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Abstract
Cooperative automated vehicle software needs to use advanced software engineering design methodologies to manage 
the complexity of distributed software. This article presents a design model of a stereo vision system for cooperative auto-
mated vehicles based on object-oriented analysis and design methodologies and unified modeling language concepts. 
We use a rational unified process and the 4+1 architectural view model to design the stereo vision system. The designed 
model is a part of the perception system of the ego vehicle. The stereo vision system continuously perceives the traffic 
environment using an on-board front-facing stereo camera and sends information to the vehicle control system. The 
stereo vision system is developed on Ubuntu 16.04 LTS platform with the Nvidia DriveWorks framework using the C++ 
programming language, and it is deployed on Nvidia Drive PX2 automotive-grade embedded hardware platform. The 
designed and developed system is evaluated on the Carla simulation environment and the Renault Twizy cooperative 
automated vehicle research platform. The experimental results show that the approach is applicable, and the system is 
capable of running in real-time.

Keywords 4+1 architectural view model · Cooperative automated vehicle · Object-oriented analysis and design · 
Rational unified process · Stereo vision system · Unified modeling language

1 Introduction

Over the past several years, there is a rapid development in 
the field of automated vehicles to minimize traffic conges-
tion, reduce fuel emission, and avoid human error in road 
accidents [1]. One of the potential solutions to these prob-
lems is platoon based cooperative automated vehicles, 
where multiple vehicles drive together in formation [2]. 
Vehicles work together in forming these platoons, coor-
dinating with each other using a Vehicle-to-Vehicle (V2V) 
communication channel [3]. In such platooning of vehicles, 
the front lead vehicle is controlled by the driver, while the 

second or other vehicles behind it autonomously follow 
the vehicle in front of it [4, 5]. For this challenging task, 
the integrated Cooperative Automated Vehicles (i-CAVE) 
research project team has set up a Renault-Twizy platoon 
vehicle pair [6], consisting of one lead vehicle and one ego 
vehicle, is as shown in Fig. 1.

The i-CAVE is a research project that addresses the 
challenges of the design and development of a platoon 
vehicle platform [7]. In this platoon vehicle platform, all 
independent Electronic Control Units (ECUs) are deployed 
on vehicles to enforce digital control of functional aspects 
such as vision, radar, steering, throttle, and brakes [8]. Each 
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ECU requires interactions and communications across sev-
eral ECUs. For example, the vision needs to send the per-
ceived traffic obstacles information to the vehicle control 
system. To increase ECU reuse across systems, we followed 
the standardized interfaces such as a Controller Area Net-
work (CAN) bus that ease communication and deployment 
between distributed ECUs. Since the number of independ-
ent ECUs grows in the platoon vehicle platform, there is a 
need to use advanced software engineering methodolo-
gies and design concepts to manage software complex-
ity [9]. Moreover, many errors come from requirements or 
design flaws [10–12]. To avoid the requirement errors or 
design flaws, we need a good software architecture and 
design model before we can develop a system in real life. 
A good software architecture and design model ensures 
the system functional and non-functional requirements 
before developing software [13–15].

This article describes the architecture of the automated 
vehicle software and explains how the i-CAVE research 
team adopted it into the integrated cooperative auto-
mated vehicle software architecture. The main goal is to 
design a stereo vision system using a combination of the 
rational unified process and the 4+1 architectural view 
model. The stereo vision system is an independent ECU, 
which perceives the traffic environment with as much clar-
ity as possible along with real-time processing capability. 
It is easy to interface with existing ECUs in cooperative 
automated vehicle software architecture.

The main contributions of this article are:

• In this paper we presented a designed model of an 
onboard stereo vision system for cooperative auto-
mated vehicles. We extend our previous work [16, 17] 
with a complete design of an onboard stereo vision sys-
tem, explaining the design methodology and present-
ing all design views with their corresponding imple-
mented modules.

• We evaluated the performance of the proposed 
onboard stereo vision system in a simulation environ-
ment and real-world scenarios.

This article is organized as follows: Section  2 gives an 
overview of the cooperative automated vehicle archi-
tecture. Section 3 explains the proposed onboard stereo 
vision system. Section 4 analyzes the stereo vision system 
requirements. Section 5 elaborates on the stereo vision 
system design model. Section 6 provides the auto code 
generation and development of the stereo vision system. 
Section 7 presents the experimental setup. Section 8 pre-
sents the experimental results. A discussion on the pro-
posed stereo vision system is given in Section 9. Finally, 
Section 10 presents our conclusions.

