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Abstract: Nowadays, with highly developed instrumentation, sensing and actuation technologies,
it is possible to foresee an important advance in the field of autonomous and/or semi-autonomous
transportation systems. Intelligent Transport Systems (ITS) have been subjected to very active research
for many years, and Bus Rapid Transit (BRT) is one area of major interest. Among the most promising
transport infrastructures, the articulated bus is an interesting, low cost, high occupancy capacity
and friendly option. In this paper, an experimental platform for research on the automatic control
of an articulated bus is presented. The aim of the platform is to allow full experimentation in real
conditions for testing technological developments and control algorithms. The experimental platform
consists of a mobile component (a commercial articulated bus) fully instrumented and a ground test
area composed of asphalt roads inside the Consejo Superior de Investigaciones Cientificas (CSIC)
premises. This paper focuses also on the development of a human machine interface to ease progress
in control system evaluation. Some experimental results are presented in order to show the potential
of the proposed platform.

Keywords: Intelligent Transportation Systems (ITS); Bus Rapid Transit (BRT); autonomous driving;
autonomous bus; automatic vehicle control; lateral control; longitudinal control; obstacle detection;
human machine interface

1. Introduction

As it is well known, the California Program on Advanced Technology for the Highway (PATH),
a collaboration between the Institute of Transportation Studies at the University of California at
Berkeley and the California Department of Transportation (Caltrans), with funding provided by
Caltrans and the U.S. Department of Transportation, has done pioneering work on Automatic
Vehicle Control (AVC) since 1986 and provided an outstanding stream of new ideas, methods and
developments [1]. It is worth mentioning also that at Ohio State University (OSU), a program running
from 1964-1980 included studies on headway safety policy, longitudinal control, lateral control and
highway system operations [2]. Moreover, the interest in the Intelligent Vehicle Highway System
(IVHS) was emphasized by the 1973-1979 projects funded by the Ministry of International Trade
and Industry (MITI) of Japan [3]. Early considerations concerning safety implications of vehicle
automation using the drive-by-wire concept and the driver workload with respect to the transformation
from Cruise Control (CC) to Adaptive Cruise Control (ACC) were presented in [4]. More recently,
the problems of adaptive cruise control, stop and go [5], as well as the overtaking maneuvers [6] have
been investigated, and solutions based on artificial intelligence have been proposed and experimentally
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tested by researchers of the AUTOPIA Group at the Centre for Automation and Robotics (CAR) of the
Consejo Superior de Investigaciones Cientificas (CSIC), Spain. In addition to these works, a vehicle
of AUTOPIA (Spanish research project) ran driverless 100 km, in 2012, from El Escorial to Arganda
del Rey (Madrid). A leading vehicle, which was driven manually, dynamically generated a high
accuracy map to be tracked by the fully-autonomous following car. The journey covered a wide
range of driving scenarios, including urban zones, secondary roads and highways, in standard traffic
conditions (https://www.car.upm-csic.es/autopia/).

In a motivating survey paper [7] published in 2000, a substantial increment of research in
intelligent vehicles and their application areas was acknowledged, where sectors of interest and key
supporting technologies were considered. Applications related to passenger cars, heavy trucks, bus
and public transport applications, as well as special vehicle applications were analyzed, and relevant
functionalities /requirements were identified (collision warning, collision avoidance and driver
assistance, driver impairment monitoring intelligent speed adaptation, automated operation, industrial
automation, military operations).

Nowadays, especially in urban/suburban areas, there is a clear conflict among collective
transportation (high occupancy vehicle) and individual transportation, which results in overcrowding
that makes transportation uncomfortable, lengthy, polluting and more expensive than needed.
This situation decreases substantially the quality of collective transportation services. Because of this
general concern, the development of new concepts and technology for urban/suburban transportation
is of major importance. In these circumstances, the interest in Intelligent Transportation Systems (ITS)
and Intelligent Vehicles (IV) is increasing because the wide range of possible applications [8].

