research
efforts in the literature have developed merging control
algorithms without determining optimal merging sequence.
Several effective solutions to compute optimal sequence can
be achieved through scheduling theory [13]. Many schedul-
ing theory-based control algorithms have been proposed in
the literature to optimally coordinate the vehicles at various
transportation scenarios. [14]–[19].

In our proposed framework, We model the problem of
cooperative merging at highway on-ramps as a job-shop
scheduling problem, and present an optimal scheduling al-
gorithm through which each platoon derives the sequence
and time to enter the highway safely. Then, we present
an optimal control problem where each platoon derives the
optimal control input (acceleration/deceleration) in terms of
fuel consumption of the platoons at the highway.

The remainder of the paper is organized as follows. In Sec-
tion II, we present the problem formulation and the optimal
scheduling algorithm. In Section III, we provide an analytical
solution for the optimal control problem. In Section IV, we
evaluate the efficacy of the proposed framework through
simulations, and present simulation results. We conclude
with a discussion in Section V.

II. PROBLEM FORMULATION

We consider a traffic scenario where a secondary road
with single-lane merges onto another single-lane main road
and P1, P2, P3 and P4 are the platoons of CAVs at merging
roadways (Fig. 1). The region where the secondary road
merges onto the main road is called the merging zone (MZ)
and has a length LMZ . The merging zone is a conflict area
where a potential lateral collision could occur. There is
also a control zone (CZ) inside of which the vehicles can
communicate with each other. The length of the control
zone is LCZ . A coordinator stores information about the
geometry of the merging roadways and broadcasts this
information back to the vehicles. Note that the coordinator
does not take part in the decision-making process. In our
modeling framework, we impose the following assumptions:



Fig. 1. Platoons of connected and automated vehicles at highway on-ramps.

Assumption 1: The communication between the coordinator
and CAVs occurs without any errors and delays.

Assumption 2: The platoons of CAVs enters the control
zone as stable platoons, i.e., all the vehicles in the platoon
move at a consensual speed and maintain the desired space
between vehicles [20].

Assumption 3: The value of LCZ should be sufficiently
large so that a platoon can reach the speed limit before
entering the merging zone.

The first assumption may be strong, but it is relatively
straightforward to relax it as long as the measurement noise
and delays are bounded. We impose the second assumption
since our main focus is to facilitate the safe merging of
CAVs entering as platoons at highway on-ramps rather
than the stability and formation of the platoons. However,
future research should relax this assumption and study the
implications of the proposed solution on the stability and
formation of platoons. The third assumption is to enable
the slower platoons with an initial speed less than the speed
limit to reach the speed limit before they reach the merging
zone.

A. Vehicle Model and Constraints

Let N(t) ∈ N be the number of platoons of CAVs
arriving at the control zone at time t ∈ R+. Each platoon
receives a unique identification number k ∈ N from the
coordinator at the time of entry into control zone. The queue
of platoons of CAVs in the control zone is denoted by
N (t) = {1, . . . , N(t)}. Let Ck = {1, . . . , nk}, nk ∈ N,
be the number of vehicles in each platoon k ∈ N (t). We
assume that each vehicle j ∈ Ck is governed by the second
order dynamics

ṗj = vj(t),

v̇j = uj(t), (1)

where pj(t) ∈ Pj , vj(t) ∈ Vj , uj(t) ∈ Uj denote position,
speed, and, acceleration/deceleration.

Let t0j and tmj be the time at which the leader vehicle j ∈
Ck enters the control zone and merging zone, respectively.
Let xj(t) = [pj(t) vj(t)]

T denote the state of each vehicle
j ∈ Ck with xj

0 = [p0j v0j ]T as initial state, where p0j =

pj(t
0
j ) = 0, taking values in the state space Xj = Pj ×

Vj . The control input and speed of each vehicle j ∈ Ck is
bounded with the following constraints

umin ≤ uj(t) ≤ umax, (2)
0 ≤ vmin ≤ vj(t) ≤ vmax, (3)

where umin, umax are the minimum and maximum control
inputs and vmin, vmax are the minimum and maximum speed
limits, respectively.

