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Abstract 
In order to reduce the amount of road accidents the European Union is enforcing legislation 

in late 2013 which makes it mandatory for new commercial heavy duty vehicle models to 

include two new driver assistances systems. These require the truck to be capable of 

detecting lane markings and vehicles. To accomplish this, a camera system is being 

developed by an external supplier for Scania CV AB; the Forward Looking Camera (FLC).   

The purpose of this project is to develop a test environment to complement current test 

methods. The current difficulties are being able to control weather, land, roads and traffic 

fully and being able to easily observe lane marking and vehicle positions accurately. The 

developed test environment should facilitate these lacking elements and offer greater 

flexibility, repeatability and accessibility. The solution involves directing the FLC towards a 

screen where a 3D graphics representation of the desired test scenario is projected. The 

configuration possibilities cover both the appearance of the scenery and the way the virtual 

truck moves in this virtual world. 

The project result is that the FLC is able to detect lanes with an accuracy of a few centimeters 

and excellent repeatability. Whether or not tests performed in this environment are 

applicable to draw conclusions on the performance of the FLC in the real world is left for 

future work. The recommendation however is to perform a multitude of tests in an attempt 

to locate faults. When these faults appear in the virtual environment the same faults should 

be searched for in the real world. This empirical approach is the way to gain trust in the 

system, if it deserves it.  
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Sammanfattning 
För att minska mängden vägolyckor ska den Europeiska Unionen införa en lagstiftning i 

slutet av 2013 vilket gör det obligatoriskt för nya modeller av tunga nyttofordon att ha två 

nya system som assisterar föraren. Dessa kräver att fordonet kan detektera väglinjer och 

framförvarande fordon. För att åstadkomma detta så utvecklas ett kamerasystem av en 

extern leverantör åt Scania CV AB. 

Syftet med detta projekt är att utveckla en testmiljö som kompletterar nuvarande 

testmetoder. De nuvarande svårigheterna är att kunna kontrollera väder, land, vägar och 

trafik fullt ut samt att kunna känna till väglinjers sträckning och fordons position på ett 

noggrant sätt. Den utvecklade testmiljön skall erbjuda en bättre flexibilitet, repeterbarhet och 

tillgänglighet. Lösning innebär att kamerasystemet riktas mot en skärm där en 

representation av det önskade testscenariot projiceras med hjälp av 3D-grafik. 

Konfigurationsmöjligheterna innefattar både utseendet av världen och sättet som den 

virtuella lastbilen rör sig i den virtuella världen. 

Projektets resultat är att kameran detekterar väglinjer med ett par centimeters noggrannhet 

och utmärkt repeterbarhet. Huruvida test som utförs i denna miljö möjliggör att kunna dra 

slutsatser om kamerans prestanda i verkligheten lämnas till framtida arbete. 

Rekommendation dock, är att utföra en mängd tester för att hitta felaktiga beteenden hos 

kamerasystemet. När fel dyker upp i den virtuella miljön skall dessa eftersökas i 

verkligheten. Med detta empiriska angreppssätt kan tilltron till den utvecklade miljön öka, 

om den förtjänar det.   



III 

 

Table of Contents 

ABSTRACT ........................................................................................................................................................... I 

SAMMANFATTNING...................................................................................................................................... II 

TABLE OF CONTENTS ................................................................................................................................... III 

1 - INTRODUCTION ......................................................................................................................................... 1 

1.1 - SCANIA CV AB .......................................................................................................................................... 1 

1.2 - BACKGROUND ............................................................................................................................................ 1 

Forward Looking Camera ............................................................................................................................... 2 

Verification and testing of Forward Looking Camera .................................................................................... 4 

1.3 - PROBLEM .................................................................................................................................................... 4 

1.4 - PURPOSE ..................................................................................................................................................... 5 

1.5 - METHOD ..................................................................................................................................................... 6 

1.6 - LIMITATIONS .............................................................................................................................................. 7 

2 - FRAME OF REFERENCE ............................................................................................................................. 8 

2.1 - SIMILAR TEST ENVIRONMENTS ................................................................................................................... 8 

2.2 - SUITABILITY OF CHOSEN METHOD ............................................................................................................. 9 

2.3 - STATE OF THE ART .................................................................................................................................... 10 

3 - IMPLEMENTATION .................................................................................................................................. 11 

3.1 - SYSTEM PLATFORM ................................................................................................................................... 12 

3.2 - ENVIRONMENT MODEL ............................................................................................................................ 12 

3D engine ..................................................................................................................................................... 13 

Terrain .......................................................................................................................................................... 13 

Roads ............................................................................................................................................................ 15 

Objects .......................................................................................................................................................... 18 

3.3 - TRUCK & DRIVER MODEL ......................................................................................................................... 19 

Raw Inputs ................................................................................................................................................... 20 

Pre-treatment ............................................................................................................................................... 21 

Environment data & calculations ................................................................................................................ 22 

Truck movement ........................................................................................................................................... 22 

Virtual truck update ..................................................................................................................................... 25 

Post-treatment .............................................................................................................................................. 25 

Messages to the FLC..................................................................................................................................... 25 

3.4 - CAN COMMUNICATION .......................................................................................................................... 26 

Received messages ........................................................................................................................................ 26 

Transmitted messages .................................................................................................................................. 27 

3.5 - TEST INTERFACE ....................................................................................................................................... 27 

Creation of test cases .................................................................................................................................... 27 

Running test cases ....................................................................................................................................... 28 

Evaluating test results ................................................................................................................................. 29 

3.6 - HARDWARE .............................................................................................................................................. 30 

Forward Looking Camera ............................................................................................................................. 30 



IV 

 

PC ................................................................................................................................................................. 30 

Viewing device.............................................................................................................................................. 30 

CAN hardware ............................................................................................................................................. 31 

3.7 - CALIBRATION ........................................................................................................................................... 31 

4 - RESULTS ....................................................................................................................................................... 32 

4.1 - ABSOLUTE PERFORMANCE ....................................................................................................................... 32 

Comparison of ground truth to FLC outcome for one test run .................................................................... 32 

Comparison of the FLC outcome for several test runs .................................................................................. 36 

4.2 - RELATIVE PERFORMANCE ........................................................................................................................ 38 

5 - DISCUSSION ............................................................................................................................................... 40 

6 - FUTURE WORK ........................................................................................................................................... 42 

7 - REFERENCES ............................................................................................................................................... 43 

APPENDICES .................................................................................................................................................... 44 

1: TEST CASE DEFINITION (.XML) ..................................................................................................................... 44 



3D GRAPHICS ENVIRONMENT FOR VERIFICATION OF AUTOMOTIVE VISION SYSTEM ERIK NILSSON 

1 

 

1 - Introduction 
This master’s thesis serves as the final project for studies within the field of Mechanical 

Engineering - specializing in Mechatronics - at Kungliga Tekniska Högskolan (Royal 

Institute of Technology), Sweden. The project was initiated by Scania CV AB and the work 

has been performed in close cooperation with their Research & Development facilities in 

Södertälje, Sweden. 

1.1 - Scania CV AB 

Scania CV AB, hereinafter referred to as Scania, is a Swedish company which roots date back 

to 1891. Since then Scania has evolved into a global player in the commercial vehicle 

industry. Today - having more than 35 000 employees in over 100 countries - Scania has 

grown to be a leading manufacturer of heavy trucks, buses and diesel engines.  

1.2 - Background 

In recent years, the development of systems for the automotive industry with the purpose of 

assisting the driver of a vehicle has intensified. A common umbrella term for these systems is 

Advanced Driver Assistance Systems (ADAS). Some examples of these are: 

 Adaptive Cruise Control 

 Adaptive Light Control (also known as Advanced Front-Lighting System or 

Intelligent Headlamp Control) 

 Advanced Emergency Breaking 

 Blind Spot Detection 

 Lane Departure Warning and Lane Keep Assist 

 Traffic Sign Recognition 

The introduction of these systems in vehicles may be a great selling-point for a potential 

customer but when it comes to commercial vehicles, legislative demands are also a very 

influential factor. In late 2013 two of the systems mentioned above will be mandatory for all 

new models of heavy vehicles in the European Union due to legislations proposed by the 

same. These two systems are the Automatic Emergency Breaking systems and Lane 

Departure Warning. The former is a system which judges the danger of colliding with objects 

ahead of the vehicle and produces warnings or applies the brakes. The latter is a system 

which warns the driver if the vehicle is about to cross over to another lane in a manner which 

is regarded as unintentional. Because of this legislation Scania initiated projects to introduce 

such systems. These projects, as well as their respective systems, are appropriately 

abbreviated AEB and LDW at Scania. 

Both AEB and LDW are mechatronic systems in the sense that they need to fit in the 

mechanical environment of the vehicle, interface the embedded systems of the vehicle as 

well as provide functionality which demands actuator output, sensor input and the use of 

software. The outputs of the two systems are audio and haptic feedback as well as brake 
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actuation. The required sensor input in these cases is information about the environment 

surrounding the vehicle; adjacent cars for the AEB and the road for the LDW. To acquire this 

information Scania has introduced two sensors; a camera and a radar. The camera system is 

called the Forward Looking Camera (FLC) and it will be discussed in greater detail from 

here on. 