Among several current developments for urban/suburban transportation, the concepts of Light
Rail or Light Rail Transit (LRT) and Bus Rapid Transit (BRT) are some of the most attractive. LRT is
a kind of urban public transport using rolling stock quite similar to a tramway, but operating at a higher
capacity, while BRT aims to provide a high-quality bus-based transit system with the main advantages
of being a flexible and cost-effective urban mobility transit system [9,10]. Both systems operate in
segregated paths, and while LRT bear a resemblance to trams, the BRT is essentially characterized
by using public transportation vehicles on tires (buses). Furthermore, both systems require a strong
support from Intelligent Transportation System (ITS) elements, this aspect being more critical to BRT,
which, in the end, has the intrinsic possibility of reaching the state of a truly autonomous system.
The Institute of Transportation & Development Policy (ITDP) [11] defines BRT as “a high-quality
bus-based transit system that delivers fast, comfortable and cost-effective urban mobility through the
provision of segregated right-of-way infrastructure, rapid and frequent operations, and excellence
in marketing and customer service”. The BRT goal is to combine the capacity and speed of a metro
with the flexibility, lower cost and simplicity of a bus system. BRT systems come in many shapes
and forms. However, they all aim, to varying degrees, to mimic the high-capacity, high-performance
characteristics of urban rail at a much lower price [12]. According to one study, this reduction can
be as much as 4-20-times less than Light Rail Transit (LRT) and 10-100-times less than metro rail
systems [13]. BRT uses buses on a wide variety of right-of-ways, including mixed traffic, dedicated
lanes on surface streets and busways separated from traffic. In fact, BRT has a greater potential for
innovation, and it could be considered as the evolution of present collective transportation systems.

Moreover, the added value provided by the latest advances in control, artificial perception and
Information and Communication Technologies (ICT) might facilitate the development of new concepts
enabling the creation in the near future of more flexible, fast, reliable, economic and efficient BRT
systems of wider and safer use in populated areas [14]. In this regard, an interesting analysis has
been released [10] reporting the full picture of the successful dissemination of BRT systems in several
Latin America cities, providing the additional encouraging side-effect of environmental conditions’
enhancement. Some BRT systems incorporated guidance (mechanical, optical and magnetic) to increase
speed in narrow corridors, which also implies better safety and the possibility of precision docking [9],
and this is why BRT could be considered as an intermediate step from classical urban transport
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(conventional bus services) to fully-autonomous systems [8]. Within this context, the relevance of
autonomous guidance in urban transportation targeting improvement of ITS efficiency has been
recognized by several authors [8,15].

The advancement of ITS technology takes advantage of previous and parallel research on
Autonomous Guided Vehicles (AGVs) and mobile robots [16]. A theoretical contribution to the
automatic steering of a city bus was presented in [17], where two different approaches, linear and
nonlinear controllers, were compared. The works related to the kinematic and dynamic models of
wheeled mobile robots [18] have been important to understand modelling and therefore to set up the
grounds for motion planning and control. For example, in [19], the implementation of intelligent and
stable fuzzy Proportional Derivative-Proportional Integral (PD-PI) controllers for steering and speed
control of an AGV consisting of an electrically-powered golf car suitably modified for autonomous
navigation and control was reported. In [20] active steering under model predictive control was
researched. In [21], a small electric mini-bus was used to demonstrate the autonomous driving
capability and obstacle avoidance using GPS for localization and LIDAR for environment recognition.

Lateral vehicle control [22] is one major issue that has been studied because of its relevance [23],
both for warning about lateral vehicle displacement and possible automated intervening in manual
driving [24], as well as for full automation, as was shown in the California PATH program [25] and
more recently in the DARPA Urban Challenge 2007. In this competition, Caltech contributed with
a highly modified Ford E-350 van, nicknamed Alice [26,27], and the Team AnnieWAY demonstrated
the results of the Cognitive Automobiles Project [28], an autonomous vehicle that is capable of
driving through urban scenarios. Another very relevant and cited contribution in the field was
offered by [29], where a prototype nicknamed Babieca (a modified Citroen Berlingo), equipped with
a color camera combined with DGPS and on-board controls, allowed lateral and orientation position
of the ego-vehicle with regard to the center of the lane, so steering an autonomous vehicle using
vision. For lateral control and guidance, the use of magnetic markers on the floor was thoroughly
investigated [30,31], and also, the fusion of magnetic markers with encoders has been considered [32].
Significant works on lateral control of heavy-duty vehicles like tractor semitrailers have been produced
by the PATH program, implementing nonlinear and adaptive controllers for lateral control of heavy
vehicles and presenting an experimental comparative study [33-35]. Other relevant problems for
vehicle automation have been investigated, and, in particular, those related to control systems have
received ample consideration: nonlinear control [36,37], observation of lateral vehicle dynamics [38],
external disturbance estimation [39], driver assistance systems based on artificial potential fields [40]
and fault-tolerant lateral control for heavy vehicles [41].