2  Architecture of cooperative automated 
vehicles

In this section, we provide a brief description of the auto-
mated vehicle functional architecture and integrated 
cooperative automated vehicle functional architecture.

2.1  Automated vehicle functional architecture

The i-CAVE research project uses the multi-layered func-
tional architecture, as proposed in [18, 19]. This architec-
ture has multiple layers through which information flows 
from the left to right, from sensors to actuators, decisions 
at each layer level. The various layers are as follows [20]: 
(i) Interface in layer reads input from sensors (such as Ste-
reo Camera, Radar (RAdio Detection And Ranging), GPS 
(Global Positioning System), IMU (Inertial Measurement 
Unit), V2V in) and converts the sensor input into data that 
can be used in the next layer, (ii) Sensor layer combines 
data from different sources into information about the 
vehicle and its surroundings, (iii) Control layer generates 
the appropriate autonomous signal (autonomous/coop-
erative/service) based on the state of the vehicle and its 
surroundings, (iv) Actuator layer selects the appropriate 
control signal source (such as steering, throttle, brake) for 
the different physical movements of the vehicle and (v) 
Interface out layer takes the input control signal from the 
previous layer and sends the output control signal to phys-
ical components (Vehicle, HMI (Human-Machine Interface), 
V2V out). The proposed stereo vision system is a part of the 
Sensor layer. Fig. 2 shows the layers and components that 
are used in an automated vehicle functional architecture. 
Refer to [18, 19], and [20], for more details.

Fig. 1  i-CAVE platooning with Renault Twizy vehicles
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2.2  Cooperative automated vehicle functional 
architecture

In the vehicle platoon scenario, two or more vehicles form 
a vehicle train or platoon. The front-most vehicle is con-
trolled by the driver, and all following vehicles autono-
mously follow the vehicle in front of them. Vehicles work 
together in forming these platoons, coordinating with 
each other using a V2V communication channel. The V2V 
communication channel is also used by vehicles to com-
municate information used to optimize the safe inter-vehi-
cle distance within a platoon. Fig. 3 shows the functional 
components used when one vehicle wants to cooperate 
with other vehicles in a cooperative automated driving 
scenario. Refer to [20] for more details.

In the platoon based cooperative automated vehicle 
architecture, each vehicle contains the following func-
tional components: (i) Sense component corresponds to 
the interface in layer and sensor layer of the automated 
vehicle functional architecture, (ii) Control component 
corresponds to control layer of the automated vehicle 
functional architecture, (iii) Actuate component corre-
sponds to the actuator layer and the interface out layer of 

the automated vehicle functional architecture, (iv) V2V in 
component processes the incoming wireless messages of 
the vehicle, and (v) V2V out processes the outgoing wire-
less messages of the vehicle.

3  Proposed onboard stereo vision system 
for cooperative automated vehicles

In this section, we describe the proposed stereo vision sys-
tem overview along with the system architecture.

3.1  System overview

The system being proposed is the stereo vision system and 
its system architecture, which is located in an on-board 
computer on the ego vehicle. The benefits of the stereo 
vision system in cooperative automated driving are: (i) 
perceives the traffic environment information in front of 
the vehicle, (ii) computes the obstacle information, and (iii) 
provides the obstacle information in real-time to the ego 
vehicle control system. The automated vehicle control sys-
tem of the ego vehicle enables it to autonomously follow 

Fig. 2  Automated vehicle functional architecture

Fig. 3  Cooperative automated 
vehicle functional architecture
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the lead vehicle based on the perceived information. It 
visualizes the perceived traffic environment information 
in a meaningful way on the human-machine interface. 
This is accomplished through a series of modules that as 
explained as part of system architecture in Section 3.2. 
Fig. 4 shows the system overview of the proposed stereo 
vision system with a front-facing stereo camera and wire-
less communication in the platoon of vehicles.

3.2  System architecture

Raw data from the stereo camera is processed and then 
used to perceive the vehicle’s surroundings. A diagram 
illustrating the system architecture of the proposed stereo 
vision system is shown in Fig. 5.

This process is mainly composed of the following mod-
ules, which allows a modular approach to the develop-
ment of the stereo vision system:

3.2.1  Acquisition

This module acquires the left raw input image frame and 
the right raw input image frame simultaneously from the 
on-board stereo camera, loads the pre-calibrated camera 
rig configuration file, and processes the raw input image 
frame into the compatible image format of stereo vision, 
and obstacle motion estimation.

