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Abstract — Complex large-scale embedded systems arise in 

many applications, in particular in the design of automotive 
systems, controllers and networking protocols. In this paper, we 
attempt to present a review of salient results in modeling of 
complex large scale embedded systems, including hybrid systems, 
and review existing results for composition, analysis, model 
checking, and verification of safety properties. We then present a 
library of vehicle models designed for vehicle following (CC, 
ACC, CACC). The models and controllers attempt to cross the 
chasm between theory and practice by capturing real-world 
challenges faced by industry and making the library accessible in 
a public domain form, and with a gradation of levels of 
complexity. The most complex level was used for controller 
design and simulation for a Bus Rapid Transit demonstration. 
Experimental results are shown. 
 

Index Terms — Road Vehicles, Embedded Software, Hybrid 
Systems, Cooperative Systems 

I. INTRODUCTION  
eal-time, embedded systems have become prevalent in our 
everyday life. An embedded system is a special-purpose 

computer system built into a larger device [6]. Since many 
embedded systems are produced in the range of tens of 
thousands to millions of units, reducing cost is a major 
concern. Embedded systems often use a (relatively) slow 
processor clock speed and small memory size to cut costs. 
Programs on an embedded system often must run with real-
time constraints; that is, a late answer is considered a wrong 
answer. Often there is no disk drive, operating system, 
keyboard or screen. Cell phones, PDA, televisions, washing 
machines, microwave ovens and calculators are all examples 
that contain embedded processors. 

 Modern-day automobiles now contain many different 
processors that perform functions such as engine control, 
ABS, vehicle stability and traction control, and electronic 
control of power windows, mirrors, and driver-seat settings. 
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Aircraft control systems can be several orders of magnitude 
more complicated, due in part to greater need for system 
reconfiguration from mission to mission and fault tolerance 
requirements that include having triple redundant copies of 
critical sensing and actuation systems. 

As expectations increase for more complicated embedded 
systems, the need for organized real-time, embedded software 
development processes becomes more pronounced.  However, 
current industry standards fall short of producing high degree 
of confidence, reusable code that fulfills this need.  A large 
pitfall of the current state of the art is that most bugs are 
caught in the final phases of the process, at system integration 
and testing time. Correcting problems at this stage often 
involves modifying the system requirements, specification or 
design, and such changes are costly as they imply significant 
rework of the system.  

We begin by reviewing current approaches for the 
modeling, composition, analysis and model/property checking 
of complex systems. The use of well-understood mathematical 
modeling frameworks allows formal verification of the 
system. Concepts are presented using the simplest formalism 
possible to develop intuitions, and for extensions the reader is 
invited to consult the references. We then proceed to present a 
model-based process that places strong emphasis on 
performing as much testing and verification in “tight-loops” as 
possible. Thus we hope to catch bugs early on in the 
development process and minimize costs associated with 
fixing the problems. We choose to frame our models and 
controllers in the context of hybrid automata which allows 
formal verification of the controller.  Furthermore, timing 
properties of the software can be verified with additional 
information about the experimental platform. This gives us a 
high degree of confidence in the performance of the generated 
code. We also present a library of models that have increasing 
complexity and were developed in the context of intelligent 
cruise control and bus rapid transit applications.  These 
models range from a linear double-integrator vehicle model to 
an eleven continuous state composed hybrid model that was 
used for simulations and implementation of a Bus Rapid 
Transit (BRT) system on experimental vehicles. BRT systems 
spread the gamut from driver assistance systems, in which the 
bus driver is in control at all times, to fully automated 
solutions, in which both the pedals and steering wheel are 
controlled by automatic computer-based systems [30]. Under 
certain assumptions that usually apply to highway traffic 
(relatively high speed, e.g. greater than 25 mph, low-radius of 
curvature, that is, no tight turns, etc.), the steering control can 
be  decoupled from the throttle and brake control with 
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acceptable performance. The steering control is sometimes 
referred to as lateral control, and the throttle and brake control 
are usually called longitudinal control. The vehicles must be 
able to drive autonomously down the highway, and join and 
split from platoons as needed.  

The control architecture adopted in this project is 
hierarchical, and leverages previous efforts in supervisory 
architectures for automated vehicle control [31-33]. Control 
tasks that need to be performed by the vehicles are translated 
into maneuvers for the controller, and these maneuvers are in 
turn composed from a small subset of verified atomic 
maneuvers. This approach allows for flexibility in the design, 
and the utilization of easily re-configurable plug-and-play 
scenarios at deployment time. The approach was demonstrated 
using three automated transit buses provided by CalTrans, and 
equipped by researchers and staff at the California PATH 
program. Two of the buses are 40-foot long CNG buses and 
the third is a 60 foot articulated Diesel bus. The buses were 
equipped with brake and steering actuators, and throttle/fuel 
control was performed through the stock engine control unit. 
The buses were operated on a 7.5-mile stretch of reversible 
High-Occupancy Vehicle (HOV) lanes, with permission and 
assistance from CalTrans.   

