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Abstract 

Interest in Autonomous Vehicles (AVs) is gearing up tremendously in recent years with a focus on 

improving the safety and efficiency of the transportation system around the globe. Singapore being on 

the forefront of the deployment of AV related technologies for daily transportation needs, is playing a 

pivotal role in testing and validation of AVs in urban road traffic scenarios. Several industries and 

research organizations are collaborating in Singapore for bringing AVs on road. This work presents the 

development of an integrated realistic simulator that enables different sectors involving automotive, 

communication, infrastructure, instrumentation etc., to analyse their developed modules for deploying 

AVs. The integrated simulator is unique in its way that it includes physics-based customizable models 

for sensors, facility to test different climate conditions and usage of standardized open formats. In 

order to test the simulator performance, a simple use-case is analysed for path planning and control for 

autonomous valet parking. The aim of this platform is to be used for independent tests and analysing 

how AV will behave in the urban Singapore like scenarios. This will help in deploying AV services for 

various applications in different regions in Singapore. 
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1. Introduction  

Autonomous Vehicle (AV) simulation is an important part of the development and deployment of 

AVs in the urban road network. Automotive industry and regulators are working on developing 

standards which can be used for deployment of autonomous vehicles. Currently, AVs are going 

through a rigorous testing phase before starting to run on roads. Testing phase covers both physical 

testing as well as virtual testing. Also, governing bodies are very keen to analyse the effects of AVs in 

urban road network. Therefore, it is essential that to have virtual testing and analyzation facility for 

seeing the impact of AVs in the current urban scenario. 

Many automotive simulation platforms have become popular for testing and validation of 
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autonomous driving capabilities in the past few decades with the integration of robotic simulators. In 

addition, modelling real-world test scenarios, including highly flexible models for roads and traffic, in 

the virtual testing has become a challenge. Simulation software such as CarMaker [1], PreScan [2], 

SCANeR studio [3] and Virtual Test Drive (VTD) [4] etc. have been successful in filling up the gap of 

realizing real-life scenarios for AV simulation equipped with different sensors. Table 1 illustrates a 

comparison of different automotive simulation platforms reviewed with desired features.  

Table 1 - Comparison of different automotive simulation environments. 

Feature Description CarMaker PreScan SCANeR LGSVL VTD 

Physics-based sensing Yes Yes No Yes Yes 

3D model import Yes Yes Unknown Yes Yes 

Climatic conditions variation Yes Yes Yes Yes Yes 

Open-format usage No No Unknown Yes Yes 

Ease of creating road network No Yes Unknown  No  Yes 

A centralized control scheme is developed using model predictive control for collision-free 

non-signalized intersection crossing of autonomous vehicles implemented in CarMaker [5]. Also, a 

path planning algorithm for vehicle lane change on highways has been implemented [6]. Here, various 

lane change scenarios are implemented in CarMaker to analyze the algorithm’s performance. The 

planner assigns the path depending on dynamically changing surroundings. Similarly, another 

simulation-based development of chassis control systems has performed using CarMaker [7].  

Another software, PreScan is a physics-based simulation platform used by the automotive industry 

for developing ADAS based on sensor technologies but, have similar limitations in modelling physical 

vehicle deformation and rebound effects. A use-case of implementing virtual driving scenario from 

real-world tests was developed for different road-traffic conditions using PreScan [8]. Another 

interesting study was carried out which used PreScan to validate their probabilistic ADAS sensor 

models with real-world data [9]. PreScan also provides a realistic radar sensor model, which is then 

coupled with control logic in Matlab/Simulink for autonomous emergency braking and a pre-safe seat 

belt system was demonstrated [10][2].  

SCANeR studio is a software platform dedicated to automotive and transport simulation addressing 

both testing and driving for ADAS, AVs and HMI [3]. It enables ADAS and autonomous driving 

functions to be endlessly tested and validated. VTD supports insights into high-fidelity physics-based 

simulation methods that potentially enable autonomous vehicle testing in a more detailed manner. It is 

a platform for the creation, configuration, presentation and evaluation of a virtual world scenario for 

various aspects of autonomous driving validation. Also, VTD supports the whole range from MIL, SIL, 

HIL and VIL as well as DIL (Driver-in-the-loop) [11]. 