3.2.2  Stereo vision

This module removes the lens distortion of the input 
image frame and performs stereo rectification. The stereo 
rectification process transforms each image plane such 
that pairs of conjugate epipolar lines become collinear 
and parallel to the camera image plane on given a pair of 
stereo images. A similarity measure correlates matching 
pixels, and the disparity is the similarity distance between 

Fig. 4  System overview of the 
stereo vision system in vehicle 
platooning

Fig. 5  System architecture of the stereo vision system
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both points. The stereoscopic vision system uses a pair of 
cameras pointed at the same scene, and the differences 
between the images are used to extract the disparity map.

3.2.3  Obstacle motion estimation

This module performs object detection, depth estima-
tion, radial distance estimation, relative velocity estima-
tion, azimuth angle estimation, elevation angle estimation, 
lane detection, and free space detection to determine the 
vehicle’s ability to move freely and safely inside the desired 
path:

• Object detection: The object detection algorithm 
detects, classifies, and tracks the different classes of 
objects such as cars, pedestrians, bicycles, traffic signs, 
and traffic lights.

• Depth estimation: The object depth estimation algo-
rithm uses the object detection and depth-map-
calculating algorithm to estimate the depth of each 
detected object.

• Radial distance estimation: The object distance estima-
tion algorithm estimates the radial distance of each 
detected object by utilizing the computed object’s 
depth and the corresponding object point in the left 
stereo camera image plane. Similarly, the radial dis-
tance estimation algorithm estimates a lead vehicle’s 
relative radial distance with respect to the ego vehicle 
in a platooning scenario.

• Relative velocity: The velocity estimation algorithm 
estimates each detected object’s velocity by utilizing 
the object’s displacement from the previous position to 
the current position within the known time. Similarly, 
the velocity estimation algorithm estimates the rela-
tive velocity of a lead vehicle with respect to the ego 
vehicle in a platooning scenario.

• Azimuth and elevation angle estimation: The object 
azimuth and elevation angle estimation algorithm esti-
mates each detected object’s azimuth and elevation 
angle by utilizing the computed object’s depth and 
radial distance. Similarly, the object azimuth and eleva-
tion angle estimation algorithm uses the lead vehicle’s 
depth and horizontal radial distance to estimate the 
azimuth angle of a lead vehicle with respect to the ego 
vehicle in a platooning scenario. Also, it uses the lead 
vehicle’s depth and vertical radial distance to estimate 
the elevation angle of a lead vehicle with respect to the 
ego vehicle in a platooning scenario.

• Lane detection: The lane detection algorithm recog-
nizes the four different lane markings: left adjacent-
lane, left ego-lane, right ego-lane, and right adjacent-
lane when they are present on the road.

• Free space detection: The free space detection algo-
rithm identifies the drivable collision-free space as a 
boundary across the road in front of the vehicle.

3.2.4  Obstacle information

This module sends the perceived obstacle information to 
the ego vehicle control system. The image rendering pro-
cessing renders the output image frames in a meaningful 
way to visualize the user through the in-vehicle human-
machine interface.

4  Requirements analysis

In this section, we provide research goals, system require-
ments, functional and non-functional requirements of the 
proposed stereo vision system. The stereo vision system 
is intended to be used within cooperative automated 
vehicles in a platoon driving environment. After starting 
the ego vehicle, the stereo vision system is activated. Its 
functionality provides consistent assistance to an ego 
vehicle under any ailment and within any road-based 
environment.

4.1  Research goals

The main goal is to design a stereo vision system for coop-
erative automated vehicles. Designing these systems is 
challenging as it requires advanced software engineer-
ing and design concepts to manage their complexity. We 
aim to reduce the gap between software engineering 
and cooperative automotive engineering concepts using 
model-based design methodologies.

4.2  System requirements

The main system requirements of the proposed stereo 
vision system are to perceive the traffic environment infor-
mation in front of the ego vehicle and provide the pro-
cessed traffic environment information to the automated 
vehicle control system of the ego vehicle. The automated 
vehicle control system of the ego vehicle can perform a 
command such that the ego vehicle autonomously follows 
the lead vehicle based on the perceived obstacle informa-
tion. A display installed in the ego vehicle to provide visual 
feedback of the current stereo vision system functionality. 
These research goals and system requirements are accom-
plished by fulfilling various functional and non-functional 
requirements, are as explained below.
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4.3  Functional requirements

The following are the proposed stereo vision system most 
relevant functional requirements: (i) Operational, the ste-
reo vision system has to be functional whenever the driver 
activates the stereo vision system using the user interface, 
(ii) Environmental perception, the stereo vision system has 
to perceive the stationary and movable objects, such as 
the type of objects, the available traffic lanes, the drivable 
collision-free space boundary, including the dynamics 
of objects such as radial distance to objects, the relative 
velocity of objects, azimuth angle, and elevation angle of 
the objects, (iii) Cooperation, the stereo vision system has 
to support platooning by providing the perceived obstacle 
motion information to the ego vehicle control system.