While lateral control aims to keep the vehicle at the minimum departure distance from the
required path, the longitudinal control [42,43] mission is to properly control the vehicle advance
along the desired trajectory, and, to achieve this, a number of critical adaptations need to be
implemented. The main issues are start/stop, acceleration and deceleration, velocity control, obstacle
detection/avoidance [43] and several others related to the safety of the overall operation [44].
From another side, it is important also to consider that for improved accuracy and reliability of
autonomous vehicles’” lateral and longitudinal controllers should be integrated because there is
a coupling between steering and velocity actions, and the cross-effects of each one on the other
need to be taken into account [45]. This is especially relevant when increasing the speed of operation,
in platoon formation, and in variable road and vehicle conditions (slippage, cornering, tire traction
forces, etc.).

An interesting work regarding automatic steering control based on how drivers steer has been
performed by using the data of drivers’ steering obtained through a number of experiments, showing
that drivers in effect execute a naturally robust controller that allows high-gain corrections and is
insensitive to variations in vehicle dynamics and speeds [46]. This controller has been implemented
and validated on an 18.3 m articulated bus for revenue service [47].
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Having examined briefly the major components that could be needed to achieve autonomous
vehicle driving, it is worth mentioning that there is a great interest in the development of more complex
strategies like those regarding cooperative autonomous driving [48] aiming to obtain intelligent
vehicles that could share roads and streets [49-51]. More recently and regarding bus automation,
a small electric Cyberbus was used to demonstrate a parametric-based path generation algorithm
for roundabouts [52]. Other related works have been concentrated on automated parking [53]. It is
also worth mentioning the works using artificial intelligence methods based on fuzzy logic to control
autonomous vehicles [54-56] and the latest developments regarding traffic sign detection [57] and
an automatic system to detect distraction and drowsiness in drivers [58].

In this paper, an experimental platform for research on the automatic control of an articulated
bus is presented [14,15]. The aim of the platform is to allow full experimentation in real conditions
for testing technological developments and control algorithms. The experimental platform consists
of a mobile unit (a commercial articulated bus, Volvo B10OM-ART-RA-IN) fully instrumented and
a ground test area composed of asphalt roads inside CSIC’s premises. This paper focuses also on the
development of an HMI to ease progress in the control system evaluation. Some experimental results
are also presented in order to show the potential of the proposed experimental platform.

The paper is structured as follows: Section 2 presents an overview of the experimental platform for
the autonomous bus development with details about its instrumentation and the control architecture;
Section 3 is devoted to the discussion of the longitudinal and lateral control approaches, as well as
showing some experimental results. The paper is completed with the main conclusions, in Section 4.

2. Materials and Methods

2.1. Experimental Platform Overview

The purpose of the experimental platform is to provide a reliable base to carry out research
and feasibility studies on automatic control of vehicles of large dimensions. Figure 1 shows the
main elements of the experimental platform setup: (a) Volvo B1OM-ART-RA-IN articulated bus
(18 m in length); (b) private inner road facility located at CSIC’s premises in Arganda del Rey (Madrid),
with a total length of 385 m. This experimental road has been designed to contain “enough difficult”
curvature sections to permit experimentation in demanding situations. Figure 1c shows an analysis of
a possible bus trajectory in one section of the path.

Research on autonomous bus control requires deploying multiple sensors and actuators so that
they can be used for both monitoring and control. Furthermore, a control system of this kind involves
many variables to analyze and monitor during the testing period of the system and also during the
various stages of implementation and demonstration. Therefore, it is of considerable importance to
organize a robust observation and acquisition information architecture to gather the sensor signals
that are set up in the system. The analysis and interpretation of those variables will benefit the design
and the comparison of the different control strategies to be implemented for the automation of the
articulated bus. Additionally, experimentation with transport systems of large dimensions requires
special care for safety, and this requires knowing the state of the vehicle at all times. This information
must be known to both the people who go on board the vehicle and to those working at different
points of the test facilities. The electronic instrumentation system includes the elements shown in
Table 1. In Figure 2, some sensors are shown during the operating tests carried out in the laboratory.

Table 1. Sensors, actuators and computing and control equipment. CSIC, Consejo Superior de
Investigaciones Cientificas.

Instrument Function Model
Incremental and absolute optical encoders HEDS 550X; Industrial encoder DH05
Sensors Proximity sensors NBB2-12GM50-E0-V1, E2EL cylindrical proximity sensor

Velocity measurement system (magnetic pick-up) KATLAX M18 Digital magnetic pick-up sensor
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Table 1. Cont.