Forward Looking Camera 

The Forward Looking Camera (FLC) is a complex hardware and software system which 

purpose is to look forward and identify objects of interest for other systems in the vehicle, 

e.g. AEB and LDW. In its current state, the camera along with its specific image processing 

software is capable of detecting two types of object. Firstly, it is able to detect the left and 

right lane markings of the road that the vehicle is driving on. Secondly, it can detect up to ten 

vehicles that are located in front of the ego-vehicle, i.e. the vehicle containing the camera. The 

detection of both lane markings and vehicles is exemplified in Figure 1.1. 

 

Figure 1.1: Example of lanes and vehicles being detected in diagnostic images from the FLC. 

Going into more details, the different parts of the FLC with its respective functionality is 

explained below: 

 CMOS camera sensor with a fixed-focus lens. 

 Computer vision processor which, with the help of data from the camera, is able to 

detect lane markings and other vehicles that are up ahead. 

 CAN interface which receives vehicle information and transmits back information 

about detected elements - lane markings and vehicles - in the environment. 

 Processor which handles the incoming CAN messages, schedules the outgoing 

messages and interfaces the Computer Vision processor. 

 Mechanical casing which should fit the components mentioned above so that it can be 

placed behind the windshield of the vehicle. 
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The information flow between these components as well as the flow in and out of the system 

is illustrated in Figure 1.2. 

 

Figure 1.2: Information flow between the various components inside the FLC. 

The input to the camera, which is also seen in Figure 1.2, consists of a couple of CAN 

messages which contain information from the vehicle that the camera system cares about, 

such as the current vehicle speed and its yaw rate.  

For the development of this system Scania has contracted an external supplier. This means 

that Scania is mostly involved in the initial and the last stages of the development phase; i.e. 

defining the requirements and performing a verification and validation analysis of the 

system. In the V model, which is a commonly used definition of the product development 

process, Scania only takes part in the higher stages of development; i.e. the stages which 

involve the entire system. These stages as well as the V model are shown in Figure 1.3. 

 

Figure 1.3: A product development process (V model) with Scania’s involvement highlighted. 
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In the following section focus will be laid on the right side of the V model, namely the 

performance evaluation part; Verification, Validation and Testing, or VVT for short. 

Verification and testing of Forward Looking Camera 

As mentioned, Scania is responsible for acceptance tests of the FLC, and may also perform 

system tests to some degree of the FLC. This means that the individual modules of the 

system are not isolated in any scenario at Scania. Instead, the entire FLC system is tested as a 

whole, which can be described as black box testing. This is done in spite of the fact that this is 

part of the responsibility of their supplier. The reasons however, for wanting to partly 

perform this seemingly redundant task, are many: 

 Scania wants to assure that they meet the requirements of their customers and the 

upcoming legislations themselves.  

 The systems relying on the information provided by the FLC, which Scania are 

responsible for, need to be reliable for safety reasons and to be able to gain the trust 

of the drivers. 

 They want to be able to use existing knowledge within the company to improve 

system performance. 

 They want to minimize the dependency on external suppliers. 

The process of verifying the performance of such a complex system has proven not to be 

trivial, mainly because of the sheer amount of possible inputs. Once one starts to imagine the 

amount of variations in roads, lane markings, weather as well as surrounding landscapes 

and objects, the complexity becomes obvious. 

The methods used today for testing the FLC all consist of capturing data from test drives 

with trucks on the road, either in real traffic or on a test track. The collected data is generally 

all the relevant communication on the CAN bus but can also be camera recordings from 

other cameras than the FLC and others sensors which help to identify the ground truth (such 

as a radar or GPS). This data is later analyzed in many different ways in order to deduce if 

the system behaves according to the requirements and expectations. 

This methodology might be enough to verify the functionality of the FLC to a certain degree. 

But it is not without its drawbacks from a practical perspective, nor is it without flaws from a 

test perspective. 

1.3 - Problem 

Testing the FLC system introduces a few problems which will be described below. 

In an ideal test situation, it is desirable to have full control of the test input and to have full 

knowledge about the expected output. The test can then be executed using the desired input 

which in turn returns a result which is matched with the expected output. 
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With current test methods, the following complications need to be overcome when creating 

the inputs for a test case: 

 Roads need to be found that correspond to the desired scenario. 

 The vehicle and test equipment need to be transported to these locations. 

 The desired weather conditions for the test case need to be awaited. 

 The traffic situation needs to be controlled to meet the test case needs. 

Also, for the following outputs of the test cases the true values - or ground truth - needs to be 

known: 

 How the lane markings stretches up ahead, in the vehicle’s relative coordinate 

system. 

 The distance to and relative speed of other vehicles in front of the vehicle. 

The difficulty in having full control over these inputs - roads, weather and traffic - is 

obvious, as is the difficulty in finding the exact true values for the outputs mentioned. Some 

combinations of inputs might never be feasible to acquire. Some outputs may be very hard to 

obtain accurately. Certain test cases might not be economically feasible and some might not 

be possible due to safety reasons. 

This lack of control means that it is hard to exactly obtain the desired test case (i.e. flexibility 

is low). It is also hard to perform the same test case again with exactly the same conditions 

(i.e. low repeatability). This apparent problem in test methodology is what is to be dealt with 

in this report. 

1.4 - Purpose 

The purpose of this Master’s Thesis is to delve into the problem described above and 

develop a new alternative environment for testing the FLC to complement current test 

methods. It is important to note that the aim is not to replace existing test methods, but 

develop an alternative methodology which when added to current methods assures a higher 

test quality. 

This new environment should ideally have the following properties: 

 Flexibility: It should be possible to create and run a large number of test cases and 

easy to achieve small variations to a already specified test case. 

 Repeatability: Any test case should be repeatable under the exact same conditions, at 

any time. I.e. given the same setup, the outcome must give identical results. 

 Control: It shall be possible to have full control over all the inputs. 

 Observation: It shall be possible to observe all of the desired outputs. 

 Availability: The responsible test engineers and the test environment should be able 

to be co-located. 
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 Safety: Any test case should be executable without putting people or material 

property at risk. 

 Economical: The cost of the system - both the development cost and the test run cost - 

should be as low as possible. An upper limit here would be the current test run cost 

of the existing test methods, i.e. the test run cost of the new system must not exceed 

the cost for executing similar tests in real traffic. 

These properties represent the ideal end goal of a very complex system which would require 

a lot of work.  Because of this, the purpose of this thesis is more limited; to suggest a possible 

solution with these properties as well as to practically develop an application which 

demonstrates some of them. Next follows a discussion regarding possible methods for 

achieving all these properties. 

1.5 - Method 

The purpose is to test the FLC system, both hardware and software. To be able to gain the 

necessary control over the inputs and outputs of this hardware system the loop needs to be 

closed around the camera; i.e. a Hardware-in-the-loop (HIL) test rig should be designed. 

Three main design alternatives for closing the loop around the FLC can be defined: 

 Creating a physical environment which can be both controlled and observed better 

than what is the case for a test run on a real road in regular traffic. 

 Playing back a previously recorded, real scenario to the FLC. 

 Creating a virtual model of the environment and of the truck and present both of 

them to the FLC. 

For Method 1, the evident risk is that a lot of money gets spent and that it still does not 

achieve the level of control that is desired. It is obviously unreasonable to be able to control 

the weather for one test run and to be able to control the placement of physical lane 

markings for a road that is several hundred meters long is also unlikely. Method 2 is likely to 

be a cheap method which works well, but it does not provide full flexibility since it relies on 

scenarios which have already been recorded; slight variations of the same test case is hard to 

accomplish, testing of feedback systems is impossible and crash situations are tricky to 

execute. Method 3 can potentially have a lot of advantages, namely full flexibility, full 

control and full repeatability. The potential risk is that the models created are not close 

enough to the real system which makes the result of conducted test cases questionable. 

With these alternatives in mind, a method choice had to be made in order to commence the 

project. Method 3 was selected to be further investigated mainly due to having the greatest 

potential for complementing the current test methods. Other factors which affected the 

choice was that it is easy and cheap to create software prototypes and that it is a large 

enough area to be able to find related work and appropriate sub-modules to implement. 

Also, this was the initial desire from Scania’s point of view. 
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This means that the selected method involves modeling both the environment which the 

camera is looking at and the truck which moves within this environment. 

1.6 - Limitations 

As mentioned earlier, this Master’s thesis is meant to be the initial step of a potential long 

term project. The goal is to create a baseline for further development which acts as a proof of 

concept. 

In the context of the method described above the ideal scenario would be having a system 

that allows for creation of any thinkable environment configuration including roads, 

landscape, buildings and other objects. Both these objects and the movement of the truck and 

surrounding cars should be done perfectly realistic, all at the push of a button. 

Again, given the available time, focus of the thesis should be to build a system which is 

somewhat flexible, somewhat realistically looking and somewhat physically correct, where 

“somewhat” should be interpreted as good enough to produce some valuable results. 

Another important aspect is to create the system in such a way that it is extendable in the 

future. 

Concretely, this means that the system has been limited to only deal with country roads and 

highways, to not put focus on objects like other cars, road signs, buildings etc. and to settle 

for a very simple motion model for the truck. 

Last but not least, it is of great interest to perform some test runs of the environment and 

gather information which can give indications regarding the environment’s capabilities. It is 

not part of this thesis to actually prove correlation between tests in the simulated world and 

tests in the real world or to prove the value of tests performed in the environment. Rather the 

study serves to ascertain whether or not it is likely to work.  
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2 - Frame of Reference 
This chapter describes the existing frame of reference for this project, i.e. what has already 

been done by others relating to the work this report covers. The scope from which other 

work will be brought up is kept quite broad; in particular various types of verification 

methods for similar computer vision systems and methodology which resemble the one 

chosen for this project. 