The paper is organized as follows: we start by reviewing 
modeling and analysis methods for complex, large-scale 
systems. We then describe our model-driven development 
process, and the V2V libraries, a set of models and controllers 
in incremental degrees of complexity and fidelity, designed 
for longitudinal vehicle control. The control architecture, that 
is, the requirements, scenarios and use cases, and the 
organization of control algorithms and information flow used 
in the longitudinal control of automated buses project is 
described in section 5. We then describe the algorithms that 
populate the control architecture in detail. The architecture is 
organized into layers of control, where section 6 describes 
maneuver design and the coordination layer, and section 7 
describes the supervisory control organization and mixed 
initiative interactions with the driver. In section 8, we cover 
some representative experimental results. Finally, conclusions 
and future work are discussed in section 9. 
 

II. MODELING AND ANALYSIS OF COMPLEX LARGE-SCALE 
SYSTEMS 

A comprehensive review of all available methods for the 
modeling and analysis of complex systems is beyond the 
scope of this paper. Many techniques are available and can be 
broadly classified in a range of increasing complexity of 
system features to be modeled, starting from state machines, 
and going on to labeled state machines, I/O automata, 
composition, timed systems, hybrid systems and dynamic 
networks of hybrid automata. For a comprehensive review, the 
interested reader is referred to [3]. 
 

A. State machines 
In a very general way, we consider systems that can be 

described as beginning in a “starting state” and progress from 

state to state in discrete jumps according to a set of specified 
rules.  In general, systems are nondeterministic, that is, the 
next state might not always be determined by the previous 
state. There might be explicit choice points, for example in an 
algorithm; or there just might be different orders in which 
things can be done.  

The basic mathematical model to describe complex systems 
is called a state machine. A state machine [2] is formed of a 
set of states Q, a set of allowable starting states Q0, and a set 
of allowed transitions between states δ.  

An execution of a state machine is a (possibly infinite) 
sequence of states such that the initial state q0 is in the set of 
allowable starting states, and for each state qi in the sequence, 
the transition from qi to qi+1 is in δ. 

One useful property to understand the behavior of a system 
is to study which states can be reached in its executions. A 
state is said to be reachable if it’s the final state in some 
finite-length execution. The Mathworks’ Stateflow toolbox 
[28] is a tool to visually model and simulate complex systems 
based on finite state machine theory. 
 

B. Proving versus testing or simulation 
Proving properties (such as correctness or safety properties) 

of a system is quite different from simple testing or 
simulation. Since most complex systems operate in the real 
world, they are faced with a very large (when not infinite) 
number of inputs; exhaustive testing is rarely possible, and 
partial testing does not guarantee proper behavior of the 
system for those inputs that were not tested. Proofs of 
complex system properties are playing a growing role in 
assuring quality, for critical or manned systems [5]. 
 

C. Proofs for state machines 
There are a number of things that can be proven about 

systems that are modeled as state machines [1], such as: 
• Invariant properties (some predicate of the state 

variables is true in all reachable states) 
• Eventuality properties (eventually a = b) 
• Time bound properties (after T steps, some 

predicate or property is true) 
These properties are so important that people have 

developed languages for expressing them and computer 
programs to check for them. 

Invariant properties can be used to describe properties that 
are always true, no matter how the system behaves. This can 
be useful to prove basic correctness properties for systems. 
Invariant proofs often use mathematical induction. Invariant 
and eventuality properties can be used to characterize safety 
(for example, the distance between two vehicles is never 
negative, or steady-state is reached in a controller). Safety 
properties are sometimes described as those which are finitely 
refutable; that is, if a behavior does not satisfy the property, 
then one can tell who took the step that violated it.  

Other properties that one may wish to prove are true are that 
the executions terminate, or that they finish in some fixed 
amount of time. These properties are dubbed termination 
properties. Basic definitions of safety vs. liveness can be 
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found in [4]. Several model checking tools can be used to 
prove liveness, invariant and eventuality properties [11-12]. 
 

D. Composition of systems modeled as state machines 
Some systems are too big or complicated to model as a 

single state machine: one needs to break the description into 
pieces, using either abstraction (giving high-level description 
of systems, then separately, implementing the high-level 
description using low-level elements), or composition 
(building all the components separately out of individual 
specifications, then putting them all together) [13].  

To decompose systems, we augment the state machine 
models considered previously with labels describing inputs, 
outputs, and internal parts of a system. Internal variables 
cannot be used by other components, and externally visible 
behavior is determined by the relationship between inputs and 
outputs. A slightly more general construct than labeled state 
machines is  I/O automata, which are nondeterministic, 
infinite state machines whose inputs and outputs actions are 
labeled [1]. 

A component is said to implement another if their externally 
observable behavior is the same, so that one component can 
be substituted for another in a larger system. In addition, 
composition refers to the notion that two components can 
operate in parallel and interact. When two components 
interact, all that each “sees” about the other is its externally 
visible behavior. Composition allows one to understand the 
behavior of a large system once one understands the behavior 
of each of the individual components. A general principle for 
parallel composition appears in [14]. The Pi-calculus, which is 
an algebra that accommodates many kinds of combination 
operators, is described in [15]. 
 

