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Hierarchical Traffic Control and Management with Intelligent Vehicles

Lakshmi Dhevi Baskar, Bart De Schutter, and Hans Hellendoorn

Abstract— In this paper we first present a survey on traffic
management and control frameworks that are based on intel-
ligent vehicles (IV). This survey includes a short overview of
IV-based traffic control measures such as cooperative adaptive
cruise control, intelligent speed adaptation, and dynamic route
planning. We also discuss various IV-based traffic management
architectures such as PATH, Dolphin, Auto21 CDS, etc. Next,
we propose a new integrated hierarchical IV-based traffic
management control framework that combines the strong points
of these architectures and extends them in various directions.

I. INTRODUCTION

In spite of well-planned road management schemes, suffi-

cient infrastructures, and traffic rules for safe driving, modern

societies still face the problem of traffic congestion due to

the ever-increasing traffic demand, which in turn results in

loss of time, fuel, and money. Building new roads could

be a solution, but it is less feasible due to political and

environmental concerns. An alternative would be to make

efficient use of the existing infrastructure. In this context

advanced technologies in the field of telecommunication

and information systems offer an excellent opportunity to

implement a next generation traffic control and management

approach. This has led to the emergence of a new paradigm

called “Intelligent Transportation Systems” (ITS) [1]. ITS

incorporate intelligence in both roadways and vehicles, and

aim at improving the traffic flow. Possible performance

measures in this context are throughput, travel times, safety,

fuel consumption, reliability of travel times, robustness, etc.

One way to improve traffic flow and safety of the current

transportation systems is to apply automation and intelligent

control methods to roadside infrastructure and vehicles. This

gave rise to Automated Highway Systems (AHS), a compo-

nent of advanced vehicle control systems that distributes the

intelligence over the vehicles and the roadside infrastructure

for better coordination of traffic network activities. So AHS

shift the driver tasks from driver to the vehicle. These driver

tasks include activities such as steering, changing gears, and

making control decisions about speeds and safe headways

that must be executed to reach the destination safely and

comfortably. Autonomous control of driving tasks in ITS

has the potential to substantially improve the traffic flow

[2], [3]. By autonomous, we mean that the intelligent traffic

management system takes partial or complete control of

lateral and/or longitudinal movements of the vehicles.
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The most interesting functionality that allows automated,

hands-free operation is to arrange the vehicles in closely

spaced groups called “platoons” [4]. Platooning subsumes

smooth merging, lane changing, and splitting maneuvers.

Within a platoon, vehicles can coordinate their activities

using the communication technology. Spacing within a pla-

toon (intra-platoon) is kept very small and the inter-platoon

spacing is kept larger. Using the platooning concept, high

speeds and short distances among vehicles can be maintained

[2], [5]. This allows more cars to be accommodated on the

network, resulting in an increased traffic flow. For driver

comfort, the jerk produced by the vehicle acceleration or

deceleration must not exceed a maximum value [6]. Fur-

thermore, safety criteria should also be addressed. Although

the automation concept for driving tasks promises to offer

a better solution to traffic congestion problem, reliability of

such systems must be proven and guaranteed in order to get

public acceptance and adoption of this approach. Although

the AHS program showed significant potential improvements

in the traffic conditions, many consider AHS as a technology

for the distant future. Hence, researchers started to concen-

trate on short-term programs aimed at enhancing intelligence

in vehicles and driver assistance systems without relying on

the infrastructure technology.

In this paper we first present a survey on intelligent ve-

hicles (IV), and on IV-based control measures and IV-based

traffic management frameworks. Next, based on the survey,

we present a new IV-based traffic management framework

that combines and extends existing frameworks. We combine

the intelligence of roadside infrastructure and intelligent

vehicle systems with automation. The approach we pro-

pose develops ITS-based control and management methods

that integrate the additional control measures offered by

in-vehicle telematics that support platooning with that of

the roadside infrastructure to substantially improve traffic

performance in terms of safety, throughput, and environment.