B. Optimal Scheduling Algorithm for Platoons Crossing the
Merging Zone

In this section, we apply scheduling theory to derive a
control algorithm that provides the optimal schedule for
each platoon to enter the merging zone. We consider a job-
shop scheduling problem to find the optimal sequence and
schedule for the platoons at merging roadways. A job-shop
scheduling problem addresses the scheduling of multiple
jobs on a single machine or several machines. It optimally
allocates the jobs on the machines with an objective to
improve the performance criteria. We model the problem
of cooperative merging of platoons at highway on-ramps
as a job-shop scheduling problem. We consider merging
roadways as a single machine and the platoons of CAVs
as jobs.

Let tink be the time that a platoon k ∈ N (t) takes to reach
the merging zone. We consider the speed at which the platoon
enters the control zone as initial speed of the platoon. We
consider two cases to compute the time at which each platoon
reaches the merging zone. In Case 1, we consider that the
initial speed of platoons is the same as the speed limit. In
Case 2, we consider that the initial speed of platoons is less
than the speed limit. Let v0k = vk(t0k) be the initial speed of
the platoon k ∈ Ck.



Case 1: v0k = vmax

We compute tink using vmax, i.e.,

tink =
LCZ

vmax
. (4)

Case 2: v0k < vmax

Let tak be the time taken by the platoon k to accelerate to
the speed limit. Then,

tak =
vmax − v0k
umax

. (5)

Let dak be the distance traveled during acceleration, then,

dak =
(vmax)2 − (v0k)2

2umax
, (6)

and thus,

tink = tak +
LCZ − dak
vmax

. (7)

Let tout
k be the time that a platoon k ∈ N (t) takes to exit the

merging zone. Then,

tout
k =

LMZ

vmax
+ (|Ck| − 1)× thk + tg, (8)

where |Ck| is the number of CAVs in platoon k ∈ N (t), tg
is the safe time gap provided to ensure safety of platoons
entering and leaving the merging zone, and thk is the
headway between consecutive CAVs in the platoon k.

Definition 1: The completion time tck is the time taken
by the platoon to completely exit the merging zone.The
completion time tck of platoon k ∈ N (t) is

tck := tink + tout
k . (9)

Definition 2: The total completion time TC of platoons to
cross the merging zone is

TC :=

N∑
k=1

tck. (10)

Definition 3: Let wk be the weight assigned to each pla-
toon k ∈ N (t) based on the priority. The total weighted
completion time TWC of platoons is

TWC :=

N∑
k=1

wkt
c
k. (11)

We model the problem of cooperative merging of platoons of
CAVs at highway on-ramps as 1||TWC job-shop scheduling
problem [21], where 1 represents a single machine, and TWC

represents the total weighted completion time. A schedule is
optimal if it minimizes TWC . The objective of the modeled
1||TWC scheduling problem is to minimize the crossing
time, i.e., the total weighted completion time of platoons
at highway on-ramps. Each platoon leader solves 1||TWC

problem to derive the time to enter the merging zone with
the objective to minimize the crossing time of platoons at
the merging zone, i.e., total weighted completion time of

platoons. The platoons entering the merging zone from the
main roadway are given higher priority than platoons enter-
ing from the secondary road. The higher priority to platoons
in main roadway allow them to enter the merging zone
before the platoons entering from the secondary road. The
weights wk are assigned based on the priority of the platoon.
We aim to avoid the deceleration of vehicles in the main
roadway. Hence, wk for platoons entering the main roadway
is assigned greater value than the the platoons entering from
the secondary road. Each platoon leader communicates with
the coordinator to acquire the information about the geometry
and topology of the merging roadways. In addition, the
platoon leaders broadcast their attributes including the link
number, lane number, unique identification number, the speed
at which they enter the control zone, maximum acceleration,
maximum speed limit, number of followers in the platoon,
safe time gap, headway and speed limit to other platoon
leaders and coordinator.