Instrument Function Model
Inertial Measurement Units (IMUs) (MEMS inertial
sensor with three accelerometers) and high precision MEMS inertial sensor LIS3SLO2AL IMU440CA
MU
Catadioptric omnidirectional stereovision system (with Ueye UL-1485LE-C/M, resolution 2560 x 1920 pixel
CCD RGB cameras) eye s Fesotutio pixels
LIDAR systems (IP67, statistical error 5 mm, angular
resolution 0.25°, range 80 m, view angle 180°) SICK LMS221, LMS291
GPS for localization and tracking TRIMBLE 5700
Magnetometer systems for magnetic markers detection =~ Honeywell HMC1501
DC motor for steering wheel control MAXON 24-volt DC motor (150 watts) with a gearbox
(74:1) and encoder
Actuators -
DC motor for brake control MAXON 24-volt DC motor (70 watts) with gearbox (74:1)
and encoder
PCL-818, 16 1/0 channels multifunction board
Telemetry System Wireless-G Ethernet Bridge
Computing Wireless access point (WAP54G)

and control On-board computers

Industrial PCs running QNX RTOS

DC motors microcontroller-based control boards

CM3 and CM4, proprietary CSIC control boards

(0

R out = 10000
R min =3772

Street width = 6228
Rear outswing = 617

Trajectory of the front axle center

Figure 1. Experimental platform main elements. (a) Articulated bus Volvo BIOM-ART-RA-IN; (b) inner
road facility dimensions; (c) Bus trajectory analysis in one section of the path.
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Figure 2. Some sensors used in the proposed experimental platform. (a) Industrial-grade absolute
optical encoders; (b) LIDAR sensors being tested in the lab; (c) MEMS inertial sensor testing.

2.2. Velocity Control

The bus velocity control aiming for longitudinal control is performed in the on-board computer
by means of two main actions: (1) using an I/O board electronically connected with the bus
electronics, where the desired reference advance velocity (throttle) is sent to the bus engine; (2) using
the aforementioned 1/O board for sending a brake reference signal to the DC motor driver that
mechanically controls the brake (pedal) position.

In more detail, and for greater flexibility in the experimental development, the velocity control
can be achieved in three ways: (1) the control computer sends the throttle commands to the bus
potentiometer that regulates the bus’s own throttle control system; (2) one additional potentiometer
is installed near the driver’s seat and can be used manually to alter the computer command; (3) the
driver, if seated, can use the throttle pedal to change the commanded velocity directly.

The implemented brake control system consists of a 24-volt DC motor (70 watts) with a gearbox
(74:1) and encoder and a pulley with a steel cable whose free end is connected mechanically to
the brake pedal (Figure 3). This system works under digital PID closed-loop control receiving the
desired reference velocity from the high level control system and comparing it with the actual velocity
(provided by different sensors like encoders installed in the bus wheels or others). This system is very
useful in practice, not only to stop the vehicle, but especially to regulate, working in combination
with the throttle control, the bus velocity according to the desired values. There is an additional
advantage consisting of the automatic regulation of the velocity independently of the road slope
(positive or negative). Figure 4 shows the flowchart for the velocity control.

Brake-pedal DC Servo-motor

Steel rope L Pulley + spring

Figure 3. Actuator implementation for the brakes.
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Step 1 Ty L e
PR *Stop position
Initialization 2
*Zero acceleration
¢ F

Step2
* Brake deactivation

*Set desired velocity ( start )

¥

Step3
Velocity reading

v

Step4
Throttle to reach
desired velocity

Sle
>1€

Velocity < Desired velocity Velocity > Desired velocity

Step 5
Velocity
control

*Decrease throttle
« Activate brake function

*Increase throttle
« Deactivate brake function

I

Step 6
Stop bus ?

Step 7

*Decrease throttle Stop bus

* Activate brake protocol

Figure 4. Implemented flowchart for velocity control.

2.3. Steering Control

The steering of the articulated bus aiming for lateral control has been achieved by incorporating
a 24-volt DC motor (150 watts) with a gear reduction box (74:1) and an incremental optical encoder
(2000 ppr) coupled to the steering wheel axis through a 1:1 toothed gear (Figure 5). Both the DC
motor and gearbox were calculated to deliver the required torque to the axis of the bus steering wheel.
The optical encoder provides the angular steering wheel value to the PID digital controller in charge of
the lateral control. Figure 5 serves to illustrate this assembly.

Toothed gears

......... e Steering
column

DC Motor + gear
box + encoder

Figure 5. Actuator assembly for driving the steering wheel.
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The steering control system has been designed to allow input from different location information
sources, the idea being to permit the exploration of using different sensors to assess the accomplishment
of the desired trajectory for the bus. Moreover, as will be explained in more detail in Section 2.6,
when dealing with the control architecture, it will be possible to employ several location sensors: GPS,
magnetometer systems for magnetic markers’ detection (hidden magnets buried along the desired bus
path), odometer, computer vision and LIDAR. Depending on the chosen sensor, a processing algorithm
is needed to transform the supplied data into a reference command signal to the steering control
system so that the bus will be able to track the desired trajectory. The experimental setup prepared
for this research has been configured to permit the simultaneous use of different, heterogeneous,
location sensors, and so, an intelligent combination of sensors (i.e., GPS and computer vision) could
be chosen to investigate their complementarity and advantages, normally requiring additional data
fusion algorithms.