E. Timed Systems 
In the context of real-time, embedded systems, one needs to 

incorporate a notion of time in the modeling. Several 
modeling formalisms have been proposed, including timed I/O 
automata [1], reactive systems [16] (which can identify that 
one events occurs before another, but not by how much), time 
transition systems [17] (in which a time stamp is affixed to 
each state in a computation), and clocked transition systems 
[18] (timers increase uniformly when time progresses, and can 
be reset arbitrarily on transitions). Model checking tools are 
available for timed systems [18]. 

 

F. Hybrid Systems 
A hybrid system allows the inclusion of continuous 

components in a timed system. Such continuous components 
may cause continuous changes in the values of some state 
variables according to some physical or control law. 

Formally, a hybrid automaton consists of control locations 
with edges between them. The control locations are the 
vertices in a graph. A location is labeled with a differential 
inclusion, and every edge is labeled with a guard, a jump and 
a reset condition. A hybrid automaton is H = (L, D, E) where: 

• L is a set of control locations 

• D: L→ Inclusions where D(l) is the differential 
inclusion at location l. 

• E ⊆ L x Guards x Jumps x L are the edges – an edge 
e = (l,g,j,m)∈E is and edge from location l to location 
m with guard g and jump relation j. 

The state of a hybrid automaton is a pair (l,x) where l is the 
control location and nx ℜ∈ is the continuous state. 

Modeling frameworks and verification tools for hybrid 
automata are available from [19-27]. Dynamic Networks of 
Hybrid Automata (DNHA) include the dynamic creation of 
hybrid automata, which then get composed with previously 
existing hybrid automata. 

III. REAL-WORLD CHALLENGES: MODEL-DRIVEN 
DEVELOPMENT PROCESS 

Our model-driven process, as shown in figure 1, places 
strong emphasis on performing as much testing and 
verification in “tight-loops” as possible. Thus we hope to 
catch bugs early on in the development process and minimize 
cost associated with fixing the problems. We choose to frame 
our models and controllers in the context of hybrid automata. 
This is the most useful modeling formalism for us, as we are 
modeling physical processes that are governed by differential 
equations, such as position and speed of the vehicles, in 
addition to modeling time. Simulation and real-time code 
generation are conducted using the TEJA software suite [29]. 
Safety properties are verified on simple models (including 
“the distance between the two vehicles is never strictly less 
than zero”) [10], and timing properties of the code are 
analyzed using schedulability analysis [9]. 
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Figure 1. Intelligent cruise control software development 

process. 
 
This development process was conceived in a joint effort 

between the University of California at Berkeley, Ford 
Scientific Research Laboratories and General Motors. The 
approach is applied to Adaptive Cruise Control (ACC) and 
Cooperative ACC (CACC) systems, as well as to Bus Rapid 
Transit.  

IV. THE V2V LIBRARIES 
 

We present a set of four levels of models for vehicle-to-
vehicle (V2V) control (that is, for vehicle following 
applications and longitudinal control of vehicles, such as 



 
 

4

cruise control, ACC and CACC). The goal of this set of 
models is to present a range of models adequate for model 
configuration, composition, checking and analysis using a 
variety of tools, with relevance to V2V problems. The more 
complex model was used to simulate vehicles, design control 
systems, and generate code for Bus Rapid Transit scenarios 
involving platoons. 

In the first three levels of modeling, we have two types of 
automata, one for the vehicle model, and one for the vehicle 
controller. We create two instances of each, to have two “full” 
vehicles (model + controller) in our scenario. Each vehicle is 
assumed to have an ideal forward looking sensor (FLS) that 
can detect a vehicle within a specified maximum range and 
measure both the range and range rate of the detected vehicle.  
An ideal communications channel with any surrounding 
vehicle is also assumed to allow knowledge of every vehicle’s 
acceleration.   
 

A. Linear models 
1) Vehicle Model 
The model of the vehicle dynamics is given by the following 

second order continuous dynamic system, 

)(1

mod

vuv

vx

el

−=

=

τ
&

&
 

where x and v are position and velocity of the vehicle, u is the 
control input given by the controller, and elmodτ   is the time 
constant of the vehicle’s velocity dynamics. 
 
2) Vehicle Controller 

The controller is described by a hybrid automaton with two 
states: velocity following and distance-following.  The initial 
state of the controller is the velocity following state, where the 
controller tracks a fixed desired velocity using the discrete 
time control law, 

])[(][][ mod kvvkvku des
des

el −+=
τ

τ  

where u[k] and v[k] are the control input and velocity 
measurement at the current time step,  elmodτ  and desτ  are the 
known time constant of the model and the desired dynamics, 
and desv   is the desired velocity.  Note that the controller runs 
at a fixed sample time, and the control is essentially passed 
through a zero-order hold to generate the continuous time 
control input used in the vehicle model.  The controller will 
remain within this state until another vehicle is detected by the 
FLS, after which the controller will transition to the distance 
following state.   
 

VelocityFollowing

VFControlCycle/-

DistanceFollowing

DFControlCycle/-

BecomeFollower/-

BecomeFreeAgent/-  
Figure 2: Simple CC/CACC controller. 