The optimal scheduling algorithm running in each
platoon leader uses the information of initial speed,
maximum acceleration, and maximum speed limit to
compute the time that a platoon arrives at the merging
zone. Then, it uses the information of the length of the
merging zone, number of followers in the platoon, safe time
gap, headway of each platoon, and speed limit to compute
the time that the platoon exits the merging zone. Next, it
computes the completion time of each platoon based on
the weights assigned to the platoons. Then, it calculates
the total weighted completion time of platoons. Further,
the algorithm arranges the platoons in the non-decreasing
order of weighted completion time. Finally, the algorithm
computes the time at which each platoon has to enter the
merging zone. The proposed scheduling algorithm yields
an optimal schedule that minimizes the crossing time of
platoons.
Theorem 1: A schedule Λ∗ is optimal in minimizing
the crossing time of the platoons, i.e., the total weighted
completion time if and only if it places the platoons in the
order of non-decreasing weighted completion time wc

k.

Proof: Let p, q, and r ∈ N (t) be the platoons in the
control zone arriving at time t and tcr

wr
<

tcp
wp

<
tcq
wq

. Let Λ
be the schedule in which platoons are not arranged in the
order of non-decreasing weighted completion times wc

k of
platoons. Then in schedule Λ, platoon q precedes platoon
p and

tcq
wq

>
tcp
wp

. Let Λ∗ be the another schedule in which
platoon p precedes platoon q. We know that tcp, tcq , and tcr
are the completion time of platoons p, q, and r, respectively.
Let wp, wq , and wr be the weights assigned to platoons p,
q, and r, respectively.
Let TWC(Λ) and TWC(Λ∗) be the total weighted completion
time of the platoons in the schedule Λ and Λ∗, respectively.
The total weighted completion time of schedules (Λ) and
(Λ∗) are

TWC(Λ) = wr(t+ tcr) + wq(t+ tcr + tcq)

+wp(t+ tcr + tcq + tcp), (12)



Algorithm 1: Computation of optimal sequence and schedule of platoons

Data: v0k, wk, |Ck|, thk of each platoon k, current time t,
tg , LCZ , LMZ , vmax, umax

Result: optimalSequence and schedule tmi for platoons
1 Initialize variable tllast ← 0
. computation of total weighted
completion time of platoons

2 for k = 1 to N do
3 if vmax = v0k then
4 tink ← LCZ/vmax

5 else if vmax < v0k then
6 tak ← (vmax − v0k)/umax

7 dak ← (vmax)2 − (v0k)2/2umax

8 tink ← tak + (LCZ − dak)/vmax

9 end
10 end
11 for k = 1 to N do
12 tout

k ← LMZ/vmax + (|Ck| − 1) ∗ thk + tg
13 end
14 for k = 1 to N do
15 tck ← tink + tout

k

16 wc
k ← tck/wk

17 end
18 Arrange platoons in non-decreasing order of wc

k in an array
optimalSequence
. Computation of time of entry of CAVs in
Platoons

19 i = optimalSequence[1]
20 tmi ← t+ tini
21 tli ← t+ tci
22 if tmi < tllast then
23 tmi ← tllast
24 tli ← tllast + tout

i

25 end
26 for j = 2 to N do
27 r = optimalSequence[j]
28 tmr ← tlr−1
29 tlr ← tmr + tout

r

30 if j == N then
31 last = optimalSequence[j]
32 tllast ← tlj
33 end
34 end

TWC(Λ∗) = wr(t+ tcr) + wp(t+ tcr + tcp)

+wq(t+ tcr + tcp + tcq). (13)

TWC(Λ∗)− TWC(Λ) = wqt
c
p − wpt

c
q < 0. (14)

This contradicts the optimality of schedule Λ. Hence,
schedule Λ∗ in which platoons arranged in the order of
non-decreasing weighted completion time wc

k is optimal.