Apart from this wide range of simulators available for AV testing, there are a couple of open source 

libraries that provide the whole pipeline of Artificial Intelligence (AI) of self-driving cars. The 

algorithms incorporated in these libraries have been tested widely by researchers around the world 
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both in simulation and on road as well. These open platforms accelerate the process of further refining 

self-driving AI by providing researchers a benchmark that they can conveniently test under different 

scenarios either physically or virtually. The modular nature of these platforms helps to test different 

aspects of the AI independently and also to analyse the interdependence of all the components. 

TierIV's Autoware [12] is built on Robot Operating System (ROS) environment as a research and 

development platform for autonomous driving technology. Autoware is an open-source software for 

urban autonomous driving which facilitates various capabilities such as 3D localization and mapping, 

path planning and following, vehicle control, data logging, object detection and tracking, traffic signal 

detection, sensor fusion etc.  

LG Silicon Valley Lab's simulator (LGSVL) is another platform for testing and validating AI of 

AVs [13]. It is developed on a Unity-based multi-robot platform for autonomous vehicle developers. 

With some custom integration, it can generate HD maps for various platforms such as Duckietown 

[14], Autoware and Baidu's Apollo [15].  

This paper focuses on the development of an integrated AV simulation environment which is able 

to simulate and verify the effects of deploying AVs in high-fidelity street environment. The rest of the 

papers is organised as follows: Section 2 presents the proposed architecture of the autonomous driving 

simulator platform. In section 3, we explain the individual software and the interfaces to link the 

software. Section 4 discusses the results obtained from the autonomous valet parking test case scenario. 

In section 5, we mention the conclusion drawn and the future work.  

 

2. Simulator Design Architecture 

The proposed architecture is designed to provide an easy data exchange among the software and 

replicate real-life simulation. The architecture should be able to link with external libraries for 

exchanging data and controlling different aspects of simulation in real-time. VTD software is used for 

modelling the vehicle dynamics. VTD facilitates the usage of static and dynamic environment and 

various sensor model such as camera, LIDAR and object sensor etc. for testing autonomous driving 

scenarios. VTD is interfaced with ROS which control the AV based on the various scenarios. 

Autoware[16], an open-source self-driving software based on ROS is employed which is used as the 

autonomous driving systems for the AV models in the simulator. The architecture of integrated 

simulator platform for AV deployment is illustrated in Figure 1. The in-depth details of each 

component of VTD-ROS interface is presented in the next section. 

 

Figure 1 – Simulation architecture using VTD and ROS. 
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3. Simulator Configuration 

Virtual Test Drive (VTD): The software provides the required components, such as traffic objects, road 

layout and infrastructure, for scenario based AV testing while using physics based sensors. The 

components that need to be controlled at a low frequency such as maneuver of traffic vehicles and 

pedestrians, state of traffic lights and generation of new traffic players etc. are handled by the 

Simulation Control Protocol (SCP). High frequency data exchange, such as traffic objects and sensor 

information, between VTD and external libraries is performed using Runtime Data Bus (RDB). Both 

these interface means have been embedded in ROS based architecture in order to incorporate and 

further develop open-source libraries for the artificial intelligence of self-driving cars such as 

Autoware. Configuration settings in VTD are described next: 

1) Environmental Model: The goal of the proposed simulator is to validate AVs in a Singapore 

specific 3D environment and the most relevant component of such an environment with 

respect to perception of AV is the 3D models of the infrastructure surrounding the road 

network. The test area for our study is in Ang Mo Kio, Singapore. This area was selected as it 

contains a train station, major junctions and a number of locations which can be used as 

last-mile destinations. The 3D models of the buildings in our test area have been provided by 

GovTech, Singapore and importing these models into our simulation environment was one of 

our primary goals. After converting these models into compatible OpenFlight format using 

Autodesk 3ds Max, they were imported into VTD according to their geolocations. Some 

models that were unavailable were created by the team from scratch by using Google Maps as 

a reference for the geometrical aspects. 