In the distance following state, the control input is 
computed using the discrete time control law, 

))][(][2][(][][ 2
.

mod desnnprecel kkkakvku δδωδζωτ −+++=
 
where preca  is the preceding vehicles acceleration known via 

communications, ][kδ& and δ are the range rate and range 
measured by the FLS, ζ and 

nω are controller parameters that 
determine the closed loop dynamics, and desδ is the desired 
inter-vehicle spacing.  Similar to above, the controller will 
remain in this state until there is no vehicle detected by the 
FLS, after which the controller will transition back to the 
velocity following state. 
 

 
Figure 3: Range between vehicles 1 and 2, with 

elmodτ =1s, 

desτ =0.5s, desv =20 and 21 m/s, ζ =1, nω =0.71, desδ =40m, 

maxδ =120m, sT =0.02s, and ),( 00 vx being (0,19) and (60, 22). 
 

B. Nonlinear models 
1) Vehicle model 

A model of vehicle powertrain dynamics was derived for 
this example and is given by the following second order 
continuous dynamic system, 

e

e

hRv
hRx

ω
ω
&&

&

*
*

=
=  

where: 

)**(1 233
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J
−−= ωω&  

x and v are position and velocity of the vehicle, u is the 
control input given by the controller, aC  is the vehicle drag 
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coefficient, rollF  is the tire rolling resistance, *R  is the 

operating gear ratio, h is the wheel radius, eω  is the engine 

speed, and uk is the control coefficient . 
 

The total moment of inertia is given by the following 
equation,  

MRhIRIJ eeff
222 ** ++= ω  

where eI  and ωI  are the moment of inertias for the engine 

and wheel respectively, and M is the vehicle mass. 
 
2) Vehicle Controller 

The controller is described by a hybrid automaton with two 
states: velocity following and distance following.  The initial 
state of the controller is the velocity following state, where the 
controller tracks a fixed desired velocity using the discrete 
time control law, 
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 u[k] and v[k] are the control input and velocity measurement 
at the current time step, and desτ  is the known time constant 

of the model and the desired dynamics, and desv  is the desired 
velocity.  Note that the controller runs at a fixed sample time, 
and the control is essentially passed through a zero-order hold 
to generate the continuous time control input used in the 
vehicle model.   
 

The controller will remain within this state until another 
vehicle is detected by the FLS, after which the controller will 
transition to the distance following state.  In the distance 
following state, the control input is computed using the 
discrete time control law, 
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where 

preca  is the preceding vehicles acceleration known via 

communications, ][kδ& and δ are the range rate and range 
measured by the FLS, ζ and nω are controller parameters that 
determine the closed loop dynamics, and desδ is the desired 
inter-vehicle spacing.  Similar to above, the controller will 
remain in this state until there is no vehicle detected by the 
FLS, after which the controller will transition back to the 
velocity following state. 
 

C. Nonlinear models with look-up-tables 
A look-up table was added to the vehicle models to 

accommodate for variable gearing based on speed. 
 

D. Complex model 
The vehicle model used for controller development is an 

complex model, which includes vehicle state dynamics, 
throttle and brake system dynamics, a two-state model for the 
spark-ignition engine as presented in [8], including external 
data maps which require interpolation, and models of the 
torque converter, transmission and wheel slip, as shown in 
figure 4. 
 
 

CNG/Diesel Engine
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engine torque dynamics
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Figure 4. Complex vehicle model. 
 

The vehicle state dynamics have two continuous states, 
vehicle position and velocity, and consider vehicle mass, air 
drag and rolling resistance. The throttle and brake dynamics 
are both first-order, with one continuous state for each 
representing actuator dynamics for the throttle and time 
response lag for the brakes. The model contains 11 continuous 
states, 3 external data look-up functions requiring 
interpolation, and several very nonlinear functions, including 
engine dynamics, the torque converter model and tire friction 
effects. Complete details of the model are available in [7]. 
 

V. CONTROL ARCHITECTURE 
 
We considered the following assumptions in our 
developments. First, Bus Rapid Transit does not involve more 
than three vehicles at any given time for demonstration; 
Second, the maneuvers are specified only for longitudinal 
control. 

A. Design Process 
The design process consists of the following steps: 

1. Deciding on the number of levels, their role, their 
descriptive language and the way they interact. 

2. Identifying the information that is needed at each 
level to make meaningful decisions. 

3. Designing interfaces to the communication and 
sensing architecture. 

 
The design process leveraged the UC Berkeley/PATH 
experience in the motion coordination of multiple vehicles. In 
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fact, the control and coordination of buses during BRT can be 
organized according to the principles that were used to design 
and implement the PATH architectural concept for automated 
highways [33, 34]. The PATH architecture design describes 
individual motions in terms of a small number of prototypical 
maneuvers that are used as building blocks for more complex 
maneuvers, such as those involving the coordination of 
several vehicles. Informally, a software implementation of a 
prototypical maneuver consists of a reference generation 
component, an atomic control law (regulation or tracking) and 
conditions under which the maneuver can take place and 
terminate. The reference generation component generates the 
inputs to the control law. Formally, a maneuver is 
implemented as a hybrid automaton. Prototypical maneuvers 
can then be verified for safety and consistency as required by 
the safe operation of the whole system.  
 