C. Optimal Control Problem

Each platoon leader computes the time to enter the merg-
ing zone using the optimal scheduling algorithm. Then, each
leader derives the optimal control input to enter the merging
zone in a schedule specified by the scheduling algorithm.
The position of platoons in the queue designates the time
that a platoon enters the merging zone. Here, we have two
cases: 1) If tmk = tink , then the leader solves a time optimal
control problem, and 2) if tmk > tink , then the leader solves an
energy optimal control problem to derive the optimal control
input. The leader broadcasts the derived schedule and optimal
control input to the following vehicles until the last follower
has completely crossed the merging zone.

1) Time Optimal Control Problem: For each leader j ∈
Ck, we formulate the following time optimal control prob-
lem,

min
uj∈Uj

Jj
1 (uj(t)) =

∫ tmj

t0j

dt = tmj − t0j , (15)

subject to: (1), (2), (3), pj(t0j ) = 0, pj(tmj ) = LCZ ,
and given t0j , v

0
j , t

m
j ,

where t0j and tmj is the time at which the leader enters the
control zone and merging zone, respectively.

2) Energy Optimal Control Problem: For each leader
j ∈ Ck, we formulate the following energy optimal control
problem,

min
uj∈Uj

Jj
2 (uj(t)) =

1

2

∫ tmj

t0j

u2j (t) dt, (16)

subject to: (1), (2), (3), pj(t0j ) = 0, pj(tmj ) = LCZ and
given t0j , v

0
j , t

m
j ,

where t0j and tmj is the time at which the leader enters the
control zone and merging zone, respectively.

III. ANALYTICAL SOLUTION

In this section, we present the closed-form analytical
solutions for the time (15) and energy (16) optimal control
problems for each leader j ∈ Ck.

A. Analytical Solution of the Time Optimal control problem

We derive the Hamiltonian function for each leader j ∈ Ck

with the state and control constraints as follows

Hj(t, pj(t), vj(t), uj(t)) = 1 + λpjvj(t) + λvjuj(t)

+µa
j (uj(t)− umax) + µb

j(umin − uj(t))
+µc

j(vj(t)− vmax) + µd
j (vmin − vj(t)), (17)

where λpj and λvj are costates and µa
j , µb

j , µc
j , and µd

j are
Lagrange multipliers. We derive optimal control input for
platoons with initial speed either equal to speed limit or less
than speed limit while entering the control zone.



Case 1: v0j ≤ vmax

In this case, the optimal control input is

u∗j (t) =

{
umax, if t0j ≤ t ≤ t0j + taj ,

0, if t0j + taj ≤ t ≤ tmj .
(18)

Substituting (18) in (1), we derive the optimal position and
velocity

p∗j (t) =
1

2
ujt

2 + bjt+ cj , if t0j ≤ t ≤ t0j + taj

v∗j (t) = ujt+ bj , if t0j ≤ t ≤ t0j + taj

p∗j (t) = vmaxt+ dj , if t0j + taj ≤ t ≤ tmj
v∗j (t) = vmax, if t0j + taj ≤ t ≤ tmj

(19)

(20)

(21)

(22)

where bj , cj , and dj are integration constants computed using
the initial and final conditions in (15).
Case 2: v0j = vmax

The optimal control input based on [22] is

u∗j (t) = 0, t ∈ [t0j , tmj ]. (23)

Substituting (23) in (1), we derive the optimal position and
velocity,

p∗j (t) = vmaxt+ dj , t ∈ [t0j , t
m
j ], (24)

v∗j (t) = vmax, t ∈ [t0j , tmj ], (25)

where dj is integration constant computed using the initial
and final conditions in (15).

