Control Design of an Automated Highway System*!

Roberto Horowitz and Pravin Varaiya
University of California, Berkeley, CA 94720

{horowi t z@re, varaiya@ecs}. Berkel ey. EDU

February 25, 2000

Abstract

This paper describes the design of an Automated Highway System (AHS) devel oped over
the past ten years at the California PATH program. The AHS is a large, complex system, in
which vehicles are automatically controlled. The design and implementation of the AHS re-
quired advancesin actuator and sensor technologies, as well asthe design, analysis, ssimulation,
and testing of large-scale, hierarchical, hybrid control systems. The paper focuses on the mul-
tilayer AHS control architecture and some questions of implementation. It discusses in detail
the design and safety verification of the on-board vehicle control system, and the design of the

link layer traffic flow controller.
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1 Introduction

This paper describes the control architecture of an Automated Highway System (AHS), devel oped
over the past ten years at the University of California Partners for Advanced Transit and High-
ways (PATH) program, in cooperation with the State of California Department of Transportation
(Caltrans) and the United States Federal Highway Administration (FHWA). This multilayer AHS
architecture was first described in [43, 42], and the paper discusses aspects of design and verifica
tion at several of those layers. The AHS architecture envisions a fully automated control system

that leaves few vehicle driving decisions to the driver.

It is argued in [42] that full automation can greatly increase highway capacity while improving
safety. A key to greater capacity isthe organization of traffic in groups of up to twenty tightly-spaced
cars called platoons.! Although the spacing between these platoons is large (about 60 meters), pla-
tooning decreases the mean inter-vehicle distance to achieve a capacity of up to 8,000 vehicles per
hour per lane, as compared with a capacity of 2,000 in today’s highways with manually-controlled
vehicles. Because the maintained distance between cars within a platoon is small (1-2 meters), in
the event of a collision the relative impact velocity (and hence the impact energy) between collid-
ing vehicles is small. As a consequence, platooning can increase safety. An additional benefit is
that the tightly-spaced vehicles reduce aerodynamic drag. Asaresult fuel consumption and vehicle
emissions are lower [45, 5]. To maintain close proximity while traveling at relatively high speeds
(90 Km/h), the vehicles must be fully automated, since people cannot react quickly enough to drive

safely with such small headways.

Although we speak of cars, we mean al vehiclesincluding trucks and buses. It islikely that an AHSwill beinitially

deployed for trucks and buses.
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Because of its size, complexity, and large impact on everyday life, the design of an AHS control
system that is safe, reliable, and practical, poses mgjor challenges, both in the development of new
advances in communication, computer, sensor and actuator technologies, aswell asin the synthesis
and analysis of intelligent, hierarchical, large-scale hybrid control systems. Reference B9] provides
an overview of the Advanced Vehicle Control System (AVCS) research at the PATH program in
1990, while [23] describes the PATH AHS architecture design in 1994, focusing on the physical and

coordination layers of the architecture. This paper emphasizes progress since 1994.

We also present new results on the safety and performance analysis of the hybrid system formed by
the combined action of the coordination and regulation layer control systems and some results on
the control of the combined system formed by the link, coordination, and regulation layers of the

AHS architecture.

Table 1 summarizes the functions of the five-layer PATH AHS architecture, and the mathematical
framework used in the design of each layer. Section2 presents an overview of the architecture and
describes each layer. Section 3 discusses the design and safety verification of the hybrid on-board
vehicle control system. Section 4 discusses the link layer control system. Section5 summarizes the

main points of the paper and contains some remarks about the future of AHS.

The PATH AHS research program began in 1989 with Caltrans support. In order to carry out
AHS research PATH developed basic tools for hybrid system design, simulation, and verification.
Among these, the hybrid system simulation language and run-time system SHIFT [L1] and related

theoretical and software tools have been used in other intelligent control projects.

In 1994, the U.S. Department of Transportation formed the National Automated Highway Systems
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Layer Functions Model

Network Control entering traffic and route traffic flow | Capacitated graph
within AHS network

Link Compute and broadcast activity plans (i.e. | Fluid flow model with distributed
the routes, maneuvers to be exectuted, speed, | control
platoon size) for each vehicle type in each
section

Coordination | Communicate and coordinate with peersand | Finite state machine
select one maneuver to be executed

Regulation Execute maneuvers such as join, split, lane | Feedback laws based on linear
change models

Physical Decouple lateral and logitudina control High order nonlinear differential

equations

Table 1. The five layers and their main functions.
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Consortium (NAHSC) with a charge to investigate alternative AHS designs, to test some key ele-
ments of AHS technology, and then to develop one detailed design? In August 1997, NAHSC suc-
cesfully demonstrated key AHS technologies, including an eight-vehicle platoon-based system, on
I-15 in San Diego, CA. More than 1,700 people enjoyed rides in automated vehicles. The NAHSC
engaged up to 100 full-time engineers, including the PATH team of 15. Despite its success, the
NAHSC was dissolved in 1998. With support from Caltrans, PATH continues to develop AHS

technology and related spinoffs. There are active AHS programs in Europe and Japan today.

2 AHSControl Architecture

In order to understand the problems faced in the design of an AHS control architecture, imagine
driving your car on an AHS. You queue the car at an AHS entrance gate. The integrity of the car’'s
on-board control system is checked there and its destination recorded?® You relinquish control, and
the car joins a platoon entering the AHS. Upon executing an entrance maneuver [L6], the platoon
begins its journey on the AHS. From then on your car executes, under AHS control, a series of
maneuvers [42] including splitting from and joining platoons and lane changing, as it navigates
through the highway network. Asyour car approaches its destination, it executes an exit maneuver,
either as afree agent (i.e. aone-car platoon) or as part of an exiting platoon. At the AHS exit gate

your ability to handle your car is checked and control is returned to you.

This scenario indicates the many control functions that the AHS must carry out. The architecture

2The core members of the NAHSC were Bechtel, Caltrans, Carnegie Mellon University, Delco, General Motors,

Hughes, Lockheed Martin, Parsons Brinckerhoff, PATH, and Federal Highway Administration.
3You may change the intended destination during the trip.
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organizes these functions in a layered hierarchy. The influence of the control architecture in the
design of acomplex system like the AHS can not be overestimated. A good architecture simplifies
controller design and testing through the functional decomposition in self-contained layers, and

well-specified interfaces simplify software design and code devel opment.