4.4  Non‑functional requirements

The following are the proposed stereo vision system most 
relevant non-functional requirements: (i) Usable, the stereo 
vision system has to be interoperable, reusable, and easy 
to integrate with other subsystems, (ii) Reliable, the stereo 
vision system has to perform in real world scenarios, (iii) 
Performance, the stereo vision system must perform with 
real-time execution speed, (iv) Supportable, the stereo 
vision system has to support with modular design, well-
defined interface, and easy to install in a variety of coop-
erative automated vehicles.

5  Model‑based design of onboard stereo 
vision system

In this section, we describe the system design model of the 
stereo vision system in detail. In the software development 
life cycle process, the design model is an essential step 
before the development of software. The design models 
are good at checking requirements and planning efficient 
use of resources to achieve a successful product. The stereo 
vision system is designed based on the Object-Oriented 
Analysis and Design (OOAD) methodologies with the Uni-
fied Modeling Language (UML) concepts using the Sparx 

Systems Enterprise Architect tool. The UML is a language 
for visualizing, specifying, constructing, and documenting 
the artifacts of the object-oriented software-intensive sys-
tem [21]. The software development life cycle process of 
the stereo vision system is based on a combination of the 
Rational Unified Process (RUP) and the 4+1 architectural 
view model [22], is as shown in Fig. 6. The software devel-
opment life cycle process is carried out using the RUP into 
four phases: the inception phase, the elaboration phase, 
the construction phase, and the transition phase. Fig. 6a 
shows the phases in the RUP. In the inception phase, the 
focus is on requirements capture using the use case view. 
In the elaboration phase, the focus turns toward analy-
sis and design using the logical view. In the construction 
phase, the focus is on implementation using the process 
view and development view. In the transition phase, the 
focus is on deployment using the physical view. The ste-
reo vision system uses the iterative and incremental pro-
cess using RUP throughout the software development life 
cycle. The 4+1 view model architecture designs the system 
from various perspectives, such as the use case view, the 
logical view, the process view, the development view, and 
the physical view. Fig. 6b shows the views in the 4+1 view 
software architecture model.

5.1  Use case view (scenarios)

The use case view includes the use cases that define the 
system’s behavior and provide an outside view of the 
system [21]. With the UML, the static aspects of this use 
case view or scenario view are captured in the use case 
diagram, the dynamic aspects of this scenario view are 
captured in the interaction diagram, the statechart dia-
gram, and the activity diagram. The stereo vision system 
has various research goals (see Section 4.1) and system 
requirements (see Section 4.2) that need to be satisfied 
to make this system successful. These goals and require-
ments can be translated into use cases and be seen in the 
use case diagram in Fig. 7.

The stereo vision system is an on-board GPU-based 
real-time embedded processing system. The primary func-
tion of the stereo vision system is to provide vision-based 

Fig. 6  The software develop-
ment life cycle process of the 
stereo vision system is based 
on a combination of the RUP 
and the 4+1 view architectural 
model

(a) RUP Phases. (b) 4+1 Architectural Model Views.
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obstacle information during the platooning of the coop-
erative automated vehicle. To achieve the stereo percep-
tion, the stereo vision system interacts with the following 
actors: driver, left stereo camera, right stereo camera, calibra-
tion file, objects, lane markings, free space boundary, vehicle 
control system, and display. The driver must activate the ste-
reo vision system via vehicle’s user interface using activate 
stereo vision system use case. The stereo vision system takes 
the synchronized input image pair from left stereo camera 
and right stereo camera sensor, and the pre-calibrated ste-
reo camera rig configuration parameters from calibration 
file using acquire inputs use case. It rectifies the input ste-
reo images using stereo rectification use case. The left and 

right camera images are converted to gray-scale images, 
and a pyramid of Gaussian images is built up to a specified 
level. The stereo disparity use case uses the Sum of Squared 
Difference (SSD) pixel matching technique to find the ste-
reo correspondence of every pixel of the left image with 
the right image to compute the stereo disparity map with 
respect to the left image. The rectified left camera image is 
passed as input to the object detection, object depth estima-
tion, object distance estimation, object velocity estimation, 
object angle estimation, lane detection, free space detection, 
send obstacle information, and visualization use cases. The 
object detection use case detects and classifies the different 
class of objects such as car, pedestrian, bicycle, traffic sign, 