We analyzed the BRT problem and scenarios to determine a 
set of basic maneuvers from which all of the required motions 
can be assembled. We concluded that each vehicle has to be 
able to perform the following basic maneuvers: 

1. Manual operation (driver in control)  
2. Speed Regulation 
3. Speed Tracking 
4. Distance Regulation 
5. Distance Tracking 

 
These maneuvers, in turn, build on a small number of atomic 
control laws:  

a) The “throttle” law allows the vehicle to 
accelerate or maintain a given acceleration 
through engine control. 

b) The “brake” law allows the vehicle to 
decelerate. 

 
We designed a controller for each of the basic maneuvers. 
These controllers share the same structure. Each basic 
maneuver is paired with a compatible reference generator. 
Each controller is implemented as a hybrid automaton that 
coordinates the execution of the underlying atomic control 
laws with that of the associated reference generator, according 
to the logic encapsulated in the corresponding state machine.  

 

State Machines - Logic

Reference Generation
optimal control, 

graph search

Leaderless Control
atomic laws

Switches between maneuvers

Desired accelerationActual position/speed

 
Figure 5. Organization of Basic Maneuver Control. 

B. Summary of Layers 
To deal with mission handling and safety issues, a three-layer 
architecture (as presented below) that moves from discrete to 
continuous signals was used [35, 36]. It should be noted that 
our design is not necessarily unique or optimal, but a 
preliminary approach that is sufficient to prove our point. 
Different alternatives for hybrid system design can be found 
in [37, 38].  Each layer is described below. 
 
1) Regulation Layer 
The regulation layer is the lowest layer of control considered 
for the automated vehicles. The vehicle dynamical models are 
given in terms of nonlinear ordinary differential equations. 
The regulation level uses continuous signals and interfaces 
directly with the vehicle hardware. It contains several control 
algorithms and sensor data processing and monitoring for fault 
detection. Control laws are given as vehicle state or 
observation feedback policies for controlling the vehicle 
dynamics.  Sensor processing at the stability and control layer 
includes environmental monitors that are used to signal 
changes in the environmental conditions. The corresponding 
events are sent to the maneuver coordination layer that will 
promote the change to the next preferred mode. 
 
The details of the vehicle modeling and regulation layer 
control are considerable, and have been omitted for the sake 
of brevity.  Interested readers can find the description of this 
work in [39-41].  However, it should be noted that the 
objective of the longitudinal controller is to follow either a 
given desired velocity or distance profile using the three 
control inputs, namely the desired engine torque, transmission 
retarder braking torque, and pneumatic braking torque.   
 
2) Coordination Layer 
The coordination layer contains the control and observation 
subsystems responsible for safe execution of the basic 
maneuvers such as manual control, speed regulation or 
distance tracking. Maneuvers may include several modes 
according to the lattice of preferred operating modes. Mode 
changes are triggered by events generated by the stability 
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layer monitors. This layer provides a first level of dynamic 
reconfiguration that can be further extended to accommodate 
fault handling.  
 
3) Supervisory Layer 
The supervisory layer contains the control and observation 
strategies that implement a decentralized scheme for the Bus 
Rapid Transit (BRT) application. Each vehicle has a 
supervisor that, upon the occurrence of certain events 
(including the ones triggered by the driver), starts patterns of 
interaction with the supervisor of the other vehicle(s). 
Depending on the validity of some conditions, this results in a 
coordinated maneuver of various vehicles. The patterns of 
interaction between the two supervisors are implemented as 
protocols that can be verified for properties such as liveness or 
absence of deadlocks. Each supervisor, in turn, commands the 
execution of basic maneuvers of the vehicle under its control.  
 
4) Scenarios and Use Cases 
The scenarios that are under consideration can be classified by 
number of buses involved, and whether they require speed 
following, distance following, or a combination of both, and 
whether or not they make use of the wireless communications 
system.  
 
A set of scenarios was demonstrated in August 2003 in San 
Diego, CA, including: 

• 1 bus scenarios: transitioning from human to 
automated control, cruise control (speed regulation), 
speed profile tracking, adaptive cruise control (speed 
and headway-based) 

• 2 bus scenarios: cooperative adaptive cruise control 
(speed and headway based), 2 bus platooning (range-
based), joining and splitting platoons, gap closing 
and opening 

• 3 bus scenarios: 3 bus platooning 
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Figure 6. Control Architecture for Bus Rapid Transit (sensor 

fusion not shown). 

VI. COORDINATION LAYER 
The coordination layer control for the automated buses is 
primarily formed of two separate, but interacting, hybrid 
automata; the Trajectory Planner and the Coordinator.  The 
Coordinator interfaces with the supervisory layer to select a 
complex maneuver for the bus to execute.  This supervisory 
layer represents either the Driver Vehicle Interface (DVI) or a 
scripting mechanism (dubbed the “Fake DVI”).   At the lowest 
level, the Trajectory planner computes a specific desired 
trajectory for the regulation layer controller to track based on 
the current maneuver.  Each of these components will now be 
discussed in more detail.  