2.1 Normal operation

Figure 1 shows a block diagram of the five-layer PATH AHS normal mode of operation control
architecture [42]. (The overal architecture also includes several emergency modes that are auto-
matically invoked in the event that afailure is detected. These degraded modes are briefly discussed
later.) Also indicated in the figure are the most important data that are exchanged at the layer in-
terfaces. Starting from the top, the layers are called network, link, coordination, regulation, and
physical. Except for the network layer, detailed models and corresponding control systems for each
layer of this architecture have been specified and tested to varying degrees of realism? We briefly

describe each layer and its main functions, starting from the bottom.

The physical layer comprises all the on-board vehicle controllers of the physical components of a
vehicle. These include the engine and transmission, brake and steering control systems, as well

as the different lateral and longitudinal vehicle guidance and range sensors®> The main function

“4Testing involves limited verification of the design, limited experimental validation, and extensive simulation. Verifi-
cation comprises formal proofs of correctness and performance analysis, experimental validation is carried out on various
test tracks with actual vehicles, and simulation is based on SmartPATH and SmartAHS simulation packages, the latter

being written in SHIFT.
The physical layer also includes the inter-vehicle radio communication system with its medium access and network

protocols, and the integration of the communication and control systems. The communication system itself is properly
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Figure 1: The five-layer AHS control system architecture. The text describes each layer and

its function.
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of the physical layer is to decouple the longitudinal and lateral vehicle guidance control and to
approximately linearize the physical layer dynamics [23, 35]. By lateral guidance we mean the task
of keeping the vehicle in the center of itsassigned lane and controlling its motion when commanded
to change lanes [24]. By longitudina guidance we mean the task of controlling the forward motion
of the vehicle along alane [41]. The decoupling of the longitudinal and lateral modes simplifies the
design of theregulation layer® A detailed nonlinear differential equation model of asingle vehicle's

physical layer can have 30 dimensions.

The regulation layer is responsible for the longitudinal and lateral guidance of the vehicle, and
the execution of the maneuvers ordered by the coordination layer. At this level of the hierarchy, for
purposes of design and analysis, the vehicle ismodeled as aparticle, whose longitudinal dynamicsis
described by asecond or third order linear continuous time system with control and state saturation

[18, 41].

The regulation layer must carry out two longitudinal control tasks. The first task is that of avehicle
follower’ in aplatoon and consists in maintaining a prescribed constant spacing from the preceding
vehicle [40].% The second task is that of a platoon leader or free agent and consists in safely and
efficiently executing amaneuver commanded by the coordination layer. These maneuvers (and their
names) are: regulating the platoon velocity to a desired value, while maintaining a safe distance

from the preceding platoon (leader law); joining with the preceding platoon (join law); splitting a

modeled as a hybrid system, but it is not discussed here.
®For heavy trucks, the two modes are coupled and the design is more difficult.
"We use these names: the lead car in a platoon is its leader, the rest are followers. A one-vehicle platoon is a free

agent.
8n adaptive cruise control, by contrast, the feedback law maintains a constant headway or time, equal to spacing

divided by speed, from the preceding vehicle [26].
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platoon (split law); and splitting from a platoon while maintaining safe distances from neighboring
platoons in the adjacent lanes, in order subsequently to change lanes (split-to-change-lanes law)
[14, 28, 2, 3]. The two lateral control tasks of the regulation layer are to keep the vehicles in its
assigned lane or to change to an adjacent lane. The latter task is called the change lane maneuver.

Thethird set of regulation layer tasks are the AHS entry and exit maneuvers [16].

Werefer to al these longitudinal and lateral tasks and maneuvers as activities. Thus the regulation
layer at any timeisengaged in one activity, and switchesto another activity in response to commands

from the coordination layer.

The coordination layer is responsible for selecting the activity that the vehicle should attempt or
continue to execute, in order to redlize its currently assigned activity plan. It communicates and
coordinates its actions with its peers—the coordination layers of neighboring vehicles—and su-
pervises and commands the regulation layer to execute or abort maneuvers. It also communicates
with the link layer roadside control system, from which it periodically receives an updated activity
plan. Since these tasks involve discrete events, the behavior of the vehicle at the coordination layer
is modeled as a discrete event dynamical system [42]. The coordination layer stores and updates
al relevant information regarding the vehicle's current state such as its identity, current location,

activity, and assigned activity plan.

A vehicle's identity includes the vehicle identifier (perhaps its licence plate number), its type (e.g.
bus, private car, emergency vehicle), origin and destination, etc. The location information includes
the lane and section of the highway link wherethe vehicleiscurrently traveling, aswell asit position

within the platoon.
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The assigned activity plan depends on the vehicle's type and current activity. For platoon leaders
and free agents the activity plan includes the vehicle's desired velocity, maximum platoon size and
the permit to attempt to join another platoon or change lane (including to and from exit and/or
transition lanes). A follower’s plan consists in maintaining the follower law or to split or split-to-
change lane (i.e. become aleader). This plan depends on the vehicle's destination and its current
location. The plan is periodically updated by the link layer controller. We emphasize that the scope
of the information regarding the vehicle's location and its current activity plan is local within a
section of ahighway link. Using thisinformation, and by coordinating its actions with its peers, the

controller selects one activity from afinite set, which it commands the regulation layer to execute.

Thereisonelink layer controller for each 0.5 to 5 km-long segment of the highway, called alink. Its
task isto control thetraffic flow within the link so asto attain its full capacity and minimize vehicle
travel time and undesirable transient phenomena, such as congestion. A link is itself subdivided in
sections, one per lane. A link receives and discharges traffic flow from and to neighboring links,
as well as AHS entrances and exits. The controller measures aggregated vehicle densities in each
of the link’s sections. These densities are specific to vehicle type, including origin and destination,
and whether the vehicle is a platoon leader, follower or is changing lanes. It broadcasts commands
in the form of a specific activity plan for each vehicle type and section, to the vehicle coordination

layer controllers®

The link layer controller receives commands from the network layer in the form of demands on
the inlet traffic flows at the AHS entrances, and outlet flow constraints at the AHS exits, as well

as desired inlet-to-outlet traffic flow split ratios, in case a vehicle can take more than one route to

®Observe that there are far fewer such commands than the number of cars in each section.
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reach the same destination, while traveling in that highway link [34]. The controller also monitors
incoming traffic flow from neighboring links. At thislevel of the architecture hierarchy, the control
system no longer monitors the response of individual vehicles. Instead, the state of the link is
measured and described as aggregated space and time vehicle density profiles. Similarly, the control
inputs are modeled as activity vector fields, i.e. activity and velocity commands that are functions
of space and time. Asa consequence, thelink layer dynamics are described by density conservation

flow models [6, 29].