Regarding the desired trajectory, there are many possible ways to determine it, like manually
driving the bus and recording the GPS coordinates, navigation with computer vision or LIDAR and
logging data with the odometer or GPS, or just in real time with a magnetometers array looking for
(detecting) hidden magnets on the path, among others. In Figure 6, the flowchart for the steering
control implemented in this work is shown.

+Initialization
* Loading desired
reference trajectory
TE

1
;i ; GPS, Magnetometer,
Digital signal Step 2 Odometet.
processing Get actual location Computer vision,
J, LIDAR.
Step 3

Trajectory deviation
error calculation

Step 4
Transform data into
steering wheel
reference signal

Step 8
Stop bus?

Step 5
Steering wheel
closed loop control

Step 6
error<e

Step?7
Trajectory
continuation

| I

Figure 6. Implemented flowchart for steering control.

2.4. Obstacle Detection

The development of a practical obstacle detection and safety system for vehicles often involves
working in complex scenarios. The experimental platform includes two LIDAR systems, the LMS-221
and LMS-291. Both lasers (electronic device based) provide non-contact measurement of the
surrounding environment in the form of a cloud of 2D data points. This experimental platform
is completed by a catadioptric omnidirectional stereovision system [59,60], which together with the
LIDAR make up a reliable obstacle detection system, and it could be useful for other related tasks.
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The chosen system is designed to work in harsh conditions (rain, snow, fog, warm or cold weather),
mainly using the LMS-221. Some of the applications are: objects’ measurement, positioning with
respect to other vehicles and obstacle detection (in particular, pedestrian detection). The LIDAR can
be used also to calculate the slope of the road, which can help the control system with additional
useful information.

Figure 7a shows the LIDAR system installed at the bus front, at a height of 930 mm and 1490 mm
above the soil plane. The supporting structure is mechanically adjustable to permit several angles of
inclination for these sensors. Figure 7b shows the omnidirectional stereo tracking system, which has
been attached to the LIDAR system, with the aim of being used in some experimental trials to evaluate
the efficiency of the obstacle detection process. With a range of angular action of 180 degrees and its
real-time capabilities, the LIDAR can be used to detect animate or inanimate objects. This system can
be used for the bus’s own safety and that of its passengers in the case of finding inanimate obstacles
close to the bus front and/or for the safety of a moving object crossing the bus path.

Omnidirectional
stereo tracking system

I—

LIDAR LMS 291

Adjustable structure for
supporting the sensors

Gatadioptri'_g.miror

Figure 7. (a) LIDAR sensors placed at the bus front; (b) omnidirectional stereo tracking system;
(c) dynamic obstacle detection (more critical close up (Section 1), intermediate (Section 2) and less
critical (Section 3)).
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In order to test the capabilities of the experimental vehicle, a simplified object classification
method is proposed, where the sensory system classifies the sensed scenario into two groups: sections
with obstacles and safe path lane areas. The combination of LIDAR systems and cameras is widely
used because of its complementary capabilities, and several techniques have been proposed for data
fusion [61,62]. In these works, a standard chessboard was utilized to calculate the transformation
matrix between sensors. To compute obstacle detection, the data measurements from lasers are split
into several subsets/segments by using the jump distance condition. Then, the subsets are classified
into one of the two-defined groups by analyzing the geometrical properties of the segments such as the
average deviations from the median and the jump distance to each succeeding segment, as described
in [63]. The laser segments detected as obstacles are considered as inputs for computing disparities of
the regions of interest of the omnidirectional images.

Obstacles detected along the vehicle trajectory are sorted into the three warning sections
(see Figure 7c). This classification relies on the distance and position between obstacles and the
vehicle. When objects are placed in Section 3 or in Section 2, the vehicle decreases its velocity to 40% or
80%, respectively. In that way, a safety distance of 8-12 m could be achieved. However, when an object
is detected within Section 1 (2.5 m), a full stop is carried out. Movement is resumed automatically
when the obstacle disappears. Due to the vehicle characteristics, an avoidance maneuver was not
considered. Many experimental tests were carried out with success.

2.5. Software and HMI

To speed-up the research of the automatic control system for the articulated bus and to monitor its
performance during the experiments, it is convenient to incorporate a Human Machine Interface (HMI).
In this section the main characteristics of this HMI will be described. The environmental constraints are
considered a key point for designing this HMI. First, the mobile system is a long vehicle, with multiple
variables, working in tough conditions under a real-time operation system. Because it must cover large
displacements, the operator’s safety (and comfort whenever possible) is a priority. The HMI must
display comprehensible and significant information, and the real-time requirements must be satisfied.