II. INTELLIGENT VEHICLES

Intelligent Vehicles (IV) enable a next generation approach

for obtaining a more efficient driver-vehicle operation [7].

An IV system senses the environment around the vehicle

and strives to achieve more efficient vehicle operation by

assisting the driver (advisory/warning) or by taking complete

control of the vehicle (automation). IV systems can be ap-

plied in all types of vehicles such as cars, buses, and trucks.

We can divide IV application areas into three categories

depending on the level of support provided to the driver:

• Advisory systems use optic or acoustic systems to

provide an advisory/warning to the drivers.



• Semi-autonomous systems use haptic (meaning “based

on the sense of touch”) measures to assist/take partial

control of the vehicle. An example of haptic control is

an “active accelerator” for intelligent speed adaptation

(ISA): When the speed limit is exceeded, the driver gets

a counter-force feedback on the accelerator. So if he

wants to exceed the speed limit, he has to exert more

pressure on the pedal to override this counter force.

• Fully autonomous systems take complete control of

vehicle operation.

IV-based control measures offer lateral, longitudinal, or

integrated control systems for improving safety, operational

efficiency, and driving comfort [7]. These measures, when

combined with autonomous control, could help to reduce the

reaction time of the driver and vehicle, and allow to achieve

a decreased minimum safe distance between vehicles which

in turn leads to an improved traffic throughput.

A. IV control measures and traffic control

If the vehicle parameters and state variables (such as

speed, acceleration, desired destination, etc.) are allowed to

be exchanged effectively among the vehicles in a platoon

using communication technologies, then the vehicle distance

and speed can be controlled more closely. We will now

discuss in more detail the following IV technologies:

• Cooperative Adaptive Cruise Control (ACC),

• Intelligent Speed Adaptation (ISA),

• dynamic route planning.

1) Cooperative ACC: Controlling longitudinal motion and

maintaining a minimum time gap between two vehicles

has been considered as one of the fundamental tasks of

driving. Many vehicles have already been deployed with

partial automation of this task by the use of the standard

conventional cruise control [8].

An ACC system is a radar-based system that is able

to sense the immediate vehicle in front on the lane, and

automatically adjust the speed of the equipped vehicle to

match the speed of the preceding vehicle to maintain a safe

inter-vehicle distance for avoiding collisions [9], [10]. By

adjusting, we mean that the equipped vehicle slows down

when the vehicle in front is traveling slowly by reducing

gas or by active braking, and afterwards maintains a specific

time gap that is chosen by the driver in advance. If there is

no vehicle in front, then ACC controller retains the preset

speed that was selected by driver.

Cooperative ACC is a further enhancement of ACC sys-

tems that utilizes existing communication technologies (e.g.,

wireless technologies) to obtain real-time information about

the speed, acceleration, etc. of the preceding vehicle to

maintain a safe and smooth driving. Possible parameters

and variables that can be exchanged are current speed,

position, abrupt braking maneuvers, and braking capability

and acceleration. Cooperative ACC equipped vehicles can

exchange the information much quicker and allow to set

the safe minimum headway as small as 0.5 s. Hence, with

reduced headways between vehicles, traffic flow can be

improved.

2) ISA: A standard speed limiter is a system that restricts

the speed of the vehicle when the driver tries to exceed the

maximum allowed driving speed, and is independent of a

speed limit specific to a road environment. When the speed

limiter is enhanced with the intelligence to consider the speed

limit restrictions, and when it is able to adjust the maximum

driving speed to the speed limit specified by the roadside

infrastructure, and to provide feedback to the driver when

that speed limit is exceeded, then we get the technology

called Intelligent Speed Adaptation (ISA) [11], [12].

ISA systems can be categorized along several dimensions.

The characterization could be based on the extent to which

the driver is going to follow the feedback of the system when

the speed limit is exceeded. This results in advisory systems,

voluntary systems, and mandatory systems.

Another characterization for ISA systems can be made

based on the speed limit itself and they are classified as fixed

or dynamic speed limits. In the fixed case, the driver is in-

formed about the speed limit, which could be obtained from

a static database. The dynamic speed limit takes account of

current road conditions such as bad weather, slippery roads,

or major incidents before prescribing the speed limit.