Thetask of the network layer isto control entering traffic and route traffic flow within the network of
highway links that constitute the AHS, in order to optimize the capacity and average vehicle travel
time of the AHS and minimize transient congestion in any of its highway links. At this layer, the
system is modeled as a capacitated graph. This layer of the AHS control architecture is presently

the least developed. Aninitial design can befound in [12].

We emphasize two points that are implicit in this description. First, the design of different layers
are based on different models. The physical layer uses detailed differential equation models of a
single vehicle, with its sensors and actuators. The feedback laws at the regulation layer are based
on simpler, low order linear systems. The coordination layer coordination protocols are designed
as finite state machines. The link layer design is based on fluid flow models. At the network layer,
the AHS is viewed as a capacitated graph. The model at a higher level is not an abstraction of a
lower level model, as that term is normally used in the control and verification literature. There
‘abstraction’ refers to aggregation, that is a ‘stat€’ at a higher level represents a group of states
at alower level. The relation between a higher-level state and the corresponding group of lower

level states may only be heuristic (as in model reduction approaches) or it may be some invariant-
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preserving homomorphism. In the architecture above there is no such direct relationship between
layers. Rather, the model at each layer is an ‘idealization’ that is suited to the particular functions
that that layer carries out. Thus, for example, the coordination layer chooses particular activities, but
‘activity’ isanideal construct that isnot visible at the physical or network layers. But a coordination
layer activity does have a counterpart in a feedback law at the regulation layer and in the activity
plan at the link layer. It isacreative part of the architecture design to come up with the proper ideal

models at each layer.

Second, as one goes up the hierarchy the time scale of decisions and their spatial impact increase.
At the physical layer the time scale is 20 ms—the sampling time of the sensors and actuators. An
action at this layer only affects the vehicle itself. At the regulation layer the time scale is on the
order of seconds which is the time taken to execute a maneuver. A vehicle's maneuver affects not
only itself but also neighboring vehicles. The coordination layer selects an activity about once a
minute, and the choice of activity depends on its neighboring peers as well. The time constants of
the flow equations used by the link layer is on the order of minutes—the time that a disturbance
traverses alink. A link layer decision has an impact on all vehicles on alink. Lastly, network layer
decisions, affecting AHS-wide traffic, may be examined every hour, in the absence of incidents. Of
course, this increasing time scale only holds in this architecture that describes the normal mode of

operations. Under degraded operations (not discussed here), the architecture is different.

The behavior of a vehicle engaged in an activity is described by the corresponding differential
equation of the closed loop system—the physical layer and the feedback law of the activity. Thus
the physical and regulation layers together are described by a discrete state variable—the current

activity—and the continuous state variable of the activity’s differential equation. The transition
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from one activity to another is determined by the coordination layer. Thus the three lowest layers of
avehicle form ahybrid system. The hybrid system of neighboring vehicles are coupled in two ways.
The continuous state variables are coupled since the follower law, for example, adjusts acceleration
asafunction of therelative spacing with the vehiclein front. The discrete state variables are coupled

because peer coordination layers communicate with each other.

2.2 Degraded modes

The AHS control architecture described in the previous section was designed and verified under
the assumption that the AHS is functioning in its norma mode of operation, under benign envi-
ronmental conditions and faultless operation of al hardware. Extensions and enhancements of this
architecture have been developed that enable the AHS to function in a degraded mode of operation,

while dealing with faults and adverse environmental conditions.

The design of a fault management system (FMS) for longitudinal control in the AHS architecture
described in this paper was proposed in [32, 31, 17] for degraded modes of operation induced by
the presence of faults. The FMS detects the presence of a fault utilizing information provided by
a fault detection and identification system [8, 9, 36]. The fault detection and identification (FDI)
schemes process sensor measurement information together with state estimates produced by a set
of observers, to detect the presence of afault. The key to fault detection is that the set of measure-
ments and estimated variables contain some level of redundancy. For example, vehicle velocity can
be derived from the wheel speed sensor or from the engine speed sensor. When these two measure-
ments are within a given range, the wheel speed and engine speed are assumed to be non-faulty. If

the difference between these two velocity measurements is relatively large, then a fault in one of
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the two sensors can be presumed. In the general case, all signal measurements and estimations are
processed by a set of residual filters that generate a unique pattern of residuals for each different
fault. The output of the FDI system is a set of binary numbers, each one of them associated with a

faulty component.

The fault management system (FMS) design presented in [32, 31] utilizes, in addition to the sensor
structure, two additional hierarchical structures to manage and process the information flow during
a degraded mode of operation: the capability and performance structures. The former encodes dis-
crete changes in the system capability due to hard faultsin the vehicles and roadside hardware. The
latter encodes gradual degradation in system performance due to adverse environmental conditions
and gradua wear of AHS components. The capability structure is implemented by a set of finite
state machines whose function is to map the set of binary numbers produced by the FDI system
into another set of binary numbers. This new set indicates the availability of each regulation layer
control law and coordination layer maneuver, according to the pattern of faults that is detected by
the FDI system. Communication faults can be posed in this same hybrid systems framework. Each
received packet is fed to afinite state machine and their composition allows one to determine when

afault is present.

The information collected by the capability and performance structures regarding fault detection
and AHS capability evaluation is sent to the fault handling module. In the on-board vehicle control
system the fault handling module acts as a supervisory unit to the coordination layer controller.
It classifies faults by severity and initiates appropriate alternative control strategies or degraded
maneuvers. In some cases, the redundancy features normally available in FDI are exploited and

faults are handled under the normal mode of operation, by using the information provided by the



3 ON-BOARD VEHICLE CONTROL SYSTEM 15

observersin the control algorithms and adjusting the controller parameters. I1n other cases, a specific
degraded maneuver is executed to allow the faulty vehicle to exit the highway or stop in a safe

manner. Interested readers are referred to the references cited above and to (4] for further details.