The main purpose of the HMI is to establish friendly, remote and intuitive communications
between the vehicle and the people who operate it, and it also includes an adaptable and open
configuration. Thus, the HMI contains the following properties:

e  Multiple sensors and variables can be visualized; two and three dimensions are considered for
some sensors.

e Real-time visualization of the information.

e  Multiple and simultaneous clients connection can be accepted.

e Adaptable according to the requirements/configuration of every client.

e Data storage for every testing session.

e The old session can be visualized: offline mode.

e  The TCP/IP communication protocol has been used to communicate between the vehicle and the
users (researchers).

The HMI client-server architecture is based on a server running on-board the vehicle, operated on
the RTOS (real-time operating system) named QNX® [64] and a client that can run on any PC and that
has been developed in MATLAB® [65]. A simultaneous connection of several clients, fromi=1... n,
is possible, where each client is denoted as the i-client. Figure 8 shows the general diagram of the
remote system communication between the server and the n-clients.
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Figure 8. General diagram of the remote system communication.

The server consists of a “Clients Manager”, whose purpose is to create and control the
communication channels with every connected i-client. It also has to handle the clients’ requests
considering the clients’ initial configuration. In order to communicate between the server and the
main controller, an interface has been created called “data_devices Manager”, which is in charge of
acquiring the information of the active devices and variables of the system.

The i-client consists of a graphical interface and a “Configuration_Profile Manager”. The graphical
environment is intended to display the multiple variables of the vehicle; the variables are classified
and positioned in four groups or modules (see Figure 9). Module #1 displays the variables strongly
associated with the steering control: the steering wheel position (angle) and the trajectory deviation
angle. Module #2 shows the variables related to vehicle movement, i.e., the velocity and the
interpretation of the brake and accelerator pedals. Module #3 is used for the depiction of the
information acquired by the range sensor (LIDAR), whether it is displaying the data in 2D or 3D.
Module #4 shows the bus trajectory. The Configuration_Profile Manager is in charge of supervising
the execution of the i-client, according to the user’s requirements.

B -J &
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Figure 9. HMI graphical environment.

The remote communication begins by means of any i-client. The first action is the i-client
identification; then, it sends its initial configuration profile, previously established, where the user
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chooses the variables of the system to be monitored. Once the configuration has been confirmed,
the server starts the data sending procedure. This process will be performed until one of the linked
parts breaks the connection. Due to the communication system being designed to operate with
multiple and simultaneous clients/users, the server performance is not affected when an i-client is
disconnected or a new i-client is connected. The Clients Manager creates an independent channel for
every i-client, and when the server is disconnected, it sends a shutting down signal to all connected
clients. The communication experiments were carried out at the CSIC premises where the network and
the data traffic were monitored by the IT services. An optimal wireless connection for the on-board
and the client PCs was created with the combination of an access point and range extender devices.
In that way, the maximum bandwidth of the network was available. Although a detailed scaling
analysis was not performed, because it was not needed for the experiments, there was a testing of the
communication channels and the multiple-thread safety situation, and the maximum number of clients
connected at the same time was ten. With ten connected clients, no significant problem regarding the
server and the channel resources was detected. Figure 10 shows the HMI on board the bus during
a test on the CSIC inner road.

T
HMI graphical environment
D - 2

Figure 10. HMI graphical environment on board the bus during a test on the CSIC inner road.

2.6. System Architecture

In order to achieve great flexibility in the experimental platform, the reference trajectory for the
lateral control might be provided by different systems that could be employed as a single source
of reference points or to investigate a suitable combination of sensors and sensor fusion algorithms:
GPS, computer vision (B&W, RGB, stereo, omnidirectional), LIDAR, TOF, magnetometers detecting
hidden magnets and odometers whose data are provided by encoders. Some of these sensors could
be used also for longitudinal control (i.e., to detect obstacles like pedestrians with computer vision
or LIDAR, to locate and identify traffic signals, to determine distance and velocity approach to other
vehicles, etc.).

The source data for the bus’s desired trajectory are processed by the control system, and specific
filtering is applied depending on the selected source. The overall system architecture is illustrated in
Figure 11, and a general view of the installed instrumentation inside the bus is shown in Figure 12.
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Figure 11. The architecture of the experimental platform.

Figure 12. On-board instrumentation and control system of the experimental platform.