3) Dynamic route planning: Nowadays, many individual

vehicles are equipped with a route guidance or navigation

system. Generally, a route guidance system advises a driver

about the “best” route he can take to reach his requested

destination [13]–[15]. This mainly depends on the vehicle’s

current location. Using GPS, we can precisely determine

the vehicle’s position. This information can be looked up

a digital road map. The digital map can then be used to

determine the possible routes to reach the destination. Routes

recommendations may be calculated within the equipped

vehicle or communicated to the vehicle from the local traffic

center. When the possible routes are computed based on

the average conditions such as geographical locations and

road maps, then this scheme is referred to as static route

guidance system. If the existing traffic conditions such as

traffic jams, dynamic speed limits, and frequent updates of

travel times based on real-time traffic are taken into account

while computing the route recommendations, then this is

called dynamic route planning system.

III. CONTROL FRAMEWORKS AND ARCHITECTURES

We now focus on control architectures that have been

developed for linking the roadside infrastructure and au-

tomated vehicles. A well-known control framework, called

PATH was proposed by the University of Berkeley. This

framework served as a guideline for a several other ITS few

architectures, which are also discussed in this section.

A. PATH framework

The PATH architecture mainly focuses on automatic vehi-

cle control and coordinates both roadside/vehicle and inter-

vehicle activities. This framework assumes that the traffic is

organized in platoons in order to improve traffic flow and to

increase safety [2], [4], [16]. The PATH framework assumes
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Fig. 1. PATH architecture

that a traffic network consists of many interconnected high-

ways. Highways can be again divided into links (about 5 km

long). A link is subdivided into sections (about 1 km long)

and these sections consist of lanes. The designed framework

is a hierarchical structure with the control of automated high-

way system distributed into five self-organized functional

layers as shown in Figure 1:

1) Network layer: The network layer is the top layer in

the hierarchy. At this layer, the controller computes control

actions that optimize the entire network. Its task is to assign

a route for each vehicle that enters the highway ensuring

that the capacity of each potential route is utilized properly.

There is one network layer for each highway network.

2) Link layer: The second layer in the control hierarchy

is the link layer. This layer operates at the roadside and

has a controller located per each link. Each link controller

receives commands from the network layer and based on

these commands, the link controller calculates the maximum

platoon size, and the optimum platoon velocity for each

section, and it also sets the path (which lane to follow) for

each vehicle to reach its destination as quickly as possible.

3) Coordination layer: From the coordination layer on-

wards, the control actions are concerned with individual

vehicles rather than roadside infrastructure. A coordination

controller resides within each vehicle, receives the com-

mands from the link layer, coordinates with other neighbor-

ing platoons using protocols, and checks which maneuvers

(like lane change, split, or merge) have to be performed on

a platoon to assist a vehicle in a platoon to achieve the path

trajectory in such a way that the target platoon size and speed

specified by the link layer are maintained. Only the leader of

the platoon or a free agent (i.e., a vehicle that does not (yet)

belong to a platoon) can initiate the maneuvers with other

platoons. The follower vehicles can only make requests to

the leader to accomplish their path/goal.

4) Regulation layer: The regulation layer within each

vehicle executes the tasks specified by the coordination

layer by converting them into throttle, steering, and braking

inputs for the actuators of the vehicle. This controller uses

feedback control laws to execute the lateral and longitudinal

maneuvers and also notifies the coordination layer in case of

any failures or unsafe outcomes of the maneuver.

5) Physical layer: The physical layer of each vehicle is

the bottom layer of the hierarchy and involves the actual

dynamics of the vehicle. This layer receives information from

the regulation layer and also sends information about the

speed, acceleration, and engine state of the vehicle to the

regulation layer.