3 On-board vehicle control system

The overall on-board vehicle control system comprises the control systems for the coordination,
regulation, and physical layers. Its primary objective isto safely control the vehicle while efficiently
executing its activity plan. By “safely” we mean that the vehicle should not collide under normal
circumstances, in the absence of magjor hardware malfunction. By “efficiently” we mean that the
vehicle should complete the maneuvers in its activity plan in a manner that tends to optimize the
capacity and traffic flow of the AHS. This involves completing maneuvers, such as join, split or
change lane in the minimum possible time, and performing platoon follower and leader laws while
maintaining as high a speed and as small a distance from the preceding vehicle as practicable.
However, since the on-board vehicle control system does not have the overall AHS capacity and
traffic flow information (it does not even maintain detailed information on the vehicle's origin-to-

destination trip plan), overall AHS optimality is not monitored or guaranteed at this layer.

The physical layer includes all physical components of the vehicle and their controllers. Its main
function is to decouple the longitudinal and lateral vehicle guidance control and to approximately
linearize its dynamics. [23] and the references therein describe this layer in detail and it will not be

discussed further.

The on-board vehicle control system is a hybrid control system [20]: a discrete event dynamical
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system (the coordination layer) supervises and interacts with a continuous time dynamical system
comprised of the regulation and physical layers. Thus, it is necessary to develop a design and
verification methodology that guarantees the safety and efficiency of the overall on-board vehicle

hybrid control system. This design goal is accomplished in three steps.

Activity plan definition: The control design task issimplified by restricting an activity plan to choices
from alimited set of atomic maneuvers. leader, follower, join, split, split-to-change-lane, change-
lane, AHS entry and AHS exit. Moreover, execution of the maneuvers is further restricted by insist-
ing that a) only leaders (and free agents) can initiate maneuvers, while followers maintain platoon
formation at al times; b) leaders can only execute one maneuver at a given time; ¢) maneuvers are
coordinated with the relevant leaders of neighboring platoons; d) only after agreement is reached
between these |eaders isamaneuver initiated [42]. Theserestrictions dramatically simplify the tasks

of the link and coordination layers.

Coordination layer design: The coordination layer control system is realized as a hierarchy of
coupled finite state machines. The coordination of each maneuver is implemented by a protocol—
a structured sequence of message exchanges—between the relevant peer leaders involved in the
maneuver. The protocol specification and overall coordination layer design is formally specified
and itslogical correctness is verified using software verification tools, such as COSPAN P1]. The

overall state machine has more than 500,000 states [25, 42, 37].

Regulation layer design: The regulation layer control system is designed so that the execution of
every maneuver initiated by the coordination layer follows the maneuver’s state machine protocol.

That is, the hybrid system formed by coupling the coordination layer discrete event system with the
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regulation layer continuous-time system, produces the same sequence of events as that dictated by
the coordination layer design in which the entire continuous-time behavior of the vehicle during a
maneuver is represented by a single state. (See Figure3 for an example of the join maneuver.) In

addition, when amaneuver is completed, it must be done safely and efficiently. Thus, the regulation

layer must perform in amanner that is consistent with the coordination layer model.

For longitudinal maneuvers, consistency is accomplished by casting the execution of the maneuver
as an adversarial game between two agents, the lead and trail platoons involved in the maneuver.
Thetrail platoon’s control objective is to safely accomplish the maneuver in minimum time, while
the lead platoon’s objective isto make the trail platoon collide. Necessary and sufficient conditions,
aswell asthe optimal feedback control laws are derived so that the games are either won by the trail
platoon, or otherwise, the maneuver is safely aborted. Using these results, the maneuver is initiated
only when it can be safely completed, and is aborted otherwise [14, 3, 28, 30, 33, 19]. Weillustrate

this ‘worst-case’ design methodology for the join maneuver.

3.1 Join Maneuver

In the join maneuver two consecutive platoons, traveling on the same lane, join to form a single
platoon. As schematically depicted in Fig. 2, trail platoon A joins with lead platoon B to form the

combined platoon BA.
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Front Platoon C Lead Platoon B

Trail Platoon A
]

Platoonsinvolved inajoin

Combined Platoon BA

Front Platoon C

Figure 2: Vehicles are moving right to left. In the join maneuver the trail platoon A joins the lead

platoon B to form the combined platoon BA. The maneuver can affect the platoon C, in front of
B.
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SEND
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Figure 3: These informal state machines specify the design of the join maneuver protocols.
The machine on the left is for the leader of the trail platoon that initiates the maneuver
request, the machine on the right is for the leader of the front platoon that responds to the

request.

3.1.1 Coordination Layer Design

For the join maneuver to be initiated, the leader of the trail platoon, vehicle A, has to engage in
ajoin protocol with the the leader of the lead platoon, vehicle B,. The protocol design process
assumes that each vehicle can detect neighboring vehicles within a certain range and that it can
communicate with them. The protocol is designed in two stages. First the protocol is described as

the informal state machine shownin Fig. 3.

Note that these state machine descriptions are informal, since their states and transitions refer to ac-
tions and conditions that may depend on the regulation layer, on information from sensors on board
the vehicle, and on information from roadside monitors. These events are external and therefore, are
not part of the protocol machines. In the second stage of the design, the distinction between inter-
nal machine states and external eventsis enforced in each protocol machine, and they are specified

in the formal language COSPAN [21]. The COSPAN software is then used to verify the viabil-
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ity and logical correctness of the product state machine formed by all the coupled protocols. See

[25, 42, 37] for details.

3.1.2 Regulation Layer Design

As soon as a join protocol is established between the coordination layer controllers of platoons
leaders A, and B, , they declare themselves busy (see Fig. 3), and will not establish protocols with
other vehicles, until the join is either completed or aborted. When the join maneuver is initiated,
the regulation layer controller of the trail platoon leader A, switches to the join control law, while
that of lead platoon leader B, , maintains the platoon leader control law. All other vehicles in the

platoons mantain the vehicle follower control law [18, 14].

Asdepicted in Fig. 2, the join maneuver isinitiated from anominal |eader law inter-platoon spacing
Az, . of approximately 60 m maintained by the leader law. The join maneuver is completed when
the spacing between vehicles A, and B, becomes equal to the follower law switching inter-platoon
spacing Az, which is equal to or slightly larger than the vehicle follower spacing Az, ,, of 1-2
m. At thisinstance, the regulation layer controller switches from the join law to the vehicle follower
law. It should be emphasized that the join and follower controllers not only have different control
laws but, in addition, the follower controller makes use of an intra-platoon local areacommunication

network to transmit to each member of the platoon the current values of the acceleration of itsleader

and of the vehicle which precedes it. Thisinformation is not available to the join controller.