A. Coordinator 
The Coordinators purpose is to enforce constraints about the 
physics of the vehicle and the safety of logical transitions.  
The primary physical constraints imposed are limiting the 
maximum commanded acceleration/deceleration to within the 
capabilities of the vehicle.   The safety constraints include 
checks on the vehicle/system status prior to transitioning 
between control modes, such as verifying that the FLS have 
acquired a target vehicle before switching to distance tracking 
mode.      
 
The Coordinator hybrid automaton has three operating modes: 
human, speed regulation/tracking, and distance 
regulation/tracking.  All transitions, regardless of state, result 
in event being propagated to the Trajectory planner and the 
regulation layer controller to indicate the mode switch, desired 
tracking profile parameters, etc.  The human mode indicates 
that the operator is driving the vehicle under manual control, 
and is always the initial state of the Coordinator.  The 
transition from human to speed tracking mode can be 
completed once a set speed has been reached or the operator 
initiates the mode switch via the DVI.  Within the speed 
tracking mode, the current set speed can be changed or control 
can be returned to the operator at any time.  Distance tracking 
can be engaged only when the sensor processing algorithm 
and communications systems verify that an automated bus is 
preceding the vehicle.  Within the distance tracking mode, 
transitions to either human or speed tracking can be taken at 
any time.  
 

speed distance

human

spd2hum

hum2spd

chgspd

spd2dis

chgdis

dis2hum

 
Figure 7. Coordinator Hybrid Automaton 
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B. Trajectory Planner 
The purpose of the Trajectory Planner component is to 
generate a smooth speed or distance profile for the regulation 
layer to track when notified of a change in maneuver.  The 
profile is calculated on-demand using the current and final 
desired conditions as well as a maximum acceleration 
capability.   Currently, several different curve fit routines are 
available to provide flexibility in implementation and 
performance.  This formulation allows for smooth transient 
behavior when the desired speed or distance changes 
regardless of the current operating condition. 
 
The hybrid automaton for the Trajectory Planner has two 
states representing the possible operating modes of the 
regulation layer, corresponding to speed tracking and distance 
tracking.  Within each state, two fundamental operations can 
occur; generation of the overall profile and computation of the 
current desired variable.   Generation of the trajectory occurs 
either at initialization or upon receipt of certain events from a 
Coordinator component.  The Coordinator can force the 
trajectory to be recomputed because of a change in the final 
desired condition (the chng_* transitions) or when the 
tracking mode changes (the to_*_tracking transitions).  The 
trajectory is then stored as a set of coefficients and an estimate 
of the overall time, tfinal, required achieve the final set point.  
In either state, the default flow is to compute the desired 
distance, speed, and acceleration at the current time step, 
which is subsequently passed it to the regulation layer via the 
PATH database. 
 

speed distance

chng_spd

to_distance_tracking

chng_dis

vel_cycle dist_cycle

to_velocity_tracking  
Figure 8. Trajectory Planner Hybrid Automaton 

 
For the speed tracking state, the trajectory is computed using a 
different method depending on the relative difference between 
the current and final speeds.  This is due to the significant 
difference in vehicle performance under acceleration 
compared to deceleration (essentially fuel and brake control, 
respectively).  If the final speed is greater than the current 
speed, a first order system is used to compute the desired 
speed.  The governing equations are: 
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where vf, vi, and amax are the final velocity, initial velocity, and 
maximum absolute acceleration, respectively. 
 

If the final speed is less that the current speed, a second order 
polynomial fit is used to compute the desired speed.  The 
governing equations are: 
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For distance tracking, a quintic polynomial distance profile is 
used in order to guarantee smoother transient behavior at the 
endpoints of the maneuver while limiting the maximum 
absolute relative acceleration required for the trajectory.  This 
characteristic of the implemented method was attractive 
because of the strict limitations on the acceleration capabilities 
of the buses due to grade, variable mass, and the engine 
performance.  Based on the algebraic method described in 
Nickalls [42], a cubic polynomial for the relative acceleration 
between the current vehicle (denoted with subscript i) and it’s 
predecessor in the platoon (denoted with subscript i-1) can be 
determined such that  

• The relative acceleration da=ai-1-ai is bounded by 
amax.  

• The relative velocity at the beginning and end of the 
trajectory is zero. 

• The initial and final distances are specified a priori as 
di and df, respectively. 

 
The mathematical equations describing the time of maneuver,  
relative acceleration δa, the relative velocity δv, and relative 
distance δ are as follows: 
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where td = t – tfinal/2.  The coefficients for the polynomial are 
computed according to: 
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VII. SUPERVISORY LAYER 
As described in the previous section, the supervisory layer 
contains a higher level interface to the operator through the 
DVI and a scripting mechanism called the “FakeDVI”.  Each 
of these will be described in more detail. 

A. Driver Vehicle Interface (DVI) 
The graphical information display was composed of 5 
different areas as shown in 9.  The top of the screen was 
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dedicated to providing the best description of the current 
driving scenario or mode.  The right side of the screen was 
dedicated to providing menus of functions accessible by 
pressing the corresponding physical button on next to the 
menu item.  The bottom of the screen provided three different 
status displays: one for the radar and lidar, one for the wireless 
communications, and one for the lateral control system.  The 
left side of the screen was dedicated to either a forward 
collision warning display or gap information if the vehicle 
was in an active following mode.  The center panel of the 
display was used to provide detailed scenario specific 
information, and thus changed depending on the scenario, 
driving mode, and maneuver. 
 