B. Dolphin framework

The Japanese Dolphin framework developed in [17] is

similar to the PATH architecture. This framework consid-

ers platoon-based/cooperative driving for automated vehi-

cles using sensor systems, and inter-vehicle communication

technologies. This framework is mainly intended to study

inter-vehicle communication technologies and to control the

platoon maneuvers without incorporating intelligence in the

roadside infrastructure. So this architecture assumes that all

vehicles can drive autonomously without expecting intelli-

gence from the roadside infrastructure. It is composed of

three layers as shown in Figure 2:

1) Traffic control layer: The traffic control layer is the

top layer and it is divided internally into two parts namely,

logical and physical. The physical part includes the roadside

ITS equipment like sign boards, road-vehicle communica-

tions, ramp metering, and traffic signals. The logical part

consists of laws, rules, and common sense.

There is only one traffic control layer common to all the

vehicles and is related to the roadside infrastructure. The

traffic control layer determines criteria that will be common

to all the neighboring vehicles and sends them to the next

layer. E.g., in an automated driving, the criteria could be to

maintain a small inter-vehicle distance between the followers

in a platoon, and to provide an autonomous driving capability

for the leaders in a platoon.

2) Vehicle management layer: The vehicle management

layer, which resides in each vehicle, receives its movement

criteria from the traffic control layer via road-vehicle com-

munication and also considers the messages from the neigh-

boring vehicles via inter-vehicle communication and the data

received from the basic vehicle control layer. This layer

determines the movements of the individual vehicle under

platoon-based driving in such a way that these commands

are satisfied. Lateral and longitudinal control for the platoon

leader or free agent are determined by this layer using,

e.g., GPS and a digital map. The vehicle management layer

controllers in the follower vehicles determine both the lateral

and longitudinal control commands.

3) Vehicle control layer: The vehicle control layer within

each vehicle is the lower layer. The basic function of this

layer is to sense the states and the conditions ahead of the

vehicle such as vehicle speed and acceleration, to send this

information to the vehicle management layer, and to receive

commands from the above layer for its steering actions.
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C. Auto21 CDS framework

The Collaborative Driving System (CDS) framework [18],

[19] is mainly inspired by the PATH and Dolphin architec-

tures. The CDS architecture uses cooperative ACC technolo-

gies to support platoon-based driving. The CDS framework

aims to use an inter-vehicle coordination system that can

ensure stability among the vehicles in a platoon. As shown

in Figure 3, this framework has three layers:

1) Traffic control layer: The traffic control layer is on

the roadside infrastructure and provides suggestions (not

commands) to the lower layer such as speed, platoon sizes,

lane changes, etc. To transfer this information, the traffic

control layer interfaces with the linking module (located in

management layer) which resides inside each vehicle. The

linking module is also used by the traffic control layer to

obtain observations on the traffic situation [20].

2) Management layer: The management layer resides

within each vehicle and is responsible for determining the

movements of each vehicle using the information received

from the guidance layer, the traffic control layer, and vehicle

coordination constraints through inter-vehicle communica-

tion. This layer is subdivided into coordination and planning

sublayers, which work cooperatively:

• The coordination sublayer has a linking module that

communicates with the traffic control layer to receive

suggestions on the lane change actions and that main-

tains the inter-platoon activities. Once the linking mod-

ule has made a choice about the action to perform, the

maneuvers are executed (merge or split from a platoon)

by the networking module which handles the intra-

platoon coordination. The networking module along

with the planning sublayer makes cooperative plans to

execute the intra-platoon maneuvers.

• The planning sublayer is responsible for making the

plans to execute the maneuvers inside the platoons. In

order to do this planning, this sublayer communicates

with other vehicles in the platoon using the networking

module and also receives data from the guidance layer.

3) Guidance layer: The guidance layer senses the states

of the vehicle and sends the vehicle parameters to the

management layer and also receives commands from the

layer above for throttle, braking and steering actions.

IV. RELATED INITIATIVES AND PROJECTS

A. CarTALK2000

CarTALK is a European project that focuses on driver

assistance systems based on inter-vehicle communication

[21]. Its main objective is to develop a cooperative driver as-

sistance system with self-organizing ad-hoc radio network as

communication basis. To achieve a suitable communication

system, algorithms for flexible and ad-hoc radio networks

with highly dynamic topologies are developed in this project.