Since the join protocol is only established between vehicles A, and B, the leader of the front

platoon, C, , canitself engage in adifferent maneuver that does not require coordination with vehicle
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B, . Asaconsequence, the behavior of the last vehicle follower in the lead platoon B, cannot be
entirely predicted by vehicle A, , since it depends on what C, may do (e.g. B,. could suddenly be
forced to brake if C, applies full braking). Thus, the join control law has to be designed assuming
that B,. is not cooperating with vehicle A, . In fact, it must be assumed that B, could behave in
the most harmful way it possibly can to make A, collide [14, 28, 2, 33]. Thisis an example of a

worst-case design mentioned above.

We now analyze the vehicle behavior during ajoin maneuver in more detail. Referring again to Fig.

2, we identify vehicles by consecutive integer indexesV = {A_,---A_,B.,--- ,B_,

C,,---,C,} which are of ascending order in the direction of the traffic flow, eg. B, = A, + 1.

We denote the three platoons respectively by A, B and C, where, for example A = {A,,--- A }.

For any vehicle P € 'V, denote its longitudinal position, velocity and acceleration respectively by
xP, vP and aP. We assume that vP(t) > 0, Vt > 0 (that is, vehicles don't travel backwards). Define

T, = [t,,ty] C R4 astheinterval of time during which the join maneuver takes place. Let &

MAX

and a® _ be respectively the magnitudes of the maximum acceleration and deceleration that vehicle

MIN

P attains during the entire join maneuver, i.e.

—aP < ap(t) <a"

MIN — - MAX

vVt e T,;.

We assume given the acceleration magnitude A, and deceleration magnitude A,,,, which can be

achieved by all vehicles in the highway. We will design the regulation layer control laws such that

o’ <A, ada” <A, VPeV, (1)

MIN — MIN MAX — MAX

and the speed of all vehicles executing the leader law does not exceed the maximum leader law

travel speed vMAX,

LEAD
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We model the longitudinal response of the vehicles as a double integrator and express the combined

response of vehicles Pand P + 1, that precedesiit, as

AiP@t) = o) —oP(@)

AiP@t) = aPHI@) —aPt),
where AzP = (Pt _ 4P jsthe headway of vehicle P. Thus, for safety we require that

VPeV vt, Ax"(t)>o0. (2)

The key for designing longitudinal safe control lawsisin deriving sufficient conditions that guaran-
tee that the behavior of lead vehicle B, and consequently follower vehicle B,. is sufficiently benign,

so its most harmful behavior does not prevent platoon A from joining safely and efficiently. No-
tice that to analyze the safety of the join maneuver, we must analyze the join, leader and follower
laws, since vehicles under the control of these three laws, may potentially affect the outcome of the

maneuver.

The task of the vehicle follower control law is to maintain a constant vehicle spacing of about
Az, ., = 1m (Fig. 2) between vehicles forming a platoon. Reference [23] discusses in detail

the currently implemented control law designed in [41, 40]. The key feature of this design is to
maintain platoon string stability [38, 26, 40], so that spacing errors caused by lead car maneuversare
not amplified throughout the platoon. Thisis achieved by making the acceleration of the preceding
vehicle, aswell asthevelocity and acceleration of thelead vehicle, available to each vehicle follower
controller in the platoon. The robustness of the string stability to small processing lags can aso be
guaranteed by an additional term in the follower control law involving the position of the lead

vehicle[22]. It isalso shown in [40] that a sufficient condition for preventing vehicle collisionsin a
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platoon, is to make the platoon maximum deceleration ratio, which is defined as the ratio between
the maximum allowable decelerations of the last follower and the leader of the platoon, sufficiently

large. For any platoon P, ¥ is defined as

Qi
:U'P: P (©)

L
awmin

where P, and P, arerespectively the platoon leader and |ast vehicle follower. A sufficient condition

to prevent collisions in platoon P isthat
,UP > ,UMlN(NP) > 1, (4)
where iy n( NT) depends on the number of vehiclesin the platoon, N It is shown in [40] that

]\}E»noo MMIN(N) = Py < 0 ©)

and p,,,, = 1.12 for most AHS normal conditions.

In the case of the leader and join control laws, we assume that, in addition to the platoon leader’s
own velocity and acceleration, only the spacing and relative velocity between the platoon leader
and the last vehicle follower of the preceding platoon is available to the control system. Thus, no
information regarding the acceleration of the last vehicle in the preceding platoon is available to
the leader and join control laws. To design safe join and leader control laws, we make use of the

following modeling abstraction:

e For aplatoon leader vehicle P, € {A,,B,,C, }, itsmaximum braking decceleration —ank

can be achieved " seconds after afull braking command is issued.

The delay d"z may account for jerk saturation, if a third order model is used for the vehicle dy-

namics, as well as other time delays or dynamics present on the system. For example, simple brake
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models often include pure time delays of about 50 ms. However, delays in the current braking sys-
tem for PATH are greater than 150 ms. By redesigning the brake system, the delay can be limited to

20 ms[15]. Other less conservative modeling abstractions are possible [33, 1].

We now define the leader maximum deceleration ratio

P

P i
a Ll = (P, +1) ’ (6)

Amin

which plays a crucial role in determining safe AHS operating conditions. Notice that &z > 1 im-
pliesthat the leader vehicle P, is allowed to decelerate more than the vehicle preceding it, through-

out the entire join maneuver.

The task of the join control law is to close the inter-platoon spacing, from a nominal leader law

inter-platoon spacing Az

LEAD

~ 60 m to the follower law switching inter-platoon spacing Az, >

Ax = 1 m, as quickly as possible while maintaining safety (Fig. 2). Switching the vehicle

FOLLOW

follower law occurs when

Az < Az®r < Azg and 0 < —Av®e < Avg, ©)

FOLLOW

B B A

where Az = 2Br — 221 and AvAr = vBr — A1,

The parameters (Az,, Av,) denote the state space region where the follower law can be activated,
and depend on the capability and operation range of the intra-platoon local area communication
network used by the follower control law, as well as the transient response characteristics of the

follower control law.