Fig. 7  Use case diagram of the stereo vision system
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and traffic light within an image and overlays the detected 
objects on the output image. The object depth estimation 
use case estimates the depth of each detected object by 
utilizing the computed disparity map. We compute the dis-
parity of each object by calculating an average disparity 
of the bounding box around its center. The depth of each 
detected object is then computed using the triangulation 
method. The object distance estimation use case estimates 
the radial distance of each detected object by utilizing the 
computed object’s depth, and the corresponding object 
point in the left stereo camera image plane. Similarly, we 
can estimate the relative radial distance of a lead vehicle 
with respect to the ego vehicle in a platooning scenario. 
The object velocity estimation use case estimates the veloc-
ity of each detected object by utilizing the displacement of 
the object from the previous position to the current posi-
tion within the known time. Similarly, we can estimate the 
relative velocity of a lead vehicle with respect to the ego 
vehicle in a platooning scenario. The object angle estima-
tion use case estimates the azimuth and elevation angle 
of each detected object by utilizing the computed object’s 
depth and radial distance. Similarly, we can use lead vehi-
cle’s depth and horizontal radial distance to estimate the 
azimuth angle of a lead vehicle with respect to the ego 
vehicle in a platooning scenario. Similarly, we can use lead 
vehicle’s depth and vertical radial distance to estimate the 
elevation angle of a lead vehicle with respect to the ego 
vehicle in a platooning scenario. The lane detection use 
case recognizes the four different types of lane markings 
such as left adjacent-lane, left ego-lane, right ego-lane, 
and right adjacent-lane, when they are present on the 
road, within an image and overlays the recognized lane 
markings on the output image. The free space detection 
use case identifies the drivable collision-free space as a 
boundary across the image. It overlays the identified driv-
able area on the output image. The send obstacle informa-
tion use case sends the perceived obstacle information to 
the ego vehicle control system. The visualization use case 
sends the output image to the display in a meaningful way 
to the ego vehicle’s driver via an in-vehicle monitor.

5.2  Logical view (object oriented decomposition)

The logical view includes the classes, interfaces, collabora-
tions that describe the system’s solution and support the 
system’s functional requirements (see Section 4.3) [21]. 
With the UML, the static aspects of this object-oriented 
design decomposition view are captured in the class dia-
gram and the object diagram. The dynamic aspects of this 
design view are captured in the interaction diagram, the 
statechart diagram, and the activity diagram. Fig. 8 dis-
plays a simplified class diagram of the stereo vision system.

This diagram offers a high-level depiction of the key ele-
ments of the system, which include the core classes, the 
important methods that will be included in those classes, 
and the relationships between each of the classes. The 
main control class of this system is called StereoVisionN-
etApp and it is associated with the class StereoRectifierApp, 
StereoDisparityApp, DriveNetApp, LaneNetApp, and FreeS-
paceNetApp, which contains the current type of objects, 
lane markings, free space boundary, objects distance, 
objects velocity, objects azimuth angle, and objects ele-
vation angle. The abstract class DriveWorksApp encapsu-
lates the common properties of all the above classes. The 
class DriveNetApp can belong to a detected objects such 
as a car, person, bicycle, traffic sign, and road sign. The 
class LaneNetApp can belong to a traffic lane markings 
if they are present on the road. Each road contains four 
types of traffic lanes: left adjacent-lane, left ego-lane, right 
ego-lane, and right adjacent-lane. The class FreeSpaceNe-
tApp can belong to a free space boundary. The free space 
boundary separates the obstacle from drivable collision-
free space. Each pixel on the boundary is associated with 
one of the four obstacles: vehicle, pedestrian, curb, and 
others.

5.3  Process view (process decomposition)

The process view includes the processes that describe 
the system’s concurrency and address the system’s per-
formance, scalability, and throughput [21]. With the UML, 
the static aspects of this process decomposition view are 
captured in the class diagram and the object diagram. 
The dynamic aspects of this process view are captured in 
the interaction diagram, the statechart diagram, and the 
activity diagram with active classes that represent these 
processes. State machine diagrams depict the discrete 
behavior of a part of a designed system through finite 
state transitions. The stereo vision system’s state machine 
diagram is shown in Fig. 9, for all key classes that partici-
pate in the system design model (view of participating 
classes), as discussed in Section 5.2.