2) Sensor Model: LIDAR and camera are the two primary sensors that have been used in the 

simulations. LIDAR sensor in VTD is based on Nvidia’s OptiX Ray Tracing Engine [17]. It 

deploys Whitted ray tracing algorithm [18] which uses one ray per pixel and can generate one 

ray each for reflection, transmission and shadows depending upon the material property of the 

hit point. There are two main kinds of sensor plug-ins for LIDAR provided in VTD: i) Basic 

intensity LIDAR, and ii) Physical Based Rendering (PBR) LIDAR. The PBR LIDAR requires 

a high level of details in the 3D model such as roughness, metallic, specularity etc. At present, 

this level of detail is not available in the 3D models for the test area. Therefore, the basic 

intensity LIDAR plug-in was selected for simulation. The LIDAR plug-in is capable of 

providing distance, reflected intensity, world or relative coordinates, object type, surface 

normal vector, ray elevation and speed of dynamic objects. However, we are using this to 

acquire relative coordinates and reflected intensity from the sensed objects. 

3) Road Layout: VTD provides a tool called Road Designer (ROD) for creating the road layout 

and placing different road elements. The main advantage of ROD is that it uses the open 

standard format of OpenDrive for road network which makes it possible to export it to other 

platforms and tools. ROD comes with a comprehensive 3D model library for road signs, road 

marks, traffic lights, pavement and roadside objects. Additionally, compatible 3D models in 

OpenFlight format can be imported and placed in the layout as well. The lane configuration of 
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road segments can be elaborately defined with various available lane types in accordance with 

OpenDrive format. It has the capability to import open street maps and convert them into 

logical virtual road networks. This feature was utilized to create the road layout of the test area 

and the junctions were then modified to add a higher level of detail. The developed Ang Mo 

Kio (AMK) road layout is shown in Figure 2. 

 

Figure 2 – Ang Mo Kio test layout 3D model. 

4) Scenario modelling: The logic of any use-case is developed through the Scenario Editor tool 

of VTD. It aids in assigning paths or trajectories to each dynamic object. It is also capable of 

creating a trigger based control of each traffic object which is helpful in designing borderline 

tests such as jaywalking, sudden lane change or blind spot scenarios. The logic and timings of 

all the traffic lights are created in this tool as well. For this study, we focused on a scenario of 

autonomous valet parking as it is potentially one of the most advantageous use-case of AVs. 

This scenario involves ego vehicle going from an origin on a road adjacent to a carpark and a 

destination being one of the parking slots of that car park. A pedestrian representing a dynamic 

obstacle will intrude the AV’s path and the response of the AV will be analyzed. 

Autoware: Autoware is a ROS based open source library which provides the complete pipeline for the 

AI of self-driving from localization to path following and has been validated in many studies. 

Autoware is modular which makes it possible to plug-in and plug-out any specific Artificial 

Intelligence (AI) algorithm to be tested in the whole pipeline by catering to the inputs and outputs of 

the other modules. The AI of our simulated AV in this work is handled by Autoware as well and we 

have also achieved different scenario goals by modifying the relevant modules of the library. The 

overall data flow diagram for the integrated simulator platform is depicted in Figure 3. 

1) Perception: Autoware has a number of algorithms for objection detection and tracking which 

require inputs of raw images from the camera sensor and point cloud data from LIDAR. The 
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processed data from these two sources is then fused to achieve high accuracy of the position 

and speed of detected objects. In our current scenario, we have tested our integration based on 

object sensor in VTD which gives information about the position, speed and bounding box of 

the objects present in the sensor’s range. The subsequent modules or ROS nodes have been 

modified to be compatible with this processed object data. 

2) Global path planning: The global path is planned offline by means of a conventional A* 

search algorithm. The occupancy grid for this A* search incorporates only the static elements 

of the scenario. This generates a series of waypoints which contain the x,y,z coordinates in 

occupancy grid frame which are then converted into VTD world frame. This waypoint series 

will change in accordance with the change in origin, destination or scenario. Here, a target 

velocity is also associated with each waypoint. 