The following proposition provides sufficient conditions for the join between platoons A and B to

be safe.



3 ON-BOARD VEHICLE CONTROL SYSTEM 25

Proposition 1 Let, Az”z (t) = 2Br (t) — 2™z (t) be the spacing between vehicles B, and A, and
AvPr(t) = vBr () — o™ (t), where vBr (t) isthe velocity of vehicle B, and v« (t) is the velocity
of vehicle A, . For given performance parameters ik, amb, d*r and o™r > 1, associated with
vehicles A, and B, it is possible to define the safety set X;@ce € 3 such that the join maneuver

can beinitiated at any time ¢, when

(AzPL(t,), AvAL (t,), vBF (1,)) € X2

safe

and (8)

A
(Azg, AUS,UBF (to)) € Xsas”e ) 9)
where Az, and Avg are defined in (7), and will be completed safely.

Moreover, any join control law for vehicle A, that applies maximum braking command —aﬁﬁ

AL
safe

when (Az”z (t), AvAc(t) , vBr(t)) ¢ X~ maintains safety in the sense that Az”z (t) > 0, i.e.

vehicles A, and B, will not collide.

A precise definition of the safety set XA

safe

can be found in [2]. Proposition 1 follows directly from
Theorem 1 in [2] if we use the definition of highway safety given by Eq. ) (i.e. vehicles never
collide). [2] considered a more general definition of highway safety, where vehicles are alowed to
collide with arelative velocity smaller than or equal to some prescribed value v;;,,, > 0. Setting

Vallow = 0 in Theorem 1in[2] results in Proposition 1.

Theorem 1in[2] isan extension of the results derived in [28], which only considered the case when
oL = 1. Asaconsequence, in [28] highway safety can only be proved in the more liberal sense
that vehicle collisions with relative velocity larger than v, are avoided. It should be emphasized
that the above safety conditions are also necessary in that, if vehicle A crosses the boundary of

X2t and does not immediately command full deceleration, it may collide with vehicle B, .

safe
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Figure 4: Join Maneuver phase plane response (Az”L, —Av”r) when vBr = vMAX The

LEAD

boundary X,,. is used to design a feedback law that guarantees safety and efficiency.

Using the boundary of XSAaﬁce’ afeedback-based desired velocity profile for vehicle A, is generated

that satisfies safety and time-optimality requirements. A nonlinear velocity controller can then
be designed to track the desired velocity profile within a given error bound. When safety is not
compromised, this controller keeps the acceleration and jerk of the vehicles in the platoon within

comfort limits. See[28, 2] for details.

Figure 4 shows the phase plane response of a join maneuver, using the performance parameter
vauesfor ank = A, ank, d*r = d,, , oPL = agﬁw and (Axzg, Avg) given in Table 2, for a

constant vBr (t) = vMAX and ainter-platoon spacing of 60 m. The figure also shows the boundary of

LEAD

X2 Under the stated conditi ons, the join maneuver is completed in about 16 sec. The maneuver

safe”

completion time can be decreased by increasing o'z . However, aswe shall see, thisisaccomplished
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at the expense of increasing the inter-platoon spacing.

A necessary condition for vehicles A, and B, not to collide during ajoin maneuver is that o'r >
O‘%N > 1, where O‘%N is the minimum acceptable value for the leader deceleration ratio. Thus, the
maximum deceleration that vehicle B,, may achieve during the join maneuver must be smaller than

the one which vehicle A, may achieve.

O‘%N can be calculated as follows [2]

Ay ank (2Azg +atcdhe) -
aFM\N =
(aﬁlﬁ (2Azg 4+ atrdhe) — (@™ — Avg)?

(10)

where @ = (a@ﬁ + aﬁAﬁ)dAL and (Azg, Avg) must be chosen so that agfm > 0. The magnitude
of oz?jw depends greatly on the pure time delay &*. For the performance parameters in table 2,

ot = 1.01. However, apt = 1.08if d*r = 150 msand oyt = 2.34if d*r = 500 ms,

Thetask of the leader control law isto regulate the platoon’s longitudinal velocity to adesired value,
while maintaining a safe leader law inter-platoon spacing from the preceding platoon. The desired

velocity is part of the activity plan that the link layer transmits to the coordination layer.

Theorem 1 in [2] can also be used to derive a leader law safety theorem and corresponding leader

feedback control law. See[28, 2] for details.
Overall AHS Safety Results

By combining the results in Proposition 1 with the follower law safety results given by Egs. (3) and
(4), itis possible to derive conditions for overall highway safety. Two worst case scenarios must be

considered, depending on the range of the on-board radar and velocity sensors. 1) Leader vehicle
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B, can measure at all time the velocity of last vehicle follower C, and vehicle C,, can decelerate at
any moment with maximum deceleration —A4,,,. 2) Leader vehicle B, cannot measure the velocity
of last vehicle follower C,., which is not moving (i.e. v“r = 0). The results are summarized in the

following proposition. Details are givenin [2].

Proposition 2 Assume that the regulation layer controller of vehicle A, in Fig. 2 is executing the
join law and that of vehicle B, is executing the leader law and that the set of AHS performance
parameters . 4,,, and A4,,,, as respectively defined in Egs. (5) and (1), a maximum overall

braking delay of d,,, for all vehicles in the AHS a maximum leader law velocity WM** and a

LEAD

maximum longitudinal spacing and relative velocity sensor range A2¥** are specified. If the

RANGE

following condition is satisfied

(11)

AL — AMIN (2/_1’MIN Axs + "Zl_AL dMAX) (12)
) AMIN (QHMIN A'IS + AAL dMAX) - (AALdMAx - IU’MINA/US)2 ’

AL
ayiyx isgiven by

2A A MAX MAXd
L M\N( xRANGE ULEAD MAX) (13)

Qmax = D)
MAX)2
I"LMlN (/ULEAD )

then the join maneuver depicted in Fig. 2 is safe in the sense

and AAr = (Ayn + Hrin Ay )d

MAX MAX ?

that AzP > Oforall Pe V.