2.1 - Similar test environments 

Verification environments for computer vision systems have been created before, both in the 

automotive industry but also for other applications. Some notable examples based on the 

same basic methodology as is suggested for this thesis are introduced below. 

In [1] as well as in [2] a hardware-in-the-loop simulator with the purpose of detecting lane 

markings is developed. Both works involve an approach which consists of producing a 

virtual reality environment, i.e. one that is entirely computer generated, and moving around 

is accomplished utilizing a model of both a driver and a vehicle. The generated synthetic 

images are then fed to the image processing unit along with modeled sensor data. The work 

presented in [1] adds to the described functionality by also being able to detect vehicles. A 

similar system is also presented in [3], where lane keeping assistance control algorithms are 

tested using virtually generated inputs. An alternative approach to deal with performance 

evaluation of mobile computer vision systems is presented in [4]. This system differs in that 

instead of creating a fully virtual reality, computer graphics to modify a recorded real 

scenario - augmented reality - are used.  

Another case of testing computer vision hardware in a simulation loop is done in [5] for 

unmanned air vehicles, where flight control algorithms are tested. This is done by placing a 

camera in front of a screen and an aircraft in a wind tunnel and then move around in the 

virtual world according to the actuation of air-foils. 

Synthetic imagery is used in a similar fashion in [6] where a people tracking vision algorithm 

for a surveillance system is evaluated in. Here, 3D models of humans move around in an 

indoor environment using skeletal animation. 

The implementation of the systems mentioned above is never described particularly in-

depth. For example, in [1] and [2] blocks diagrams are used to illustrate data flow and for the 

latter the simulations are mentioned to run on a PC but other details are not presented. 

Likewise, in [4] a couple of software tools are mentioned which purpose is to accomplish 

some aspects of the augmented reality, but nothing more. More details are mentioned in [5] 

but most of these details are solutions to problems which arose due to a higher level of 

complexity, as in the advanced flight control algorithm and support for multiple cameras 

and screens. 
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2.2 - Suitability of chosen method 

Key arguments that speak for the method of applying computer generated models to test 

computer vision system have already been brought up. Still, it is of great interest to prove 

that tests performed in such an environment actually say something about system 

performance in reality. 

The end goal of [1] is to “investigate the applicability” of a virtual test environment, which is 

a very interesting aspect to consider. However, from the results of this article it is hard to 

draw conclusions about the result of the applicability. The methodology consists of 

comparing real test drives with virtual representations of these derived from the real test 

drives. When deviations in results appear it is difficult to know what to attribute it to; the 

fact that the camera interprets a virtual world differently or the fact that the conversion from 

a real world to a virtual one is hard to achieve accurately. Unfortunately, the work lacks an 

in-depth discussion on this matter. In addition to this, information about the absolute 

performance on the tests in the virtual environment would have been interesting. 

In [4] a case study for a collision avoidance system at Volvo Cars is performed and the 

authors attempt to compare a real scenario to one with computer generated content. Two 

separate recordings are made on the same location, one in which a pedestrian is crossing the 

road and one where the road ahead is empty. Later, a virtual pedestrian is added to the 

second recording. Here, the authors specify that they had no intention of trying to make the 

virtual pedestrian look or move identical to the real one, but were rather trying to create 

similar conditions. This, in turn, means that they did not expect identical results, but similar 

ones. The yielded results were regarded as similar, but the authors still concluded that 

further work is necessary to “validate that the realism of the augmented data is sufficient for 

its purpose”. 

These last two articles seem to indicate that it is hard to prove that tests in a virtual 

environment are valuable. In [7] the authors argue that utilizing virtual imagery was a 

problem in the past when the level of realism in synthetic images was not good enough. But 

at their time of writing - as early as 1995 - they argue that the technology has come far 

enough to seriously start to consider this alternative. Considering the technical 

advancements in the field of 3D imagery since then, the claim of applicability is 

strengthened. The paper later goes on to explain that because of the nature of this type of 

testing it is not possible to guarantee a successful result in the real world based on the result 

of a successful simulated test. But on the other hand “if it does fail in a simulator test, then it will 

likely have trouble in the real world”. 

The people tracking algorithm in [6] notes that for performance evaluation of vision systems 

the “learning by example paradigm” has “demonstrated its validity in several applications but its 

feasibility rests on the availability of a set of examples covering the range of operating conditions of the 

system.” Generating synthetic imagery is presented as an alternative approach to gather this 
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set in favor of too costly solutions. The results which provide information about the 

performance of the developed system in this article are however, very sparse. 

This aviation environment in [5] identifies hardware-in-the-loop simulation (HILS) as a 

natural step between pure simulation and real life tests. The former “often fail to capture 

critical issues” and the latter involves evident material and financial risks early in the 

development. The authors attempt to assess the performance of the system by comparing 

sensor data on the aircraft with visual data from the camera and draw the conclusion that the 

error is less than 0.1%, which the authors feel “demonstrate the efficacy of the HILS”. 

The lane detection systems in [2] and [3] present the performance of the respective systems 

relative to the expected data generated from the model. In [2] this is only vaguely presented 

in a graph. In [3] however, a number of test scenarios are presented in the article and when 

executed they are compared to the expected result for four different parameters. The writers 

then deduce that the results prove that the method is applicable, especially to provide 

repeatable tests for performance optimization. However, the authors stress that validation 

will still need to be done in real road trials.  

2.3 - State of the art 

First off, the work done in this area is limited; finding relevant articles which cover 

verification or performance evaluation that are in-depth has been very difficult. The reasons 

for this might be that research is more focused on new algorithms for detecting for example 

lane markings, than to formally evaluate the algorithms that already exist. Another possible 

reason is that relevant methods are developed at automotive companies where it remains  

secret for competitive reasons. Or that, as is mentioned in [7], the proposed methodology 

only recently has reached sufficient potential to be utilized due to the capabilities of modern 

computing. 

This project stands out in this context in the sense that a foundation will be built for a more 

flexible test environment than what has been described elsewhere; the foundation will be 

built for simple configuration of terrain, roads, vehicle dynamics and test case scenarios. 

More importantly, the analysis of the system’s performance will also be more detailed: 

 A comparison of the lane marking position reported from the system under test to the 

position derived from the virtual environment will be made. 

 Recommendations regarding how to gain knowledge about the performance in the 

real world by utilizing the modeled environment will be made.  
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3 - Implementation 
This chapter will deal with explaining how a test environment with the desired requirements 

and the necessary limitations mentioned above has been implemented. A hardware-in-the-

loop simulation system has been developed where Scania’s Forward Looking Camera is the 

hardware and the motion of a truck and the imagery of the surrounding environment are 

simulated. This system can divided into four main sub-systems: 

 Environment model: Includes everything that can exist in the cameras field of view, 

i.e. terrain, road, buildings, other vehicles, road signs etc. 

 Truck & Driver model: Handles how the camera moves around in the environment 

model, which should be done with respect to physical laws, real driver behavior etc. 

 CAN communication: Deals with the communication between the simulation engine 

and the hardware. Sends outgoing messages periodically and receives incoming 

messages continuously. 

 Test interface: All the things above should come together so that different test 

scenarios can be configured and run. When a test case has been run, data should be 

provided to be able to deduce whether it passed or failed. 

The last sub-system stands as the interface to the entire system to the test engineer, and 

provides the means to configure what should be input to the hardware as well as to gather 

knowledge about the outcome of the executed test case. The information flow of the looped 

system is illustrated in Figure 3.1. 

 

Figure 3.1: Description of the developed system where the FLC is placed in a loop with information 

flowing in and out. 



3D GRAPHICS ENVIRONMENT FOR VERIFICATION OF AUTOMOTIVE VISION SYSTEM ERIK NILSSON 

12 

 

3.1 - System platform 

When it comes to the overall system architecture of a system like this, one important decision 

that needs to be made is whether or not the system should be distributed across several 

platforms or not. 

A potential distribution adds complexity but allows for shared work load and decreases the 

dependencies of the system which makes it easier to develop each sub-system individually. 

For this thesis and for the first step towards creating this environment it was decided to 

maintain it as a single platform environment until it was deemed necessary to do otherwise, 

e.g. due to performance issues. 

As for the decision of what platform to use, it needs to be something on which all four parts 

of the system can be realized. The perhaps most limiting element is the environment model 

since it needs a very capable 3D engine. The fact that Microsoft Windows is the most 

common operating system for engineers at Scania combined with the abundant supply of 3D 

engines compatible with Windows made the choice relatively simple; Windows was chosen 

as the system’s operating system. 

3.2 - Environment model 

The intention of the environment model is that it should be able to portray everything that 

the camera could possibly see. This means that a representation of the world surrounding the 

vehicle needs to be created and stored in the computer, containing geometric data in three 

dimensions as well as information about each object’s visual appearance. The data of this 3D 

world can then be converted into 2D images in a process which is called rendering, either in 

real-time or not. 

For the context of this project, there is one main benefit of generating the 3D imagery in real-

time, namely that feedback systems - such as an Adaptive Cruise Control system - also can 

be tested. One potential drawback is that the hardware might struggle with providing with 

sufficiently realistic imagery in real-time. The computing capabilities of modern hardware 

were considered to suffice for real-time rendering to work, i.e. a real-time approach was 

chosen. 