Depending on the requirements discussed in Sec-
tion 4, the stereo vision system is capable of operating 
in any of the following states: initialize state, process 
state, render state, reset state, and release state. After 
power on, the stereo vision system enters the initialize 
state. In an initialize state, the stereo vision system takes 
the various input parameters from the stereo camera 
calibration file, and it initializes the parameters of ste-
reo perception, object detection, lane detection, and 
free space detection. After completion of the initialize 
state, the stereo vision system performs process state 
functions. In this state, the system performs stereo per-
ception, object detection, depth estimation, distance 
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estimation, velocity estimation, view angle estimation, 
lane detection, and free space detection. The system 
transmits the results of the process state to the vehicle 
control system. After completion of the process state, 
the stereo vision system performs render state functions. 
In this state, the system displays the process state results 
in a meaningful way to the user via the in-vehicle moni-
tor. In the reset state, the stereo vision system re-initial-
izes the various parameters explained in the initialize 
state in case of a reset command or system failure. In 
the release state, the stereo vision system free up used 
memory of parameters as explained in the process state.

5.4  Development view (subsystem decomposition)

The development view or implementation view of a 
system encompasses the components and files that 
are used to assemble and release of the physical sys-
tem, and it addresses the configuration management 
of the system. With the UML, the static aspects of this 
development view or decomposition view are captured 
in the component diagram, the dynamic aspects of this 
decomposition view are captured in the interaction 
diagram, the statechart diagram, and the activity dia-
gram [21]. A component is a physical module of code. 
Components can include both source code files, header 

Fig. 8  Class diagram of the stereo vision system
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files, libraries, and run time files. For example, if we are 
using C++, each source .cpp, and header .hpp files are 
separate components. The component diagram displays 
the components in the system and the dependencies 
between them. The component diagram of the stereo 
vision system is shown in Fig. 10.

The component diagram of the stereo vision system 
consists of a StereoVisionNet package component which 
includes the stereo vision software-related header files, 
a StereoVisionNet component which includes the ste-
reo vision software-related source code files, and their 
dependencies components are the DNN package which 
includes the Deep Neural Network (DNN) related files, 
the Framework package which includes the DriveWorks 
framework related files, and the Stereo package which 
includes stereo rectification and stereo disparity related 
files.

5.5  Physical view (mapping software to hardware)

The physical view (also known as deployment view) 
includes the nodes representing the hardware configura-
tion on which the system runs [21]. It addresses the distri-
bution, the delivery, and the installation of the parts that 
make up the physical system. With the UML, the static 
aspects of this physical view are captured in the deploy-
ment diagram, the dynamic aspects of this physical view 
are captured in the interaction diagram, the statechart dia-
gram, and the activity diagram. The deployment diagram 
of the stereo vision system is shown in Fig. 11.

The deployment diagram maps the software components 
to hardware nodes in the system and the dependencies 
between them. The stereo vision system physical environ-
ment consists of a stereo camera (left stereo camera and 
right stereo camera) which acquires stereo images, a vehicle 
battery which provides power supply, a Desktop PC (Host) 

Fig. 9  State diagram of the stereo vision system
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which uses for stereo vision software development and then 
deploys the developed stereo vision software on to Nvidia 
Drive PX2, Nvidia Drive PX2 (Target) unit, a Real-Time PC which 
contains the vehicle control system Matlab Simulink model, 
and a monitor which visualizes the stereo vision software 
results in the vehicle’s display.

6  Auto code generation and development 
of stereo vision software

The Sparx Systems Enterprise Architect tool collects informa-
tion from the logical view (discussed in Section 5.2), the pro-
cess view (discussed in Section 5.3), and the development 
view (discussed in Section 5.4) of the model and generates a 
skeletal code. The logic is written for each skeletal code gen-
erated and compiled with a C++ compiler. The development 
platform of the stereo vision software is Ubuntu 16.04 LTS 
using C++ language with Nvidia DriveWorks 1.2, CUDA 9.2, 
and CuDNN 7.4.1 library. Refer to [17] for detailed informa-
tion of developed stereo vision system methods.

7  Experimental setup

In this section, we describe our proposed stereo vision 
system experimental setup in detail. Experimental tests 
have been carried out with a Renault Twizy cooperative 

automated vehicle research platform, is as shown in 
Fig. 12.

The lead vehicle and ego vehicle were equipped with 
GPS and V2V sensors and communicated over a wireless 
communication network, exchanging information about 
their position and speed. The ego vehicle, Renault Twizy, 
is equipped with a Gigabit Multimedia Serial Link (GMSL) 
stereo camera, Nvidia Drive PX2 hardware platform, with 
deployed stereo vision software.