B. Safespot

The objective of the European research project

SAFESPOT [22] is to improve road safety using intelligent

vehicles and intelligent roads. Th SAFESPOT safety margin

assistant can detect dangerous situations in advance and can

provide awareness of the surrounding environment to the

driver. The safety margin assistant is based on vehicle-to-

vehicle and vehicle-to-infrastructure communication.

C. PreVent

PReVENT [23] is a European automotive industry activity.

Its main focus to develop preventive applications that can

improve the road safety. These safety applications use in-

vehicle systems to anticipate the nature and significance of

the danger and to help the drivers to avoid accidents.

D. CVIS

CVIS (Cooperative Vehicle-Infrastructure Systems) [24] is

a European research project that aims to design, develop,

and test technologies that allow communication between the

cars and with the roadside infrastructure, which improves

road safety and efficiency, and reduces environmental impact.

This project allows drivers to influence the traffic control

system directly and also to get information about the quickest

route to their destination, speed limits on the road, as well

as warning messages via wireless technologies.



V. A NEW FRAMEWORK FOR COOPERATIVE IV-BASED

TRAFFIC MANAGEMENT

Based on an extensive survey of IV-based traffic man-

agement framework the main components and results of

which are reported above, we now propose a new IV-based

framework that combines several of the strong points of

existing architectures and that further enhances and extends

them in several directions. The objective of the framework

is to integrate the intelligence of roadside infrastructure and

IV systems with automation. We propose a framework that

distributes the intelligence between roadside infrastructure

and vehicles, that assigns the traffic control actions based

on platoons rather than on segment concept, and that uses

the IV-based control measures to improve the traffic flow.

We also incorporate the advantages of other frameworks

such as CarTalk, SafeSpot, Prevent, CVIS, etc. The main

improvements and extensions of the new framework are:

• We allow vehicles to communicate with each other and

with the roadside infrastructure in an integrated way.

• We consider both in-vehicle IV-based traffic control

measures (e.g., ISA, ACC) and roadside traffic control

measures (e.g., ramp metering, variable speed limits,

dynamic route guidance, shoulder lanes openings) and

apply them in an integrated way.

• The platoon size is one of the variables that are opti-

mized and it can range from 1 to a very large number,

depending on the current traffic conditions, the traffic

network, and the given traffic performance criterion.

• The framework is integrated with a model-based pre-

dictive control strategy that determines optimal traffic

control measures in a receding horizon approach.

• The framework is also suited for inter-urban and even

intra-urban traffic networks.

The new framework is now presented in more detail.

A. IV-based control framework

The goal of the proposed framework is to use the ad-

ditional measures and control handles offered by IVs and

to implement them in a hierarchical roadside/vehicle traffic

management structure to substantially improve traffic per-

formance in terms of safety, throughput, reliability, envi-

ronment, and robustness. The framework mainly aims at

a multi-level control structure with local controllers at the

lowest level and one or more higher supervisory control

levels and uses a combination and integration of techniques

from computer science and control engineering in order to

obtain coordination at and across all control levels.

Our framework is inspired by the AHS platoon concept

and takes the opportunity of IV-based control measures to

implement a next-level of traffic control and management,

which shifts away from the rather global road-side traffic

management to a more vehicle-oriented traffic management.

We will consider both roadside-vehicle traffic management

and interaction, and inter-vehicle traffic management and

coordination. Although the PATH framework includes both

roadside infrastructure and vehicles, much of the research

Platoon controller

Supraregional controller

Regional controllerRegional controller

Area controller Area controller

Roadside controller Roadside controller

Platoon controller

Vehicle controllerVehicle controller

Fig. 4. New IV-based framework

work was carried on the vehicle control side. The roadside

controllers determine the activities that need to be carried

out in different sections. However, when the platoon size

is allowed to be long enough, then it might be difficult for

the roadside controller to assign the activities as the platoon

resides in between two sections, and also for the vehicle

controller to complete the activity within the specified space.