For creating applications with 3D capabilities there are two common Application 

Programming Interfaces (API) specifications, namely OpenGL and Direct3D. These API 

abstracts away the hardware and provides a unified software interface for different 

hardware on several platforms in the case of OpenGL and for Windows only in the case of 

Direct3D. However, these software abstractions are still on a relatively low level and for this 

reason it is common for applications which require 3D graphics to utilize an even higher 

software abstraction. This higher level of abstraction is frequently called a 3D engine (also 

known as graphics engine or rendering engine). Such an engine was deemed as a necessity 

for this project to reduce the amount of time spent on system development. 
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3D engine 

The 3D engine that was selected for this project is Ogre 3D; an Object-oriented Graphics 

Rendering Engine. The reasons for this choice are that it is an extensive, popular and well-

documented engine. The fact that it has bindings to several languages is also a plus even 

though its primary language - C++ - was used. The core functionality of Ogre can be divided 

into three significant parts [8]: 

 Rendering 

 Resource Management 

 Scene Management 

The Rendering system provides a unified interface to whatever 3D API is desired 

underneath, e.g. OpenGL or Direct3D. It does this by defining abstract classes such as 

RenderSystem and Renderable which are later inherited from; the former by classes specific for 

different version of OpenGL or Direct3D and the latter by every object that should ever be 

queued in the rendering pipeline. 

The Resource Management is a portal for loading and getting access to many different kinds 

of resources that the application might require. Examples of resources are 3D models 

(meshes), textures, materials and fonts. 

The Scene Management is the part which is most interfaced by the developer. It is 

responsible for the creation and organization of all the scene content. The content handled is 

all virtual cameras, all light sources and all the visible objects with the materials that cover 

them. All these objects are structured hierarchically in what is referred to as a scene graph, 

which is a very common data structure for 3D engines. In Ogre’s scene graph there is one 

root node to which child nodes and objects can be attached in a tree-like structure. This is 

convenient when performing the same logical and spatial operations on all children of one 

node. 

For the system being developed, the parts that will be added to this scene graph are terrain, 

roads, and other objects which might appear in a truck’s surroundings. These objects will 

now be described in more detail, one by one, in the following chapters. What these objects all 

have in common however, is how they are built up in the 3D engine. They get their 

appearance by arrays of flat surfaces - commonly of triangular shape – that are connected 

together in a polygon mesh which takes the desired shape. Each triangle is composed of 

three points in 3D space, which are commonly referred to vertices (plural form of vertex). 

Terrain 

A terrain is an essential component if one wants to model an outside environment. The 

Terrain System in Ogre is one of the most advanced scene graph components included in 

Ogre’s core. It is based on multiple square chunks of Terrain which are organized in a 

TerrainGroup. For each piece of Terrain two size settings need to be specified; firstly, the 
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amount of vertices - or points - that the terrain should consist of along one side and secondly, 

the amount of world units that this square should take up. These two sizes can both be seen 

in Figure 3.2. 

 

Figure 3.2: One chunk of terrain where the vertex count (the amount of blue crosses along one side) is 

set to 3 and the world size (the distance between the end points of one side) to 30. This chunk can be 

seen to consist of 4 square tiles, 2 along each side. 

For each vertex you need to specify which height the terrain should have at that point. This 

means that the ratio between the two settings mentioned above corresponds to the detail of 

the terrain, or its resolution. For performance reasons however it is desirable to minimize the 

amount of vertices that are taken into consideration when rendering. It is therefore suitable 

to lower the amount of vertices for parts of the terrain that are far away. The system 

accomplishes this by dividing the chunk into batches and iteratively halving the amount of 

square sections - or tiles - that the batch consists of as the distance to the batch increases. This 

phenomenon can be seen in Figure 3.3. A consequence of this is that the amount of tiles along 

each side must be divisible by two in multiple steps, i.e. the amount of tiles must be   , 

where n is a positive integer. This, in turn, means that the amount of vertices along each side 

must be      (see Figure 3.2 where the vertex count along one side is        and the 

amount of tiles for one side is     ). 
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Figure 3.3: One Terrain chunk divided into several batches where the distance to the batch affects the 

vertex density. 

The height data for each vertex can be specified as a raw two-dimensional array of floats, but 

another common way of passing this data the 3D engine is through a grey scale image. In 

that case the brightness of each pixel corresponds to the height of a vertex, where white spots 

become mountains and black spots become valleys. This type of image is referred to as a 

height map. An example of a height map and its resulting terrain is shown in Figure 3.4. 

 

Figure 3.4: A height map with a vertex (and pixel) size of 513x513 (    ) on the left and the 

generated terrain on the right with a world size of 10 000 units. 

Roads 

Obviously, roads are a crucial type of object to be able to test the lane detection algorithms. 

The challenge lies in that the appearance of roads and their respective lanes can vary greatly; 

road and lane width, marking color and style, wear and tear of roads and markings as well 

as the infinite amount of different paths they can take. The problem becomes even greater 

when it is desired to have a simple interface for the test engineer to create new road 
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configurations for new test cases. For this reason, and due to time constraints, a limitation 

was defined; the system should focus on single road stretches, i.e. country roads or highways 

with no crossings or exits. 

Unlike the terrain which had a finished component in the Ogre core, the road has to be built 

from scratch. It will however be built up similarly, namely by vertices which form a polygon 

mesh. The first matter of discussion however, is how the test engineer should describe the 

road. It was decided that this was going to be done by specifying a certain number of points 

which the center of the road must conform to. A spline is then interpolated between these 

points to create a smooth path. This means that a separate polynomial is defined between 

each point and the next with constraints that assure that the first and second derivative are 

continuous. 

The spline function that was used to interpolate the road stretch is called a Catmull-Rom 

spline, and is a specific version of a Cubic Hermite spline; cubic referring to the order of the 

polynomials (third order) and Hermite referring to their form (Hermite form). To define a 

Cubic Hermite spline it is necessary to specify which points the spline should go through 

and the desired tangent for each point. For the Catmull-Rom the tangents are not a design 

choice but are calculated as the vector difference between the two adjoining points. Hence, 

the use of this spline simplifies the road creation process over a more advanced spline at the 

cost of not having full control. The level of control was however deemed to be sufficient 

because an increase of point density can be used if the spline is not interpolated in the 

desired way. Three example uses of this spline, with the same basic shape but different point 

densities, are shown in Figure 3.5. 

 

Figure 3.5: Three different Catmull-Rom spline interpolations with different point densities. 
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After the generation of the road’s curvature with the help of a spline, the matter of actually 

building a road in the 3D engine follows. This means that the continuous and continuously 

differentiable curve should be transformed into a mesh of triangles. Before this process can 

begin, a couple of design decisions need to be made, which are explained below and in 

Figure 3.6. 

 A suitable distance between two vertices in the mesh needs to be defined: e.g. 1 m 

 The road is given a constant width: e.g. 6 m 

 To let the rendering process know that the road is on top of the ground and not the 

other way around, the road is placed a certain distance above the terrain: e.g. 20 cm 

 To simplify definition and creation of the road, the road is always flat and horizontal 

from left to right in the travel direction. 

 Three vertices make up the horizontal road surface which rest a certain distance 

above the ground and the two end vertices go down into the ground below. 

 

Figure 3.6: Cross section of a road with terrain underneath including the dimensions which define the 

look of the road. 

With these design decisions in mind, the following procedure is done for each user-defined 

point: 

 Estimate the distance in the horizontal plane to the next point 

(a linear estimation is used since curvatures for roads are rarely that extreme) 

 Using the desired vertex distance, the amount of vertices that should fit between the 

two points along the spline is calculated 

 Space out the desired amount of vertices between the two points. For each vertex, do 

the following: 

 Create two more vertices on each side of the centre vertex, perpendicularly to the 

tangent of the spline at that location, to make up the width of the road 

 Look up the height of the terrain at all these five locations and set the height of the 

vertices accordingly 

 Save the vertex positions, normal vectors and texture coordinates. 

And then everything can be assembled into a mesh of triangles and added to a scene node. 

For the spline seen in Figure 3.5 the resulting road and polygon mesh will look as seen in 

Figure 3.7. 
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Figure 3.7: An assembled road covered with a texture on the left and displaying the polygon mesh on 

the right. 

Objects 

The most important object in this application is the virtual camera. This is not a visible object 

in any way, but it is vital that this camera is as similar as possible to the FLC as possible both 

when it comes what the camera sees and how it moves. The camera model in Ogre is simple, 

most likely a realized pinhole camera model. For example, this means that there is no lens 

distortion and that the depth of field is infinite. This means that of the intrinsic parameters of 

a camera, the image format is only thing that needs to be considered; i.e. the width and 

height ratio and field of view. This is done by setting the resolution to match the width and 

height ratio and setting the vertical field of view of the virtual camera in accordance to the 

FLC. Later, during a test run, the position and orientation of the camera is updated by the 

Truck & Driver model which is covered later. 

Visible objects, excluding roads, such as other vehicles, traffic signs, vegetation and much 

more are something that is desirable for full flexibility. The ability to add these objects was 

however not included in this thesis project. But a short description on how this would be 

done in the context of the developed environment model is given here: 

The first necessary step is to generate a 3D model of the object. A 3D model is a collection of 

points in 3D space - vertices - which make up geometric shapes such as triangles that are 

connected to each other to form the object that should be portrayed. These can be created in a 

range of different 3D modeling tools or alternatively downloaded or bought. Ogre then 

provides exporters for many of the common modeling tools which converts the models into 

a format which can be loaded into Ogre (.mesh). Adding these objects (or 3D models) to a 

static position, which is the case for road signs and trees, is an easy task. It is just a matter of 

adding it to the scene graph and setting it to any position in the 3D world. Difficulty arises 

when the objects should move relative to the world in a realistic fashion, which is the case for 

other vehicles. How this should be done has not been looked into during this project.  
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3.3 - Truck & Driver model 

The environment model described above deals with the problem of creating a world that can 

be passed as the real world to the FLC. But the movement of the virtual camera in this world 

also needs to match what the camera would see in a real situation. This is what the Truck & 

Driver model is supposed to accomplish. 