 
Figure 9. Graphical Information Display Overview. 

B. Scripting Mechanism (Fake DVI) 
In case the driver or transit operator chooses for the vehicle to 
operate autonomously, a scripting mechanism is provided to 
allow easy programming of scenarios. Emphasis was placed 
on easy programming and plug-and-play scenarios as the 
buses are sometimes used by non-expert operators. The 
programming of scripts is meant to resemble utilization of the 
DVI as much as possible. Transitions in the script language 
correspond to the pressing of buttons on the DVI, except that 
when running scripts they are triggered based on time or 
vehicle speed rather than on driver input. States in the script 
correspond to modes of operation of the buses (manually 
driven, speed tracking, and vehicle following, that is, distance 
tracking, adaptive cruise control and/or platooning).  The 
basic operation of the Fake DVI for both the lead and follower 
vehicle cases will now be described in more detail. 
 
The Fake DVI state machine begins in the idle state to allow 
the operator to select several configuration options through 
the DVI.  The configuration options include the vehicles role 
in the platoon (leader or follower), the direction of travel 
along I-15 (northbound or southbound), and the number of 
passengers (for feed-forward grade compensation).  Once the 
operator finishes selecting the desired configuration, the 
operator can select the initiation of automatic control from a 
button press on the DVI. 
 

The initiation of automatic control forces the Fake DVI to 
transition into one of four scripts based on the vehicle role and 
direction of travel configuration options.  For southbound 
direction, the lead vehicle progresses through six consecutive 
states: leader, wait_for_join, on_hill, cruise, brake, and end.  
Each of the transitions occurs based on a priori specified time 
intervals unless otherwise noted.  It should also be noted that 
this method of enabling transitions could easily be modified to 
support either handshake protocols and sensor information or 
commands by the operator via the DVI.  Furthermore, each 
transition between these Fake DVI states is synchronized with 
the hum2spd, chng_spd, or spd2hum transition of the 
Coordinator to enforce the correct desired trajectory and 
regulation layer operating mode.      
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Figure 10.  FakeDVI Hybrid Automaton Specifying 

Demonstration Scenarios for BRT. 
   

The Fake DVI of the lead vehicle remains in the leader state 
until one of two events occur; either the vehicle speed 
increases above an a priori transition speed threshold or the 
operator flips off the manual override switch.  These events 
transition the Fake DVI into the wait_for_join state, where the 
lead vehicle tracks a constant low speed to allow the following 
vehicle to reach the desired spacing.  The implemented scripts 
then wait for a specified period of time before transitioning to 
the on_hill state, where the lead vehicle tracks a cruise speed 
of 18 m/s until the top of the hill is reached.  For the 
southbound run, this is the maximum sustainable cruise speed 
of due to the steep incline on the I-15 track.  For the 
northbound run, this additional on_hill state is not required to 
maintain stability of the platoon.  After the top of the hill is 
reached, the Fake DVI transitions to the cruise state and tracks 
a constant speed of 21 m/s until the end of the track is 
reached.  At this point the Fake DVI transitions to the brake 
state, thus forcing the generation of a deceleration trajectory.  
Once the automatic transition speed is reached, or the manual 
override switch is turned on, the Fake DVI transitions to the 
end state where automatic controller is disabled and the 
operator must resume control of the vehicle.  Finally, the Fake 
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DVI automatically transitions back to the idle state to prepare 
for the operator to initiate another run. 
 
The follower vehicle progresses through six states as well, 
regardless of travel direction.  These six states are follower, 
looking, follow, close, open, and end.  Similar to the lead 
vehicle each of the transitions occurs based on a priori 
specified time intervals unless otherwise noted.  Also, each 
transition between these Fake DVI states is synchronized with 
one of the Coordinator transitions to enforce the correct 
desired trajectory and the regulation layer operating mode. 
 
The Fake DVI of the follower vehicle remains in the follower 
state until one of two events occur; either the vehicle speed 
increases above an a priori transition speed threshold or the 
operator flips off the manual override switch.  These events 
transition the Fake DVI into the looking state, and the 
Coordinator into the speed state, where the follower vehicle 
determines if a preceding vehicle is present.  A preceding 
vehicle is determined to be present if the FLS sensor 
processing process has acquired a target and the wireless 
communication system hears packets from a master node.  If a 
vehicle is present, the implemented scripts transition into the 
follow state, the Coordinator transitions to distance control, 
and a trajectory is generated to reach to the desired spacing 
using the current range estimate as the initial condition.  To 
demonstrate the performance of the regulation layer at 
tracking a desired range, the desired distance is decreased and 
subsequently increased by the transitions to the close and open 
states.  The specific timing of these maneuvers is dependent 
on the travel direction to ensure that the desired distance is not 
significantly changed while on the steep incline.  Once the 
automatic transition speed is reached, or the manual override 
switch is turned on, the Fake DVI transitions to the end state 
where automatic controller is disabled and the operator must 
resume control of the vehicle.  Finally, the Fake DVI 
automatically transitions back to the idle state to prepare for 
the operator to initiate another run. 