3. Results and Discussion

The automatic control of an articulated bus, presents, at a high level, some features similar to other
automatic vehicles, mainly regarding instrumentation and communications [66-69]. However, from the
point of view of practical implementation and low-level control, there are some challenging differences.
One major difference is inertia, which means greater power is involved and, so, more demanding
control and safety measures must be applied, those being of special relevance when coping with
down slopes. As a consequence, braking strategies and accelerations (longitudinal, lateral) are now
of greater relevance with respect to those of cars or small buses as is the case of the European project
CityMobil2 [70]. A second key difference with automatic cars or small buses [66] is the very long
length of an articulated bus (about 18 m), which, adding the position of the steering wheel ahead
of the front wheels (the bus driver is seated ahead of the front wheels), makes turning maneuvers
very cumbersome (in fact, during our experiments, one of the most “striking” sensations was when
approaching a curve and the steering wheel did not turn for a while, then it started to turn when the
front wheels where required to follow the curve). Furthermore, because of the bus length and the
presence of its central articulation, the trajectories of the front, middle and rear wheels present more
differences than in the case of a shorter vehicle [66], where practically the rear wheels are able to track
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the front wheels’ trajectory [27]. This intrinsic articulated bus characteristic requires special attention
when calculating the required steering angles for the desired bus trajectory.

The longitudinal control of the articulated bus is carried out so that the vehicle will be able to
move ahead of the test lane at a desired speed. The speed used in most experiments was relatively
slow due to safety reasons and to the intricacy of the trajectory (please refer to Figure 1) intended more
for checking control performance than to go very fast. The average speed in the experiments was
ranging from 10 km/h to 25 km/h. However, in the straight section of the path, in some controlled
experiments, the speed went up to 60 km/h.

Figure 13 shows the longitudinal and lateral control scheme implemented in the bus Volvo B10M
ART-RA-IN. Regarding longitudinal control, the system acts on the PotBox of the bus, which has
an action range of 0 to 5 DC volts, rather than acting on the throttle, because the control over
acceleration/speed of the bus is better in this case and more controllable. The acceleration is limited
(saturated) in order to protect the PotBox and not to exceed the desired speed over limits that cannot
be controlled, according to the experimental tests.

Speed Acceleratic;n limiter 3
command+ max us
C Athelli throttle
ontroller P
‘#] device In advance
position
Brake limiter Volvo B10M 5

Brake Bing Brgke% Speed

Controll > Driver+

ONEToTEN b Actuator
Lateral
position

Brake
position
LIDAR system k
Speed sensor
Angular
Steering | - Position Steering limiter
reference comnland Steering Smax Stegring—)
actuator Driver +
Controller Smin Actuator
Angular position Wheel steering
sensor position

Figure 13. Longitudinal and lateral control scheme.

When the bus exceeds the desired speed, then the acceleration controller stops and selects the
brake controller. The brake controller has minimum and maximum limits, which determine the
workspace for this controller. Within these limits, the brake controller generates a saw-tooth signal
to act on the brake actuator, which consists of a DC servomotor (see Figure 3). This makes the
brake subsystem perform stopping of the bus as a gentle deceleration. When the speed decreases to
a pre-set threshold, the brake subsystem stops acting and starts the accelerator subsystem. The bus
speed is measured by a speed sensor whose resolution is greater than that offered by the original
bus tachometer.

Regarding lateral control, an electric actuator composed of a DC motor, gearbox and encoder has
been installed on the steering column (see Figure 5). The actuator receives commands from the lateral
control system, so that the vehicle will track the desired trajectory. It takes into account the steering
limit, which in this case is £900°. At the same time, it makes the axle of the front wheel range between
+45°. The feedback to the lateral control system is obtained by means of actual (lateral) position
information in the form of the angular position (obtained from the different sensing possibilities: GPS,
magnetometers, encoders, etc.), which is compared with the angular position command.
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The results of longitudinal control for one of the experiments can be noticed in Figure 14,
where a comparison among the speed of the vehicle, the position of the brake and the acceleration
along the longitudinal axis (bus forward motion) obtained through an IMU installed on the front
axle is presented. In this experiment and during most of the trajectory, the commanded speed was
about 10 km/h, because the test lane contains small radii of curvature and slopes. In the last trajectory
segment of the test lane (straight line), the speed was increased up to 20 km/h. It can be noticed
in Figure 14 that 25 s after the start, the brake system applies a brake signal to check if the system
is working properly. Then, the main application of the brake controller is to regulate the speed
commanded mainly during the downward slope section. This takes place between the times 125 and
300 s, approximately. It can be noticed in Figure 14, for this period of time, that the brake signal (and
correspondingly, the acceleration signal) shows an oscillation due to the chosen algorithm for the
brake system, where a command signal in the shape of a saw-tooth is entered into the brake controller,
which acts as a Proportional-Integral (PI) action and provides a comfortable sensation of very near
constant speed, as should be expected.