1) If vehicle B, is measuring the velocity of vehicle C,., the maximum inter-platoon spacing that it
will maintainis
aAL /‘I’MINQ(UMAX + ABL )2 B (UMAX)QAMWABL dMAX

A MAX — LEAD LEAD 14
xLEAD 2A ( )

MIN
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2) If vehicle B, is not measuring the velocity of vehicle C,, the maximum inter-platoon spacing
that it will maintain is

A 2/, MAX AB; \2 MAX 2
a’'L v + APL)* — (v
ﬁ x{lefDX 'U’MIN ( LEAD2 ) ( LEAD ) (15)

MIN

Whel’e ABL - (+ALAM'N + AMAX)dMAX'

Hmin T

Eqg. (15) is useful in determining the necessary range of the onboard longitudinal spacing and
relative velocity sensor, since it specifies the maximum distance required by vehicle B, to stop if it
suddenly detects a stationary object in its path. Eqg. (L3) is obtained from Eq. (15) by solving for
o’ L. Therange of the longitudinal spacing and relative velocity sensors currently used by PATH is

90 m.

By using the results in Proposition 2, it is possible to calculate performance parameters that will
yield a provably safe on-board vehicle control system. These values can also be used to perform
AHS capacity studies. Table 2 shows the results of these calculations using nominal values for the

performance of the equipment that is currently in use or will be used by PATH. [18, 14, 28].

For the nominal performance parameters in Table2, the cal culated maximum required inter-platoon
spacing Az"*Xis30 m. Thisvalueishalf the size of the value previously used to estimate attainable
highway capacity increases from platooning [42]. These results therefore validate, from the safety
point of view, the capacity estimates and the viability of the vehicle on-board control architecture
design presented in [42]. A comprehensive capacity and safety study of AHS isfound in [7], which
includes both fully automated and mixed traffic systems. The onboard control system described
in [14, 28] has been experimentally tested [10] and fully simulated and tested on SmartPATH, a

comprehensive AHS simulation software package [13]. In this paper we have not discussed lateral
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Nom. | sy A Aux dunx
Param. | m/s  m/s? m/s? s
112 5 2.5 0.03
Nom. | oMA%  AgMA Az o Azg  Aug
Param. | m/s m m m  m/s
25 90 1 15 0
Cdlc. a?ﬁw a]A%ﬁ‘N oA aBr ank AgMAX
Param. m/s? m
101 113 115 0.7 446 30

Table 2: Nominal and Calculated Performance Parameters

control laws nor the effect that lane changes have on traffic capacity. The determination of a safe
intervehicle longitudinal spacing, necessary for performing lane changes can be carried out as an
extension of the results presented in this paper, if vehicle lateral dynamics are neglected R, 14].

Other approaches to the determination of safe intervehicle spacing which consider lateral control

and vehicle movement across lanes can be found in [27].

4 Roadside Control System

The roadside control system’s primary objective is to optimize the capacity and traffic flow of the
overall AHS. Themodels used in the link layer involve aggregated vehicle densities and traffic flows

but not individual vehicles. Thus, vehicle safety, as defined in Section3, cannot be monitored, much
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less enforced. The roadside control system can control the network and link layers in ways that tend
to increase vehicle safety, such as maintaining sufficiently low aggregated vehicle densities and

decreasing the inlet traffic flow into links where aggregated traffic density is very large.

At thelink layer alarge number of vehicles are controlled in adecentralized but coordinated manne,
with activity vector fields. The activity plans for the vehicle coordination layer, such as leader law
desired velocity, join, change lane, etc., are modeled astime-varying spatial vector functions. Using
density conservation flow models, the state of the link is described as vehicle aggregated density
profiles (i.e. spatial density functions), and the notion of the individual vehicle is lost. The flow
of a vehicle type, at a given location of the link, is the product of the density function with the
corresponding activity vector field at that location. Changes in the link layer controllers should in

turn be modeled at the network layer, which is not discussed here.

The link layer functions can be divided into two tasks. The first consists in the determination of a
desired time-varying density profile, and a corresponding activity vector field, which together form
the desired flow field of the link. This desired flow field must satisfy the topological and density
capacity constraints of the current state of the infrastructure (e.g. which lanes are closed and in what
sections), the exit flowrate constraints (e.g. cars that must exit at a particular exit ramp, should be
traveling, either as free agents or as part of an exiting platoon, on the lane adjacent to that ramp).
It should also ideally optimize highway capacity and vehicle travel time, for a given set of entrance
flowrate demands, and desired outlet flowrate split levels. Thistask requires global state information

(the density profile) of the entire link.

The second task consists in the determination of the actual activity vector field that is broadcast to
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Figure 5: The link layer controller determines the desired density profiles over the link as

well as the actual activity vector field broadcast to the individual vehicles.

V(X,t)
®0Oy . @ (L,1b)

K(x,t)

Figure 6: One lane mass conservation model of alink

the coordination layer on-board vehicle controllers, using local feedback information. The overall

link layer control block diagram is depicted in Fig. 5.

Weillustrate the controller design methodology with an example, the reader isreferred to R9, 4] for
more general formulations. Consider a one-lane automated highway parameterized by = € [0, L]
and time, schematically shown in Figure6. Two types of vehicles aretraveling on thislink: leaders
and followers. Thus, the aggregated vehicledensity isK : [0, L] x Ry — R2,withK = (K, K,.),
where K, (z,t) and K, (x,t) are respectively the leader and follower densities at location = and

time t. Based on conservation of vehicles, the density profile evolves according to

0 0
aK(x,t) = "% {V(z,t)K(z,t)} + N(x,t)K(z,1t) (16)
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whereV (x,t) € Ry istheaverage vehiclevelocity inlocation z, at timet, ®(z,t) = V(x,t) K(z,t)
isthe flow field and

_nFL nLF nLF Z 0’ nFL Z 0
N(z,t) = ; 17)
TLFL _nLF nLFnFL — 0
where, for example, nL¥ isaflow proportion of follower vehicles that are becoming leader vehicles
and the conditions in Eqg. (17) are necessary to maintain conservation of total number of vehicles.

Thus, K (z,t) and the pair [V (z,t), N (x,t)], respectively, are the density profile and activity field

for thelink at timet.

Figure 6 also showstheinlet and outlet flows: ®(0,¢) = V' (0,¢)K(0,t) and ®(L,t) = V(L,t)K(L,t).
As discussed in Section 2, ®(0,t) can be the outlet flow of a preceding link or an AHS entrance
flow, while ®(L, t) can be the flow entering another link or exiting the AHS. In this example, how-
ever, we eliminate the effect of inlet and outlet conditions, by specifying the link to be a‘loop’, so

that ®(L, t) = ©(0, ).