VIII. EXPERIMENTAL RESULTS 
The demonstration occurred on August 23 and 24, on a 
portion of I-15 in San Diego running roughly between the 
Miramar Naval-Air Station and the road to Poway. The test 
track is a reversible commuter lane made available to 
Berkeley for testing in the evenings of weekdays and on the 
weekends. The lanes are made available by CalTrans, who 
also provides assistance with the operation of the lanes. Also, 
controllers not developed by the authors were displayed to 
perform bus precision docking and lane tracking.    

A. Experimental Platform 
Three modified transit buses were at our disposal for 
experimental testing. Two of the buses were 40 foot long New 
Flyer buses, powered by CNG engines. The third bus was a 60 
foot long articulated bus powered by a Detroit Diesel engine.  
For a complete description of the individual components 
installed, refer to [41].   A brief summary of the additional 
hardware include: 

- PC/104 computer, 500MHz PIII processor, with 
numerous I/O boards, running the QNX4.25 real-
time operating system 

- Wireless communications system (Orinoco 802.11b 
PCMCIA card), and antennas 

- Forward looking sensors, including an Eaton-Vorad 
EVT-300 Doppler radar and a Denso lidar 

- Accelerometers 
- Yaw-rate gyroscope 
- Stock engine control module 
- WABCO braking system 
- Magnetometers 
- Steering actuator 
- Power electronics. 

 
The real-time software for the buses was written using the 
TejaNP software platform [29]. TejaNP is a development 
environment for system design and validation, optimized code 
generation, testing and debugging. TejaNP provides both a 
graphical application development environment, and a runtime 
system. The development process is as follows: specification 
of modular application data structures and program logic, 
placement of these application components in software 
architectures, mapping of the software architectures onto user-
specified hardware architectures (there may be several 
processors), and finally automated code generation and 
debugging.  
 

 
 

Figure 11.  Hardware Setup on 40ft New Flyer Bus. 
 

B. Experimental Results 
The experimental results presented in this section involve a 
two-vehicle following scenario on I-15. A 40-foot CNG bus 
was driven automatically as a leading vehicle, and the 
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automated 60-foot articulated bus followed with a given 
desired spacing.  Plot (a) of Figure 12 below shows time 
responses of the two transit buses as well as a given desired 
speed profile with respect to time.  For the given scenario, 
plots (b) and (c) show range and distance tracking error 
between two automated transit buses.  Furthermore, the 
operating mode of both vehicles was switched from manual to 
automatic control at the approximate speed of 13 m/s via the 
DVI (after about 40 second in the figure).  The following 
vehicle closed the distance from the initial separation to the 
desired distance of 15 m.  It should be noted that there is a 
fairly steep hill during the period from 90 to 220 seconds, 
which results in larger distance tracking error (up to 2 m).  
Except for this period, the distance tracking error remains 
under 0.5 m during the constant distance following maneuver. 
It is suggested that some form of road grade estimation could 
improve the distance following performance in the presence of 
a steep grades. 
 
Next, Figure 13 shows an example of the closing and opening 
gap maneuvers.  The relative inter-vehicle distance was 
decreased from 40 m to 20 m after about 210 seconds and 
increased back to 40 m after about 360 seconds.  Plots (a) and 
(b) show the vehicle velocities and the velocity tracking error 
of the lead vehicle.  The velocity tracking error of the lead 
vehicle stays less than 0.5 m/s, while the distance tracking 
error of the following vehicle is within 2 m as shown in plot 
(c). 
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Figure 12.  Switching Manual to Automatic Driving and 

Distance Tracking: Driving Southbound on I-15. 
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Figure 13.  Closing and Opening Gap Maneuver: Driving 

Southbound on I-15. 
 

IX. CONCLUSIONS 
This paper presents a review of modeling, analysis and 
verification of complex systems and describes the use of a 
model-based approach to the development of real-time, 
embedded, hybrid control software for vehicle following and 
Bus Rapid Transit applications. The models and controllers 
that have been developed are public-domain and have been 
used by several leading universities and research groups; 
hopefully, those models or their future generations will 
continue to help bridge the chasm between model-based 
embedded systems theory and practice. The V2V libraries are 
available from: 
http://robotics.eecs.berkeley.edu/~anouck/mobies.html 
The Rapid Transit Bus platform was designed to provide 
realistically scaled embedded-system targets to test the 
application of MoBIES technologies to automotive control 
system development, in particular vehicle level coordination 
and control.  We set up a vehicle platform, suited for robust, 
rapid prototyping approaches in design, testing, and 
implementation of embedded systems for transit buses under a 
varied set of conditions.  The model-based process places 
strong emphasis on performing as much testing and 
verification in “tight-loops” as possible. Thus we hope to 
catch bugs early on in the development process and minimize 
cost associated with fixing the problems. Our models and 
controllers are framed in the context of hybrid automata. The 
use of a model with well-understood mathematical properties 
allows formal verification of the controller, and additional 
information about the experimental platform allows us to 
verify timing properties of the software. This gives us a high 
degree of confidence in the performance of the generated 
code. Experimental results involving two transit buses driving 
on a HOV lane of I-15 are presented. 
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