One intuitive way of solving this would be to utilize one of the many physics engines that 

are available for a 3D engine like Ogre. An alternative is to develop something from scratch 

which handles the movement in the scene. This is preferable, since the solution becomes 

more flexible and can therefore be tailored to the specific needs of the system. On the other 

hand it might require more work to get it working well. 

One idea for a tailored solution, which was brought up early on, was to utilize models 

created in Simulink to simulate the movement of the truck. These models could then be code 

generated and integrated into the rest of the software which displays the output of the 

models. One major benefit of this solution is that Simulink is heavily used at Scania as a 

model based developing tool. This means that a lot of models describing the desired 

dynamic behavior of a truck might already exist. Also, many of the ADAS systems which 

make use of the FLC outputs are realized in Simulink, which means that integrating 

Simulink would make it easier to test their functionality in the same test environment. These 

arguments were enough to go for this method, instead of taking the risk of being painted 

into a corner by a physics engine. 

In practice, this means that Simulink models are code generated into C headers and a 

dynamical link library (DLL) and then integrated into the project. This in turn, means that 

the model interface - which is defined by the header files - will remain constant but the 

implementation - which is contained in the dynamically linked library - can be switched out 

at will. 

The ambition for this thesis was not to create a correct physical representation of a truck but 

rather a model which was simple and perceptually correct. The benefit of the approach 

described above however, is that it allows for plug and play of different truck and driver 

models for different test cases. This means that the system is easily extendable if a more 

physical approach is desired in the future. 

The developed solution is a loop that executes in discrete time with a time period of      . 

This time period was chosen to be faster than the time period for all outgoing CAN 

messages, so that the information that is sent to the FLC is relevant. It was also chosen to be a 

common denominator to the time period for the CAN messages so the model timer can be 

utilized for the purpose of transmitting CAN message as well. A time period of       also 

allows the truck position to update with a frequency of 100 Hz, which is appropriate for the 

3D engine and more than fast enough for the FLC. 
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The model loop contains three separate Simulink models with other parts of the program in 

between. The loop with these steps can be seen in Figure 3.8. First, raw inputs are generated 

and fed into a model named Pre-treatment which generates key parameters that help to 

define the path and desired movement of the vehicle. These are then used to gather data and 

calculate where the truck can move next. Next, the Truck movement model deals with how 

this movement affects the position of the truck and orientation of the camera. The output of 

this model is the data which is fed to the 3D engine and that is displayed on the screen. 

Lastly, the purpose of the Post-treatment model is to provide the possibility to modify the 

data that should be transmitted to the FLC. 

 

Figure 3.8: Flow chart of data that has to do with the virtual truck from raw inputs to the truck model 

updating and CAN data being sent out. 

Raw Inputs 

To allow the test engineer to have necessary control over the truck’s movement on the road, 

the following three control parameters were chosen: 

 The tangential acceleration of the truck/camera 

 The desired tangential speed of the truck/camera 

 The perpendicular offset of the camera to the centre line of the road (i.e. to the spline 

defining the road) in the road plane. In other words, the distance in the ground plane 

between where the FLC is placed and where the centre of the road is located. 

These parameters were then specified for certain points of the created road. To clarify, a very 

simple example road along with these three parameters is shown in Table 3.1. There, a road 

stretch is created from three points which are interpolated to a 100 m long straight spline. At 

the first point the vehicle is located on the road’s centre point with an acceleration of 5 m/s^2. 
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The acceleration remains constant until the next road point or until the desired speed is met 

(these two events coincide for this example). The perpendicular offset however is linearly 

interpolated between the points, which means that vehicle slowly moves towards the right 

lane and places itself 2 meters from the road’s centre after 50 meters. For the last 50 meters 

the vehicle simply moves straight forward at a constant speed of 25 m/s. 

Position 

(x-coord) 

Position 

(z-coord) 

Desired Speed Acceleration Perpendicular 

offset 

                      
                         
                        

Table 3.1: A basic definition of a straight road piece road, along with how a truck should move on it. 

The configuration presented above results in plots for acceleration, speed and perpendicular 

offset that can be seen in Figure 3.9. These represent the inputs to the first Simulink model 

that is referred to as Pre-Treatment. 

 

Figure 3.9: Example of raw inputs for a specific case: a) Tangential speed reference, b) Tangential 

acceleration and c) Perpendicular offset from the road’s centre. 

Pre-treatment 

The purpose of this Simulink model is to allow for changes to the raw input data presented 

above before it affects the movement of the vehicle. For example, from looking at the raw 

plots in Figure 3.9, it can be seen that the perpendicular offset has a discontinuity that will 

make the truck turn infinitely fast at one point. Also, in the example given above (Table 3.1) 

the acceleration is chosen in such a way that it reaches the desired speed during the period it 

is applied. But if this period is longer, the acceleration should be halted. 



3D GRAPHICS ENVIRONMENT FOR VERIFICATION OF AUTOMOTIVE VISION SYSTEM ERIK NILSSON 

22 

 

These two problems are what the Pre-treatment model deals with in the implementation 

done for this thesis. The solution to the former problem is a discrete low pass filter - with a 

time constant of 3 seconds - which smoothens the vehicle’s trajectory. The latter problem is 

solved by comparing the actual speed with the desired, and by bringing the acceleration to 

zero if the applied acceleration is bringing the vehicle further away from the desired speed. 

The implementation of this can be seen Figure 3.10. 

 

Figure 3.10: Simulink implementation which takes in raw inputs and outputs modified inputs. 

The outputs of this model are the actual perpendicular offset that the vehicle should follow, 

the actual acceleration that it should have at that given point in time as well as the desired 

speed, which in this case is the same as the corresponding input. 

Environment data & calculations 

The previously mentioned model provides the vehicle’s offset to the road’s centre and its 

tangential speed and acceleration. This part of the loop uses that information to gather and 

calculate data which is necessary to define exactly how the vehicle should be placed in the 

environment. This data gathering needs to be done outside of a Simulink model, since direct 

access to the environment model is a necessity. 

First, the speed that the vehicle should have at the next time interval is calculated. The mean 

of the new and the old speed are used to calculate the distance that the vehicle propels 

during the current time period. After this, the system piecewise integrates along the road 

using the spline, but considering the current perpendicular offset, to find out which point the 

truck should be on at the next time interval. 

A few other things are also calculated for the upcoming Simulink model, e.g. the yaw angle 

given by the tangent of the road as well as the possible ongoing movement in the lane. This 

angle will from here on be referred to the raw yaw angle. Also, the location of the ground 

between the two rear wheels when considering the current yaw angle of the vehicle is found. 

Truck movement 

When all this data has been collected from the environment, the specific position of the 

camera can be determined. The input of the model which accomplishes this is the newly 

calculated position of the front and rear wheels, the tangential speed and acceleration and 



3D GRAPHICS ENVIRONMENT FOR VERIFICATION OF AUTOMOTIVE VISION SYSTEM ERIK NILSSON 

23 

 

the raw yaw angle. The desired output of this model is the position and orientation - i.e. yaw, 

pitch and roll angle - of the environment model’s virtual camera. The task of this model is to 

generate these outputs so that the motion is perceived as real. What is done to generate each 

output is explained below: 

Truck Position: The model outputs the same coordinates that are provided by the previous 

step (Environment data & calculations), to assure that the distance travelled is correct.  

Yaw Angle: The raw yaw angle input does not properly convey the smoothness that regular 

steering provides. This can be seen in Figure 3.11. In Figure 3.11a) a road stretch is defined. 

Driving on this road at constant speed would result in the raw yaw angle in Figure 3.11b). If 

this raw yaw angle is integrated the result is the raw yaw rate seen in Figure 3.11c), which is 

where the irregular behavior appears. The raw yaw rate is seen to increase infinitely fast 

when the curve of the road begins, which implies an infinite yaw - or steering wheel - 

acceleration. 

 

Figure 3.11: The road path in a) results in the yaw angle in b). This yaw angle is problematic because 

it implies the infinite yaw acceleration seen in c) 

As in the model mentioned above this problem is solved by adding a discrete low pass filter, 

now with a time constant of 0.2 seconds. 

Yaw Rate: Is calculated from the yaw angle above using a discrete derivate. 

Pitch Angle: In this model, the vehicle’s pitch angle depends on three factors. The most 

obvious factor is the height difference between the front and rear wheels. Also, tangential 

acceleration affects the wheel and cabin suspension which pitches the camera. Lastly, the 

camera has a static pitch within the cabin which might vary a few degrees between vehicles. 

The contribution from the height difference of the terrain is implemented as 
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where        is the coordinate of the front axle and       is the coordinate of the rear axle. 

Acceleration is estimated to affect the pitch by roughly           with an added discrete 

low pass filter with a time constant of 2 seconds, to simulate the inertia of the cabin. The 

third addition to the pitch angle, the static camera pitch, is defined by an input which is set 

during the initialization of the model to approximately 3   . 