4.1 Determination of thedesired flow field

One way to determine adesired flow field that optimizes traffic flow on the link, isto use the results
in [6]. The key idea consists in casting the desired flow field determination as a constrained opti-
mization problem. Reference [6] considers one-lane highway links and shows, for a certain class
of problems, that there is a stationary optimal flow ®°(z) = v™AX K(2:) which optimizes the vehi-

LEAD

cle travel time across the link, where t™2* is the maximum allowable leader law cruising velocity.

LEAD

Moreover, this optimal stationary flow field can be determined by solving a linear programming

problem. For the simple system given by Eq. (16), the optimal £°(z) which optimizes travel time
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Figure 7: Intial and desired link states.

and capacity is a constant density profile which is given by the maximum allowable number of

vehiclesin aplatoon.

4.2 Flow stabilization via decentralized feedback control

Consider now the case when a desired flow density and activity field profile & (z,t) and a station-
ary desired activity field [V/(z), N ()], satisfing the boundary conditions (presumably set by the
network layer), have been determined. The problem then is to design decentralized feedback laws,

that stabilize the actual flow field at the desired flow field.

As an example, consider a situation where it is desirable to create sufficiently large low occupancy
areas, at particular instances and locations, in order to accommodate incoming traffic to the highway,

as schematically depicted in Figure?.

Notice that the desired density profilef((x, t) depicted in Figure 7 is not time-invariant, since the
low-density occupancy regions are moving with the traffic flow. However, the desired activity field

is. Infact, V() = v_,, and N(z) = 0.

LEAD

We now describe the closed-loop decentralized feedback law developed by R9, 4], that stabilizes
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the actual link density profile at the desired profile. We first define the density error profile as

K(z,t) = K(z,t) — K(z,t) . (18)
and the error flow field
H(x,t) =V (x)A(x)AT (2)K (2,1) (19)

where A(x) isthe non-singular solution of the ODE

DA(x)

o Viz)+A()N(z) =0, A(0)=1 (20)

which is a function only of the desired activity field and can be computed off-line. Notice that the
coordinate transformation matrix A is independent of = in the highway sections where N’ (z) = 0.
Thisisthe casein the example shown in Fig. 7, where A(x) = I throught the highway. The activity
field is given by
V(z,t) =V (z)+ Vi(a,t), (21)
N(z,t) = N(z) + Ny(z,t) . (22)

~ ~

where [V'(x), N (x)] isthe desired activity field. V;(x,t) and Ny(x,t) are generated by decentral-

ized feedback laws.
Vi(z,t) = Col,t) KT(w,t)(%I:I(w,t) (23)
where ¢, (x,t) > 0 ischosen so that V'(x,t) > 0. The elements of Ny (x,t) are chosen such that
KN (z,t)H(z,t) >0 (24)

and Eq. (17) is satisfied. More general stabilizing control laws and proofs that the control laws

given by (21)-(24) are stabilizing are found in [29, 4].
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Figure 8: Intial and desired link state achieved by the link, coordination, and regulation

layers together.

Figure 8 shows the results of a simulation study conducted using the Smartpath AHS simulation
software[13]. The highway link isan oval of approximately 5 km with about 100 vehicles traveling
at anominal speed of 25 m/s. Each vehicle in the ssimulation is under an on-board hybrid control
system, as described in section 3. The ‘blocks' in Figure 8 represent platoons and the size of the
block is not strictly proportiona to the size of the platoon. The left panel shows the initial state of
the link, while the right panel shows the state of the link after ¢t = 120 s. The hierarchical control
system formed by the link, coordination and regulation layers was effective in regulating the AHS

to aprescribed desired density profile, while maintaining safety requirements.

5 Conclusion

This paper described the AHS control architecture developed at PATH, including some of the con-
siderations that motivated the architecture, and some control synthesis and analysis techniques for
the detailed design of the individua layers. We presented safety and performance results of the
hybrid system formed by the coordination and regulation layers, and discussed the control of the

hierarchical system formed by the link, coordination and regulation layers.

A key feature of the architecture isthe separation of the various control functionsinto distinct layers
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with well-defined interfaces. Each layer is then designed with its own model that is suited to the
functions for which it isresponsible. The models at the various layers are different not only in terms
of their formal structure (ranging from differential equations to state machines to static graphs), but

also in the entities that have arole in them.

The AHS is a complex large-scale control system, whose design required advances in sensor, ac-
tuator, and communication technologies (not discussed here) and in techniques of control system
synthesis and analysis. It is a measure of the advanced state of the art that these techniques have

reached a stage that they could be successfully used in the AHS project.

There is a fairly large literature on AHS control, only some aspects of which are covered here.
Missing are discussions of the physical layer (vehicle, actuator and sensor models), follower and
leader laws at the regulation layer, and studies at the link layer of the impact of lane changes on

AHS throughput.

The NAHSC was formed to develop over a six-year period a design for an Automated Highway
System that achieved much greater capacity and safety, taking into account alternative automation
concepts and technologies. Over time, federal sponsors added another goal: to develop scenarios
for AHS deployment and to build support for these scenarios among stakeholders, including local
government, vehicle and insurance industries, environmentalists, etc. The first goal was an engi-
neering challenge towards which the Consortium made considerable progress in two years as the

August ' 97 demonstration proved.

The second goa proved elusive. Full automation on dedicated lanes seemed then (and now) to be

the only design that secures high capacity with safety. Implementing this design requires alarge in-
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vestment in urban highway infrastructure which can be justified only with widespread ownership of
automated vehicles. But such ownership islikely only if the complementary highway infrastructure
isin place. Deployment scenarios seemed to founder on this “chicken and egg” problem. Never-
theless, the NAHSC conducted case studies, notably for Houston, that suggest that past growth in

traffic is unsustainable in the future without AHS investment.

The NAHSC was dissolved in 1998. The U.S. Department of Transportation launched the Intelli-
gent Vehicle Initiative (IVI) whose god is the design of “intelligent” vehicles that improve safety,
without capacity increases. The goa of increased capacity through automation has meanwhile been
embraced by projects in Europe and Japan. The California Department of Transportation (Caltrans)
with its counterparts from other states has kept aive the goa of full automation, under the con-
viction that a large increase in capacity is the only way of meeting large increases in traffic. A

demonstration of automation technologies for heavy trucks and buses is planned for 2002.
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