7.1  Hardware platform

We used a custom-built stereo camera, which is composed 
of two identical Sekonix AR0231 GMSL Automotive Cam-
eras, 1928x1208 resolution, 60 degrees Horizontal Field 
Of View (HFOV), 30 degrees Vertical Field Of View (VFOV), 
focal length 5.8 mm, with a baseline of 30 cm [17]. The 
stereo camera is firmly fixed on the ego vehicle roof using 
a rigid mounting bar. The power system uses a DC-DC con-
verter module to convert the input from an ego vehicle 
battery 24V DC to a stable 12V DC to power the Drive PX2 
unit. The Drive PX2 hardware platform is mounted on the 
ego vehicle roof using a rigid mounting box. We used the 
Ubuntu 16.04 LTS based Desktop PC (Host) with Intel Core-
i7 7700k, Nvidia Titan Xp GPU, and 32GB RAM as a devel-
opment platform for the proposed stereo vision software. 
We deployed our proposed stereo vision software from 

Fig. 10  Component diagram of the stereo vision system
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the Desktop PC (Host) onto the Drive PX2 AutoChauffeur 
(Target) hardware platform via Ethernet cable [23]. The 
hardware interface of the proposed stereo vision system 
is depicted in Fig. 13.

7.2  Software platform

The presented stereo vision software is part of a percep-
tion software of cooperative automated vehicles, which 
can be used to perceive the environment in real-time. The 
on-board stereo vision software acquires the input images 
from the stereo camera via the GMSL cable, detects the 
various obstacles on the road, and provides their informa-
tion to the vehicle control system with respect to the ego 
vehicle via CAN bus. All other perception, planning, and 
control modules are performed by a real-time computer 
(Matlab Simulink model), which directly communicates 
with the actuators over the vehicle CAN bus. We used a 

small monitor that visualizes the stereo vision software 
results in the vehicle display via the High-Definition Mul-
timedia Interface (HDMI) cable.

8  Experimental results

This section discusses our proposed stereo vision sys-
tem experimental evaluation results with simulation and 
research vehicles.

8.1  Simulation

Initially, using Carla simulator [24] we have rendered a 
video sequence. During the rendering, we set up the vir-
tual stereo camera to match the geometry of the real ste-
reo camera (i.e., the same baseline, field of view and image 

Fig. 11  Deployment diagram of the stereo vision system
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resolution). The results of the proposed stereo vision soft-
ware with a Carla simulator on an Ubuntu 16.04 LTS are 
shown in Fig. 14.

The acquired left, and right stereo input images are 
shown in Fig. 14a and 14b. The rectified images by the ste-
reo rectification algorithm are shown in Fig. 14c and 14d. A 

disparity map calculated by the stereo disparity algorithm 
is shown in Fig. 14e, with a reference image taken from the 
left camera. The output of the object detection algorithm 
is in Fig. 14f. The output of the lane detection algorithm 
is in Fig. 14g. The output of the free space detection algo-
rithm is in Fig. 14h.

Fig. 12  A Twizy cooperative 
automated vehicle research 
platform: a An Ego vehicle 
equipped with b GMSL Stereo 
Camera (on the car roof using 
a rigid mounting bar), c Nvidia 
Drive PX2 (on the car roof 
using a rigid mounting box), 
and d HDMI Computer Monitor 
(at the back side of vehicle 
front seat)

(a) An Ego Vehicle. (b) Stereo Camera.

(c) Nvidia Drive PX2. (d) HDMI Display.

Fig. 13  Hardware interface diagram of the stereo vision system
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8.2  Research vehicle

We deployed proposed stereo vision software on a 
Renault Twizy cooperative automated research vehicle. 
Drive through the Eindhoven University of Technology 
(TU/e) campus surroundings, several stops at traffic lights, 
the results of the proposed stereo vision software with a 
research vehicle on an Nvidia Drive PX2 are shown in Fig. 15.

We acquired left, and right stereo input images using 
a synchronized GMSL stereo camera on Nvidia Drive PX2 

platform are shown in Fig.  15a and 15b. The rectified 
images by stereo rectification algorithm are shown in 
Fig. 15c and 15d. A disparity map calculated by the stereo 
disparity algorithm is shown in Fig. 15e, with a reference 
image taken from left camera. We can see the output of 
object detection algorithm is in Fig. 15f. We can see the 
output of lane detection algorithm is in Fig. 15g. We can 
see the output of free space detection algorithm is in 
Fig. 15h. Our final output of a stereo vision software is dis-
played in Fig. 16.