Roll Angle: Is always set to zero. 

Tangential Speed: Provided by the previous step (Environment data & calculations) and 

remains unmodified. 

The realized model can be seen in Figure 3.12 and the resulting outputs for the yaw and yaw 

rate example is as seen in Figure 3.13. 

 

Figure 3.12: Simulink implementation which defines the final position and orientation of the truck. 
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Figure 3.13 The output yaw angle a) and yaw rate b) from the Truck movement Simulink model with 

a test track as described in Figure 3.11. The low-pass filter has smoothened the movement resulting in 

a more realistic yaw movement then what was provided as input. 

Virtual truck update 

When this part is reached the view of the camera is fully defined and is ready to be updated. 

Hence, the position and orientation of the virtual truck is set, which in turn means that the 

virtual camera will be updated when the next frame is prepared and the view will therefore 

be slightly different in the next rendered frame. 

Post-treatment 

The algorithms inside the FLC rely on information from the vehicle to perform its tasks. 

From a test perspective, it might be of interest to see if the camera’s performance is affected 

when the values that get sent to the FLC differ from the true values. This model’s only 

purpose is to provide this functionality, i.e. if the test engineer desires to send incorrect 

information regarding the vehicle’s state to the FLC. This could, for example, mean 

introducing white noise or a static error. In the implementation done for this project 

however, this functionality hasn’t been used, which means that the Post-treatment model’s 

outputs are equal to its inputs.  

Messages to the FLC 

In this last part of the loop, the CAN communication sub-system is responsible for sending 

out the necessary periodic CAN messages. The time period of the Truck & Driver loop - 10 

ms - was chosen to be a common denominator of all CAN message time periods. This means 

that to assure that the FLC gets its messages in time; it suffices to check what to send after 

each loop iteration. This is the approach that is currently used to send a total of three 

messages to the FLC.  
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3.4 - CAN communication 

To connect the two processing units - the FLC and the PC containing the test environment - 

and close the loop, the CAN communication is essential. At the FLC side, the necessary 

capabilities are already there, so the development lies in making the PC side conform to the 

interface that the FLC demands. 

The sub-system is based on the XL driver library, provided by Vector. This library offers 

methods to interface low-level drivers which are able to communicate with CAN, LIN, 

FlexRay and MOST using various different Vector hardware. Access to the low-level driver 

is gained by opening a port and acquiring a port handle. Then, one or more physical 

channels can be attached to this port. When channels are attached, all messages that the 

application sends are fed through them and all incoming messages to these channels gets 

forwarded through the port, back to the application. 

Access to this library is gained using a Windows compatible dynamic link library (DLL) and 

a C header file. The CAN sub-system itself start by initializing, where a port and a channel is 

set up, and a separate thread for receiving and handling the CAN messages is created. After 

this, messages can be sent at will using a simple method call and messages are received 

automatically as they come in. 

The created implementation reads definitions of CAN messages from text files, which are 

easily generated in the tool that Scania uses to visualize their CAN database; Vector 

CANdb++. The message definitions are then kept in memory while the program is running. 

These definitions are then used when receiving message, to split the data frame of the 

message into the signals it contains. Also, they are used when transmitting message to 

assemble signals into the byte array which makes up a message. 

Received messages 

The receive thread runs in the background at all times and an event struct is created 

whenever a new message is received. The class that creates and maintains the thread is the 

Subject in an Observer design pattern, which means that whenever an event - a message in 

this case - takes place it notifies its Observers. In this implementation there is just one 

Observer which job is to perform actions based on the identifier of the CAN messages that 

are received. 

Because of the limitations that were set for the project, the messages that have to do with the 

vehicle detection are disregarded. Instead, the messages of interest are those which has to do 

with the lane markings; one message for the left lane and one for the right lane. These 

messages contain a polynomial representation of the lane markings ahead of the vehicle. 

When one of these messages appears, the byte array which the data is given as is broken 

down into signals. After this, methods that are associated with each message are triggered 

which collects the ground truth for the signals that the FLC has sent and logs this to a file. 
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Transmitted messages 

As mentioned in the previous chapter, the outgoing CAN messages are transmitted at the 

end of each Truck & driver model iteration. There are a total of four messages consisting of 

different vehicle data which get sent to the FLC, but only a few of the signals in these 

messages are actually necessary for full functionality of the FLC. Each signal that needs sent 

gets associated with a function pointer which returns the value of the signal. After this, the 

signals are put together into an array of bytes which gets transmitted. 

3.5 - Test interface 

The Test interface acts as the interface to the test engineer that performs tests in the 

environment. This means that this part should provide a simple way of creating and 

modifying test cases, running test cases and evaluating the result of test runs. 

Creation of test cases 

One of the most important parts of each test case, and the Environment model, is defining 

the road stretch and the basic movement on it. 

To simplify this process a MATLAB script has been developed which reads files with comma 

separated values (.csv file) complying to a specific format where one line of seven 

parameters define one road piece (see Table 3.2 for example). The first parameter is the type 

of road piece that should be added, the three following are settings for this specific road type 

and the last three are settings which control the simulation movement of the truck. There are 

currently four road types to choose from: 

 Straight: A straight piece of road, defined by its length. 

 Curve: A circular arc section, defined by its bend radius and the angle between the 

end points. 

 Euler_s2c: An Euler spiral (also known as a clothoid) which is widely used in road 

construction as transition curves between straight sections and curves [9]. This type 

starts out straight and then transitions into a curve with the specified radius during 

the length that is defined. 

 Euler_c2s: Also an Euler spiral, but here the transition is from a curve to a straight 

road piece. Like for the previous type, the length of the transition section and the 

radius of the curvy end need to be specified. 

The settings which need to be set as well as the resulting road are exemplified in Table 3.2 

and in Figure 3.14 respectively. 

Type Length 

[m] 

Radius 

[m] 

Angle 

[°] 

Speed Ref. 

[km/h] 

Acceleration 

[km/h/s] 

Offset 

[m] 

Straight 100   90 10 0 

Straight 200   90 10 2 

Euler_s2c 100 300  90 0 2 

Curve  300 90 90 0 2 
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Euler_c2s 100 300  90 0 2 

Straight 300   90 0 2 

Curve  150 -90 90 0 2 

Straight 300   90 0 2 

Straight 100   90 10 0 

Table 3.2: Configuration of road found in Figure 3.14 

 

Figure 3.14: Road defined by the road pieces in Table 3.2. The first piece starts at the origin and the 

beginning of each piece is marked with a red star. 

This, along with all other settings needed to define a test case is gathered in an XML file. An 

example can be found in Appendix 1. 

Running test cases 

A series of the test case definitions mentioned above make up the test portfolio. To run these 

another XML file is used to collect the specific test cases that should be run. This file is read 

by the main program and all the test cases - or XML files which represent them - are put into 

a queue and are run sequentially. 

During the run the FLC will transmit CAN messages which are caught by the receive thread. 

The messages that describe the lane markings are the ones that are of interest for this 

implementation, so the rest are disregarded. This means that two messages are intercepted; 

one for the left lane marking and one for the right lane marking. When either of these 

messages appears the actual lane marking position needs to be determined from the 

Environment model. To accomplish this, the current position and orientation of truck is used 

to calculate the lane marking’s position in a coordinate system relative to the truck which is 

then approximated by a polynomial representation. This ground truth along with the 

corresponding polynomial that was reported by the FLC as well as the position, speed and 

orientation of the vehicle, is logged to a file for the specific run of the specific test case. 
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Evaluating test results 

After a test case run it is necessary to perform some form of comparative action which speaks 

for the success or failure of the test case. This process was deliberately not included in the 

main program, but was rather developed as a MATLAB script solution on the side. The 

reason for this was that the acceptance criterions for these test cases are not evident and may 

vary a lot between different test cases.  

The developed MATLAB script is able to provide visual feedback of the test case outcome by 

playing back the scenario from a birds-eye view, plotting both the ground truth and the FLC 

suggestion. One frame of this can be seen in Figure 3.15. 

 

Figure 3.15: Plot which shows the difference between reported lane markings and the ground truth. 

Yellow lines are the lane markings behind the vehicle, the blue plots represent the ground truth and 

the red plots represent the lane markings reported by the FLC. 

Also, it is possible to perform a more concrete analysis for each received CAN message over 

time to analyze the performance of the camera. This will be brought up more in the Results 

section below. 
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3.6 - Hardware 

To connect all the pieces of this test environment, three main pieces of hardware are needed: 

 The Forward Looking Camera 

 PC 

 Viewing device 

 CAN hardware 

Forward Looking Camera 

The Forward Looking Camera is an obvious necessity, since it is the object under test. It is 

directed towards the viewing device, which presents the Environment model, and connected 

to the CAN network and a power source which supply 24 V. 

PC 

The PC has for the duration of the thesis consisted of a regular laptop and its task is to run 

the main program which displays the Environment model on the viewing device as well as 

to pass on CAN messages to the CAN box. 

Viewing device 

The camera needs an image of the created 3D world in its field of view. The purpose of the 

viewing device is to supply this image. Investigations and practical tests were performed 

during the course of the project to see what source would work best for this application. The 

two main requirements for the sought system is that it is uniformly lit so that the light 

intensity of captured frames are constant over time and that the viewing distance is far 

enough to produce focused images considering the camera’s fixed-focus lens. 