Forward speed of the bus
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Figure 14. Comparison among bus speed, brake position and x-acceleration during the tracking
trajectory. Brake control is applied 25 s after the start and from the times 125 to 300 s to cope with
a downslope in the circuit.

Figure 15 shows the experimental results obtained by applying the lateral control of the bus for
tracking the required trajectory. This figure shows the steering command, the lateral acceleration of
the bus and the angular rate on the z-axis (azimuth). The angular rate sensor follows the curves of the
trajectory commanded by the bus steering. The azimuthal speeds have been measured at two different
points; the first, on the bus front axle, and the second, on the rotatory junction of the bus, in order to
know both characteristics of its behavior. One of them is to know the position of the last section with
respect to the first section of the bus. The lateral acceleration signal can be used in a feedback loop
lateral control to improve the tracking of the trajectory. Using this signal in the control system, small
lateral movements will be diminished.
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during the tracking of the trajectory.

The lateral error during the trajectory tracking was relatively small and within the safety margins
established in the control strategy. Figure 16 shows that the maximum peaks of the lateral error were
approximately 0.35 m, these peaks being located in the smallest curvature radii sections, where the
bus front is more separated from the theoretical trajectory to precisely cope with the curvature.
During most of the trajectory, the lateral error was about or less than 0.10 m, which is acceptable for

a bus of these dimensions.
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Figure 16. Lateral error during the tracking of the test lane.

Many experiments have been performed within the CSIC experimental test area. Figure 17
illustrates the automatic control of the articulated bus following a required trajectory. The steering
wheel angular rotation experimental data are shown as the correlation with the real trajectory. In this
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way, many longitudinal and lateral control algorithms were compared using this experimental platform,
where reliable external references, sensors and electronic instrumentation have been demonstrated
to be very useful. Figure 18 shows the steering wheel in automatic mode in several positions
(video snapshots) when the bus is passing by one curved section of the test lane, during one of
the experimental proofs.

Test lane
e et

Steering Control Signal
400 T

3 Cunlle5
200 Curve4_ 7\ 4A
LU [l
A
2 200 /\
.o . i :
FNTE D .
4 S (ot 5 i
40 @ - E e 'g Curve 6_}\ f
= =1 3
-600 ©) O kY
0 \\:"
800, 50 100 150 200 250 300

(s)

Figure 17. (a) Test lane and trajectory at the CSIC; (b) steering wheel angular value during an experiment
conducted on the test lane.

Figure 18. Details of the steering wheel during one curved section of the experimental tests.
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4. Conclusions

In this paper, an experimental platform for research on the automatic control of an articulated
bus aiming to allow full experimentation in real conditions for testing technological developments
and control algorithms in the field of Intelligent Transportation Systems (ITS) has been introduced.
A short review of the state of the art in ITS served as a motivation for the undertaken work, and it was
followed by the presentation of the experimental platform, which consisted of a mobile component
(a commercial articulated bus fully instrumented) and of a ground test area composed of asphalt
roads inside the CSIC premises in Madrid. A robust information acquisition architecture composed of
a heterogeneous and complementary set of sensors was implemented and integrated on the platform in
order to provide real-time monitoring and control of the multiple variables involved in the autonomous
operation of the articulated bus. Details regarding instrumentation and the implementation of bus
velocity and steering control, as well as obstacle detection and a human machine interface developed
to ease progress in the control system evaluation were provided.

Experimental testing of longitudinal and lateral control approaches were also presented and
illustrated with the results of many tests performed within the experimental area. Experimental results
exhibit that the proposed velocity control, which is based on a PID closed-loop controller, is capable of
providing automatic regulation of the velocity independently of the road slope and the demanding
layout of the bus track. On the other hand, the steering control was shown to keep the lateral error
below 0.10 m during the trajectory tracking experiments, which is quite acceptable for a bus of these
dimensions. The safety system was confirmed to be effective in detecting dynamic obstacles and
sorting them into three predefined warning sections. This strategy allows the articulated bus either to
stop or to reduce its velocity depending on the distance between the obstacle and the vehicle. Finally,
the HMI proved to be a friendly and intuitive means of communication between the human operator
and the controlled articulated bus. The adaptable and open configuration of the HMI enables the
real-time control of the system, as well as the real-time visualization of the multiple variables of interest
acquired by the sensors.

In future works, we will implement and evaluate different controllers for this experimental
platform in order to compare them in order to reach new conclusions.
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