Fig. 14  Experimental results of 
stereo vision with simulation

(a) Left Stereo Input Image. (b) Right Stereo Input Image.

(c) Left Rectified Image. (d) Right Rectified Image.

(e) Stereo Disparity Map. (f) Object Detection.

(g) Lane Detection. (h) Free Space Detection.
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The detected objects on the road the object’s infor-
mation are displayed as bounding boxes with its class 
label. The color of the bounding boxes represents the 
classes that it detects are as follows: red for a car, green 
for a person, blue for a bicycle, magenta for a road sign, 
and orange for a traffic sign. The recognized lane lines 
on the road, along with their classification, are displayed 
as lane markings. The color of the lane markings rep-
resents the lane types are as follows: yellow for left 

adjacent-lane, red for left ego-lane, green for right ego-
lane, and blue for the right adjacent-lane. The identified 
drivable free space on the road and obstacles classifica-
tion are displayed as free space boundary points. The 
boundary separates the obstacle from open road space. 
Each pixel on the boundary is associated with one of the 
four semantic labels: red for a vehicle, blue for a pedes-
trian, green for a curb and yellow other.

Fig. 15  Experimental results 
of stereo vision with research 
vehicle

(a) Left Stereo Input Image. (b) Right Stereo Input Image.

(c) Left Rectified Image. (d) Right Rectified Image.

(e) Stereo Disparity Map. (f) Object Detection.

(g) Lane Detection. (h) Free Space Detection.
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8.3  Performance evaluation

We compare the processing time of the stereo vision sys-
tem with the Nvidia DNN perception: object detection, 
lane detection, and free space detection, simulation on the 
Ubuntu 16.04 (x86_64 architecture) and research vehicle 
with Drive PX2 (aarch64 architecture) platform, are shown 
in Table 1 [17].

The processing time of the stereo vision system is 23 
ms (43 Hz) on a Desktop PC with Intel Core i7 CPU (Ubuntu 
16.04 LTS), Nvidia Titan Xp GPU card, and 138 ms (7.2 Hz) 
on the Drive PX2 platform, which is suitable for various 
low-speed cooperative automated vehicles.

The proposed system was presented as a live demon-
stration at the Intelligent Transport Systems European 
Congress during 3-6 June 2019 in the Automotive Campus 
in Helmond, Netherlands, and in the i-CAVE yearly event 
from 31 October to 1 November 2019 at the Van der Valk 
Hotel, Leeuw Trainings Center in Eindhoven, Netherlands.

9  Discussions

The stereo vision system’s design model discussed here is 
based on OOAD methodologies with UML concepts. Based 
on the use of multiple and concurrent views, the 4+1 view 
model of software architecture is used for describing the 
architecture of the proposed stereo system. These views are 
used to explain the system from the perspective of various 

stakeholders, such as end-users, developers, system engi-
neers, and project managers. A RUP provides the 4+1 views 
to translate progressively the user needs into a final feasi-
ble solution.  It takes into account the different views of the 
system development process life cycle such as the use case 
view, logical view, process view, development view, and 
physical view. The presented software development process 
with the 4+1 view architectural model, however, is not fully 
auto code generated from the designed system model. The 
authors implemented the prototype of the designed model 
based on the auto code generated skeletal code. The authors 
then integrated the developed stereo vision system with the 
perception system of cooperative automated vehicles and 
conducted experiments with the simulator and cooperative 
automated research platform. Thus, the presented method-
ology reduces the gap between software engineering meth-
ods and cooperative automotive engineering concepts.

10  Conclusions

This article presents a model-based design methodology 
to develop an onboard stereo vision system for coopera-
tive automated vehicles. The OOAD methodologies with 
UML concepts simplify the software development process, 
while software design methodologies make the stereo 
vision system more modular. The designed stereo vision 
system model focuses on software engineering design 
methodologies and integrates stereo camera sensor and 

Fig. 16  Result of proposed 
stereo vision software

Table 1  Processing time (in 
milliseconds)

Deep Neural Network Perception Proposed System

Platform Object Detection Lane Detection Free Space Detection Stereo Vision System

Simulation 11 03 01 23

Vehicle 34 06 04 138
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perception technology, which is usually seen as an engi-
neering concept-the designed solution fulfils the research 
goals, system requirements, functional and non-functional 
requirements of the stereo vision system. The model-
driven methods are derived from the designed model, 
which is developed and integrated into an independent 
stereo vision system. It can estimate the obstacle motion. 
The developed system runs on the Carla simulation envi-
ronment and on the Renault Twizy cooperative automated 
vehicle research platform in real-time.
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