A few alternatives are presented below along with comments about its suitability: 

 Plasma screen 

The functionality of a plasma screen is similar to that of fluorescent lights which 

means that the alternative current which drives it generates a flicker at approximately 

twice the frequency of the current (i.e. 100 Hz). This produces a significant problem 

when capturing video of the display, since the light intensity in the captured frames 

will vary over time. 

 LCD screen 

LCD’s are constantly back-lit (when set to maximum brightness) which means that no 

flickering will occur. This means that a LCD screen could be used, provided that it is 

large enough so that the screen is in focus. 

 DLP projector 

When using a projector, the viewing distance can be large enough to not produce 

focus problem. However, this type of projector commonly utilizes a spinning color 

wheel to be able produce the three primary colors. This causes flicker which again, is 

not acceptable for this application. 
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 LCD projector 

For the same reason as with the LCD screen, this solution produces no flicker which 

means that it produces images with uniform light intensity. As for the DLP projector, 

the viewing distance is not a problem for this alternative. 

The conclusion is that the LCD technology is the most suitable solution since recordings of 

images using this technology won’t flicker. This means that the choice stands between a large 

LCD screen and an LCD projector. Ultimately a projector was used - an Epson EB-X14 - 

because it was deemed as a more economical solution to cover the entire viewing area of the 

camera at a distance large enough to not make the images out of focus. 

CAN hardware 

To go along with the software interface from Vector, hardware was needed to be able to 

connect the FLC and the PC to each other. A Vector CANcaseXL was used for this purpose. 

3.7 - Calibration 

For the camera to be able to accurately perform estimations of sizes of and distances to 

objects it needs to be calibrated. This applies both when the camera should be used in the 

real world as well as for this test environment. This is done using a pre-determined 

calibration image that is shown to the camera on distances that the camera software is aware 

of in advance. 

To simplify this process an accessory program was developed which displays this image 

virtually. The height and field of view of the camera can be specified, as well as the positions 

that the calibration image should appear on. After this, the camera is ready to be calibrated. 

However, before this is possible, the camera needs to be set up so that its field of view covers 

the same area as the projector displays its picture on. This is not an easy task considering the 

slight lens distortion of the camera and the small movements required to shift the camera out 

of position. 

But when this has been done the calibration can be performed, and the system is ready for 

running tests and logging their results. 
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4 - Results 
The end result of this thesis is a product; a test environment which interfaces Scania’s 

Forward Looking Camera (FLC) by providing virtual images and CAN messages. This 

triggers the functionality of the FLC and the CAN messages it outputs are gathered to be 

able to gain knowledge about its performance for different scenarios. 

The previous chapter was focused on how the test environment was built and how it works. 

For this chapter the key interest is how well it works; i.e. to delve into the performance and 

capabilities of the environment. The performance of the system can be divided into two main 

parts, which will be referred to as absolute performance and relative performance. 

4.1 - Absolute performance 

Absolute performance in this context implies the comparison between the expected result (or 

ground truth) - which is absolute - and the actual outcome. For this case the ground truth 

and actual outcome is represented by the true position of the lane markings and the FLC’s 

estimate of the same respectively. 

The first and most basic step in gaining knowledge about the absolute performance is to 

verify that the FLC is able to localize lane markings in the projected images of the virtual 

world. During the beginning of the project, it was not at all evident that this would be 

possible since reality and virtual images depicting reality are fundamentally different; e.g. 

when it comes to light intensity, depth of field and level of detail. During initial tests 

however, the FLC was proven to meet the most basic requirement for this project: finding 

lane markings. 

Comparison of ground truth to FLC outcome for one test run 

The next step in analyzing the absolute performance is finding out how well the lane 

markings are found. This involves the comparison of the acquired result from the FLC to the 

ground truth for test runs in the environment. Shown by the implementation description 

found in the previous chapter this is a relatively simple process; it is done by configuring 

and running a test case in the environment and then by analyzing the produced log using 

developed MATLAB scripts. 

A simple test track was defined consisting of two straight pieces which are connected by two 

curves with a fixed bend radius with alternating directions. A bird’s eye view of the test 

track is seen in Figure 4.1. 



3D GRAPHICS ENVIRONMENT FOR VERIFICATION OF AUTOMOTIVE VISION SYSTEM ERIK NILSSON 

33 

 

 

Figure 4.1: A test track which consists of pieces of straight roads and circular arcs. 

On this test track, the truck begins at the centre of the road and accelerates with 5 km/h/s 

until it reaches 70 km/h. This speed is then kept for the remainder of the simulation. At the 

beginning of the drive, the truck also moves to the approximate centre of the right lane 

which it reaches after about 50 m. The definition of this track as well as the movement of the 

truck on the track is accomplished by the data seen in Table 4.1. 

Road 

Type 

Road 

Length 

[m] 

Road 

Radius 

[m] 

Road 

Angle 

[degrees] 

Speed 

Ref. 

[km/h] 

Acceleration 

[km/h/s] 

Perpendicular 

offset [m] 

Straight 50   70 5 0 

Straight 150   70 5 2.5 

Curve  800 -45 70 0 2.5 

Straight 200   70 0 2.5 

Curve  800 45 70 0 2.5 

Straight 200   70 0 2.5 

Table 4.1: Definition of the road pieces seen in Figure 4.1 and the movement that the truck should 

perform on this road during the simulation. 

With just a few more settings dealing with the appearance of the terrain and the road the test 

simulation can be run. When the test run begins a clock is started and the truck starts 

moving. A few seconds in it will look something like Figure 4.2. 
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Figure 4.2: Screenshot from test run during the initial straight road piece. 

When the FLC is looking at this moving imagery that is projected on a screen it attempts to 

locate lane markings and periodically sends out CAN messages. For each CAN message 

concerning the lane markings the current time of the clock and the current truck data is 

gathered. The latter is used to calculate the relevant ground truth; i.e. a mathematical 

description of the lane markings position in the coordinate system relative to the truck. All 

this, along with the FLC’s idea of the lane marking position is logged. A MATLAB script is 

then utilized to compare the two lane marking descriptions; the truth and the estimate. A 

plot of the two, in the truck’s relative coordinate system, is seen in Figure 4.3. 

 

Figure 4.3: Lane markings in the coordinate system relative to the FLC. Blue lines represent ground 

truth and red lines represent the reportings made by the FLC. 
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To compare the outcome with the truth it was decided to perform comparisons for four 

different key points along the z axis in the truck’s coordinate systems, as shown in Figure 4.4; 

one point by the wheels of the truck, one point approximately where the camera’s field of 

view begins and two points longer ahead in the cameras visible range. 

 

Figure 4.4: Birds-eye view of the camera’s field of view (yellow) and of the comparison points which 

are at 0 m, 7 m, 14 m and 35 m in front of the camera. It can be noted that the 7 m mark 

approximately coincides with the first visible point of the camera image. 

For example, the difference in lane marking position at the 7 m mark for one run on the 

mentioned test track is plotted over time in Figure 4.5. 

 

Figure 4.5: Test run where the lane marking position error 7 meters ahead of the camera is plotted. 
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The error in Figure 4.5 can be seen to be quite substantial in the beginning and towards the 

end. The errors at the start are both due to an initial settling time for the camera and due to 

the fact that the truck starts at the road centre which makes it unclear what side the truck is 

really on. The errors in the end of the simulation are due to that the truck is approaching end 

of the road where there is not road in the camera’s field of view anymore. For these reasons 

the following result analysis will exclude these phases of the test run. Concretely for this 

specific case it means that the time span of interest is between 10 and 95 seconds. This 

period, for the same test run as above, is shown in Figure 4.6. 

 

Figure 4.6: Same as Figure 4.5 but with a shorter time span. 

In Figure 4.6 the errors for the right and left side are clearly visible and the mean errors are 

5.55 cm and -2.89 cm for the left and right side respectively. For comparison the width of the 

road is approximately 4.5 meters and the lane width is approximately 15 cm. This means that 

the on average the width of the road is underestimated by below 2%. The four spikes that are 

clearly visible in both the left and right residual (at approximately 17 s, 48 s, 59 s and 94 s) 

coincide with the transitions between straight and curve pieces of road. 

Comparison of the FLC outcome for several test runs 

The next step is to investigate the behavior when the test scenario described above is run 

several times; i.e. a study of the system’s repeatability. A total of 20 test runs were made on 

the same test track and data was collected from all of them. The first five of these are seen in 

Figure 4.7. 



3D GRAPHICS ENVIRONMENT FOR VERIFICATION OF AUTOMOTIVE VISION SYSTEM ERIK NILSSON 

37 

 

 

Figure 4.7: The difference between ground truth and the estimate from the FLC at the 7 m mark for 

five different test runs. 

These five test runs are by visual inspection very similar but to perform a more mathematical 

comparison the average of all the 20 test runs was formulated, something which was not 

trivial by the fact that the data isn’t uniformly sampled in time. The results of this calculation 

however can be seen in Figure 4.8. 

 

Figure 4.8: The mean lane marking error for the right and left side for 20 test runs. 
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This average lane marking error is then compared to the lane marking error outcome of one 

test run, which gives the error residual shown in Figure 4.8. 

 

Figure 4.9: The difference between the average of 20 test runs and one test run. 

Equivalent data is computed for all of the four chosen points on the z axis, and then the 

standard deviation of the lane marking error for these four distances is calculated. The result 

from these calculations is shown in Table 4.2. 