It might also apply for a platoon of size one, where the

vehicle has to adapt to the speed change in each section

irrespective of its activity completion. For this reason, we

use platoon-based roadside controllers (so without sections).

In order to be able to deal with large-scale traffic networks

and also to increase flexibility and robustness, we consider

a hierarchical control structure with several layers each of

which consist of several controllers (see Figure 4):

1) Higher level controllers: Higher level controllers (area,

regional, and supraregional) provide network-wide coordi-

nation of the lower-level and middle-level controllers. E.g.,

there could be an area controller to control/supervise the

activities of a collection of roadside controllers. In turn, a

group of area controllers could be supervised by regional

controllers and this hierarchy grows as shown in Figure 4.

2) Roadside controller: The roadside controller in the

hierarchy uses IV-based control measures to improve the

traffic flow. The controller assigns desired speeds for each

platoon (ISA), safe distances between platoons (Cooperative

ACC), metering values on the on-ramps and off-ramps (ramp

metering), desired platoon sizes, provides dynamic route

guidance for the platoons and also instructs for merges, splits,

and lane changes of platoons. This layer may control a part

of a highway, an entire highway, or a collection of highways.

3) Platoon controller: The platoon controller is respon-

sible for control and coordination of each vehicle in the

platoon. The platoon controller receives commands from

the roadside controller and is mainly concerned with actu-

ally executing the inter-platoon maneuvers such as merges,

splits, and lane changes and intra-platoon activities such as

maintaining safe inter-vehicle distances and acceleration for

accomplishing the tasks assigned by the roadside controller.

4) Vehicle controller: The vehicle controllers present in

each vehicle are the low-level controllers of the architecture.

They receive commands from the platoon controllers (e.g.,



set-points or reference trajectories for speeds, paths, head-

ways) and translate these commands into control signals for

the vehicle actuators (throttle, braking, and steering).

B. Integrated in-vehicle and roadside control measures

In the new framework we integrate individual IV-based

traffic control measures such as cooperative ACC, ISA,

dynamic route guidance, with roadside traffic control mea-

sures such as ramp metering, traffic signals, lanes closures,

shoulder lane openings, etc. The actual control strategy

could then make use of a model-based predictive control

approach such as model predictive control (MPC) [25].

MPC has originated in the process industry and has also

been extended to conventional road-side based non-IV traffic

management [26], [27]. This approach can also be extended

to the proposed new IV-based traffic management framework.

Note that the proposed framework is not limited to freeway

networks only, but also includes inter-urban and even intra-

urban traffic networks. Of course, due to more fragmented

nature of the intra-urban and inter-urban networks, optimal

platoon sizes in these latter environments will be much

smaller. As the platoon size is also one of the control

parameters in our framework this can be taken into account.

C. Contributions of our approach

The main contributions of the proposed framework are:

• Our approach integrates the roadside infrastructure and

the platoon of vehicles as done in the AHS framework,

but the roadside controller calculates optimal control

actions for each platoon rather than to each vehicle in

a section using both IV-based and roadside measures.

• Our framework can determine and assign optimal pla-

toon sizes going from 1 to a very large number.

• The hierarchical structure with one or more supervisors

added to the existing AHS architecture could prove to

be an advantage of our framework. Large-scale traffic

networks can be considered and also coordination of

the mid-level and low-level controllers for such a wide

network can be obtained by our framework.

• Most AHS architectures focus their implementation

exclusively on highways. The framework we propose

can be implemented on both highways and urban roads.

VI. CONCLUSIONS AND FUTURE WORK

We have proposed a framework that combines IV-based

measures and roadside infrastructure for implementing next-

level traffic management. Topics for future work include: de-

termining appropriate traffic models for this IV-based frame-

work, defining the benchmarks, implementing this frame-

work on a small-scale setup, developing software tools, and

analyzing the trade-offs between computational complexity

and efficiency for this framework.
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