B. Analytical Solution of the Energy Optimal Control Prob-
lem

For this problem, the Hamiltonian function for each leader
j ∈ Ck is

Hj(t, pj(t), vj(t), uj(t)) =
1

2
u2j (t) + λpjvj(t) + λvjuj(t)

+µa
j (uj(t)− uj,max) + µb

j(uj,min − uj(t))
+µc

j(vj(t)− vj,max) + µd
j (vj,min − vj(t)), (26)

where λpj and λvj are costates, and µa
j , µb

j , µc
j , and µd

j are
the Lagrange multipliers and µa

j = µb
j = µc

j = µd
j = 0 as

the state and control constraints are not active. The optimal
control input based on [23] is

u∗j = ajt+ bj , t ∈ [t0j , tmj ]. (27)

substituting (27) in (1), we get the optimal position and
velocity,

p∗j (t) =
1

6
ajt

3 +
1

2
bjt

2 + cjt+ dj , t ∈ [t0j , tmj ], (28)

v∗j (t) =
1

2
ajt

2 + bjt+ cj , t ∈ [t0j , tmj ], (29)

where aj , bj , cj , and dj are integration constants computed
using initial and final conditions in (16).

IV. SIMULATION RESULTS AND DISCUSSIONS

We model the traffic scenario where secondary road with
single lane merges onto single lane main road in VISSIM
11.00 simulation environment. The size of platoons entering

the main roadway varies from 1 to 5 vehicles. The size of
platoons entering from the secondary road ranges from 1 to
3 vehicles. The length of the merging zone is designed to be
30 m. Based on Assumption 3, the length of the control zone
is designed to be 150 m so that the platoons can reach the
speed limit before entering the merging zone. The maximum
speed limit is set as 25 m/s. The maximum acceleration
and minimum deceleration limit are 3 m/s2 and −3 m/s2,
respectively.

The optimal scheduling algorithm is implemented in MAT-
LAB. The information of the platoons are collected in
real-time through COM interface from the VISSIM sim-
ulation environment. Based on the collected information,
each platoon leader calculates the time to enter the merging
zone. Further, the optimal control input for each platoon to
enter the merging zone is derived. The speed of platoons
corresponding to the derived optimal control input is updated
in real-time through COM interface in VISSIM.

We compare the performance of the proposed framework
with a baseline scenario where the vehicles from secondary
road stop and yield for vehicles entering from the main road.
We design the volume of vehicles entering from the main
road as 1060 vph. The volume of vehicles entering the sec-
ondary road is considered as 720 vph. The simulation is run
for 900 seconds. The performance measures of the vehicles
under baseline scenario and proposed optimal framework are
shown in Figs. 2, 3, 4, and 5. The proposed framework
eliminated the stop-and-go driving behavior and resulted
in negligible delay for platoons. The proposed framework
reduced average travel time and fuel consumption by 54.3%
and 57.8%, respectively. The average delay is reduced by
88.92% and the average speed of platoons is increased by
63.53% compared to the baseline scenario.

Fig. 2. Average delay.

V. CONCLUDING REMARKS AND DISCUSSIONS

In this paper, we presented an optimization framework for
cooperative merging of platoons of CAVs at highway on-
ramps. We modeled the problem as a job-shop scheduling
problem and presented an algorithm to derive the schedule of
each platoon to enter the merging zone. Then, we provided
the analytical solution for the optimal control problem to
minimize fuel consumption and crossing time of platoons at
highway on-ramps. We validated the proposed framework



Fig. 3. Average speed.

Fig. 4. Average travel time.

Fig. 5. Fuel consumption.

through simulations, and we noticed significant improve-
ments in fuel consumption, while minimizing stop-and-go
driving behavior.

Ongoing efforts consider lane changes for coordination of
CAVs at multi-lane roads [24] and multiple scenarios [25].
In our framework, we assumed that vehicles form stable
platoons before arriving the control zone. Future research
should focus on the stability and formation of the platoons
along with cooperative merging in mixed traffic environment
with human-driven vehicles and CAVs.
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