Distance Standard deviation, left side Standard deviation, right side 

0 m 0.006245 m 0.004242 m 

7 m 0.004697 m 0.003586 m 

14 m 0.005263 m 0.004854 m 

35 m 0.011111 m 0.010805 m 

Table 4.2: Standard deviations of lane marking errors for different distances from the truck. 

I.e. the standard deviation - a measurement on the repeatability of the system - is 

approximately 5 mm for lane markings close to the ego-vehicle and roughly 1 cm a little 

further up ahead. This means that the standard deviation for close-by lane markings is 

roughly 0.1 % of the lane’s width. 

4.2 - Relative performance 

The term relative performance refers to the performance of the developed test environment 

compared to the performance of test performed in the real world; i.e. attempting to clarify 

the effects on the test results caused by the fact that the camera is viewing a 3D model of the 

world instead of the real world. The ideal scenario - or the best possible relative performance 

- is that the images in the modeled environment and in the corresponding real environment 

are identical and that tests performed in this system are always relevant to the FLC’s 

performance in the real world. 

However, finding a quantifiable measure which tells something of the relative performance 

is difficult. As is proving value in tests performed in the developed test environment. 

Something however, that would give an indication of the relative performance is comparing 
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the absolute performance for tests performed in the two different environments. The external 

supplier has carried out an extensive analysis of the performance of the FLC. The specific 

numbers from this report cannot be disclosed here but the acquired errors in their real world 

tests are of very similar magnitude to the errors described above. Other factors of the relative 

performance will be discussed in the following chapter.  
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5 - Discussion 
First off, the absolute performance of the system is very satisfactory, showing good accuracy 

and very good repeatability. The accuracy is up to the standards of tests performed in the 

real world. The question is what to attribute the fact that the errors are similar in the two 

environments to. There are two alternative answers: 

 The similar errors are only caused by the fact that the camera isn’t perfect. This 

implies that the camera’s robustness to image variation is larger than necessary to 

handle the variation brought on by the fact that the images in the developed 

environment are generated by computer graphics. 

 The errors are similar by coincidence and are present for different reasons for both 

the real world and the developed test environment. 

It seems most likely that the true situation is a mix of the two, i.e. that the (imperfect) camera 

interpret the two image sources similarly (but slightly different) and that both environments 

bring their respective small errors to the table. For the real world tests the errors that are 

caused by the test environment is probably related to the fact that GPS’s and other sensors to 

generate the ground truth has a margin of error. A few known error sources in the test 

environment developed in this project are: 

 The road is defined by a spline but the polygon mesh which makes up the actual road 

is a discrete - or piece-wise linear - representation of the spline. This causes a small 

difference between the road and the generated ground truth which is derived from 

the spline. This error becomes larger the smaller the bend radius of the road. 

However, the error is arguably negligible because for a curve with a bend radius of 

100 m (a very sharp curve) the error is approximately 1 mm. 

 The ground truth that is logged is generated by approximating the spline with a 

polynomial for easier comparison with what the FLC reports. This produces another 

error which in the worst case - large steps in bend radius - can be larger than the 

average error; several centimeters. But for well-behaved roads with normal bend 

radii and transition curves (Euler spirals) in between the error will be a maximum of 

1-2 centimeters and most often be in the millimeter region. 

 The fact that the camera image needs to frame the screen on which the 3D 

environment is project is likely to induce some errors into the system even though the 

FLC can be calibrated using the projector screen as input. The magnitude of these 

errors is something which might need to be investigated further in the future. Some 

of the calibration issues are present in reality as well but some will be unique to this 

rig; an incorrect framing for example, will result in the wrong field of view.  

 The logged data is received and time-stamped by a non-real-time operating system 

(Microsoft Windows). This means that there is the potential of time shifts of samples 

caused by internal scheduling in the operating system. 
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The main hypothesis on relative performance is that there is correlation between tests 

performed in the developed environment and in the real world. The question is how 

correlated they are (or how good the relative performance is). The theory is that as long as 

the test model is good enough, i.e. that the camera sees something that is close enough to 

what it expects to see (or close enough to what it would see in the real world), the 

environment is good enough. One example derived from the results of this project is the 

spikes in the lane marking error that are visible in Figure 4.6 (among others). As already 

mentioned these spikes coincide with the transition between a straight road piece and a 

curved one. The reason that this error appears is that the camera doesn’t expect it to happen, 

because roads are normally not build this way; normally there is a transition curve which 

ramps up the bend radius gradually, referred to as a clothoid (or Euler spiral) [9]. But if there 

is a road which is built like this, then the aforementioned spikes is likely to appear when a 

truck equipped with an FLC stumbles upon it. Unfortunately the support for roads 

containing Euler spirals was added at a stage in the project where no more tests could be 

made (due to a complicated setup procedure), but if such tests would have been made the 

spikes would probably not have been present. 

But, in order to formally assure good relative performance there is work left to be done. If the 

amount of tests performed in the environment is increased and the current accuracy levels 

remains, the confidence in the environment’s abilities will also increase. However, the 

question of under what circumstances conclusions can be drawn regarding the FLC’s 

performance remains. One potential answer is well formulated by Burger et al. in [7]: “We 

cannot assume that a (vision) system which performs flawlessly in a simulated world is guaranteed to 

succeed in reality. However (as applies to airplane pilots) if it does fail in a simulator test, then it will 

likely have trouble in the real world!” 

Adding to this, the recommended future approach is an empirical one, where as many tests 

as possible are made in the search for incorrect behavior. When faults are found, the same 

faults are searched for in the real world. If the fault appears in the real world as well then the 

test environment obviously did something right. If the fault does not appear then the model 

of that specific test case needs to be questioned - as in the case with curve without transition 

curves above - improved (if possible) and retried until the fault appears in reality or until the 

modeling becomes too complex. But in the end, the more faults that are found in the test 

environment which are reproducible in the real world, the more trust the test environment 

deserves.  
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6 - Future Work 
The recommended approach to continue testing in order to gain knowledge about the 

functionality of the system has already been touched on. But there are several other actions 

that are of interest to take to develop this system further which will be discussed here. 

The flexibility of the system can be increased by allowing for more variation in road creation, 

for adding static objects and for adding as well as configuring the movement of moving 

objects. Further development of truck & driver models is another great way of adding 

diversity to the test portfolio. These models should then ideally be physically derived and 

tunable for different driver behavior. 

A few interesting test scenarios don’t require too much work to be able to run. Firstly, testing 

what will happen if the system is not calibrated correctly by for example setting the camera 

on a different height then what it is calibrated for. Another test could be to see the effects of 

sending the FLC erroneous truck data. Last but not least, it would be interesting to run a 

comparison test with and without clothoids (Euler spirals) to see their effect on the lane 

marking error. 

Some of the identified error sources might need to be looked into a little more; it might not 

be ideal from an accuracy perspective to fit a polynomial to the real ground truth and then 

compare the polynomials. This is easier now, in the initial phase, where acceptance criterions 

are not evident. If, in the future, higher accuracy is demanded this is the most substantial, 

easy-to-fix error source. Another source of error which is harder to handle is the errors which 

are calibration-related. But it is recommended to research this area further to assure that it is 

not something which produces a problem.  

A little bit more long-term, the possibility of extending the system to test some of the 

advanced diver assistance systems that rely on the FLC is also available. This will probably 

require a more advanced truck & driver and may have to rely on simulated radar input, but 

it is an interesting possibility nonetheless.  
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Appendices 

1: Test Case Definition (.xml) 
<TESTCASE> 

 <NAME>Test Case Name</NAME>  

 <ROADS> 

  <ROAD> 

   <ROADDEFINITION>Path to File w. road points</ROADDEFINITION> 

   <TOTALWIDTH>10</TOTALWIDTH> 

   <ROADWIDTH>9</ROADWIDTH> 

   <ROADHEIGHT>0.05</ROADHEIGHT> 

   <LANEMARKINGS> 

    <LANEMARKING>-4.4609375</LANEMARKING> 

    <LANEMARKING>0.0</LANEMARKING> 

    <LANEMARKING>4.4609375</LANEMARKING> 

   </LANEMARKINGS> 

   <LANEMARKINGWIDTH>0.171875</LANEMARKINGWIDTH> 

   <ROADTEXTURE>Path to Image of road</ROADTEXTURE> 

  </ROAD> 

 </ROADS> 

 <TERRAIN>Path to Image w. height map</TERRAIN> 

  

 <TRUCK> 

  <MODELS> 

   <PREMODEL>Name of Pre-treatment Simulink Model</PREMODEL> 

   <MAINMODEL>Name of Truck Movement Simulink Model</MAINMODEL> 

   <POSTMODEL>Name of Post-treatment Simulink Model</POSTMODEL> 

  </MODELS> 

  <CAMERAHEIGHT>Height of Camera</CAMERAHEIGHT> 

  <AXLEDISTANCE>Distance between the truck axles</AXLEDISTANCE> 

  <STATICPITCH>Static pitch of camera</STATICPITCH> 

  <STARTPOSITION> 

   <X>Starting X coordinate</X> 

   <Y>Starting Y coordinate</Y> 

   <Z>Starting Z coordinate</Z> 

   <YAW>Starting yaw angle</YAW> 

   <PITCH>Starting pitch angle</PITCH> 

   <ROLL>Starting roll</ROLL> 

   <PERPENDICULAROFFSET>Starting offset</PERPENDICULAROFFSET> 

  </STARTPOSITION> 

 </TRUCK> 

  

 <VERTICALFOV>Vertical field of view for the camera</VERTICALFOV>

  

</TESTCASE> 

 