3) Motion planning: Motion planning deals with a local maneuver of the ego-vehicle based on its 

response to the surrounding environment. In this work, this has been achieved by Hybrid A* 

Planner of Autoware. The algorithm extends the conventional A* to a continuous search space 

that is more relevant to real-world applications, where the kinematics of the vehicle need to be 

considered. It does so by considering the basic elements of the geometry of motion 

constrained by the vehicle’s kinematics and the continuous position at which the vehicle 

arrives in one of the map grid cells [19]. Consequently, this ensures that the searched path is 

actually drivable by the vehicle under test. If driving around the oncoming obstacle is not 

feasible then the vehicle would be stopped at a pre-defined stopping distance. In this way, the 

A* planner modifies the global waypoint series given to it and this modified waypoint series is 

then input into a path following module which converts them into a desired velocity and 

steering angle. 

VTD-ROS Interface: This interface is developed by making ROS nodes which connects to VTD 

for receiving the information. Two interfaces have been developed: 1) Shared memory interface 

and, 2) Network Interface. These interfaces are described next. 

1) Shared memory interface: The interface for the exchange of high frequency sensor data is 

based on shared memory and is implemented by means of Runtime-Data-Bus (RDB) in VTD. 

RDB is a VTD proprietary binary communication protocol which exports simulation data in 

its own package format. The flow diagram of shared memory interface with camera and 

LIDAR sensor is illustrated in Figure 3. ROS nodes are developed to extract both camera and 

LIDAR sensor data which write their data in RDB format to two different memory segments. 

The RDB package for a sensor contains the simulation time, frame number, package ID, pixel 

format, message size and data array. The sensor RDB package is then read through a ROS 

node that connects to the particular shared memory segment, parses the package, formats it 

into a ROS sensor message and publishes it onto the respective ROS topic. This sensor data is 

read at each simulation step and the frequency for LIDAR can be as high as 30 Hz. 
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  Figure 3 – Data flow diagram of VTD-ROS interface. 

2) Network Interface: The simulation in VTD is externally controlled by means of a network 

interface built on proprietary Simulation Control Protocol (SCP) which uses TCP/IP. The 

ASCII data in SCP commands uses XML syntax which is easy to read and modify. Full 

control of the simulation is possible by solely using SCP as VTD has a comprehensive suite of 

these commands for each aspect of the simulation. The synchronization of simulation time 

with the processing of algorithms for self-driving is achieved using SCP as well.  

 

Figure 4 – Flowchart for simulation control of the integrated simulator. 

 

Figure 5 – Snapshot illustrating VTD ROS connection. 
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In our current test scenario, the vehicle control commands of velocity and steering angle are 

being sent to the VTD driver model via SCP. The flow of simulation control of the integrated 

simulator is illustrated in Figure 4. The connection establishment between the VTD-ROS interfacing 

with LIDAR beam rendering is shown in Figure 5. 

 

4. Result and Discussions 

We demonstrate our integrated simulator by implementing the use-case of autonomous valet 

parking as shown in Figure 6(a), which includes a jay-walking pedestrian scenario. For the autonomous 

valet parking, a global path is planned through conventional A* algorithm as shown in Figure 6(b), 

which has its destination in an open car park.  

The integration with ROS allows the ego-vehicle to follow this path by sensing and reacting to the 

environment at every simulation step. A jay-walking scenario is implemented by using the action and 

trigger based system of scenario editor in VTD due to which the pedestrian will start to cross the road as 

soon as the ego vehicle is within its certain radius. We observe the response of AV to this oncoming 

pedestrian in terms of its velocity profile (Figure 7) which shows that the AV stops and waits till there is 

no more obstacle infront of it. It is observed from Figure 7 that the speed of the ego-vehicle drops to zero 

kmph (3 to 8 seconds) from 20 kmph as it applies to brake after detecting a jay-walking pedestrian on 

road. Once the pedestrian completes the road crossing, the ego-vehicle resumes to follow its trajectory 

by accelerating. 

More sophisticated scenarios with regards to different use-cases of AV can similarly be developed 

in order to analyse the behaviour of AV using quantitative metrics. The sensor models and parameters 

can also be tweaked to analyze their impact on AV behaviour under test scenarios. 

  

(a) (b) 

Figure 6 – (a) Jay-walking scenario while AV navigation; (b) Global path plan through A* algorithm.  
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Figure 7 – Velocity profile in response to jay-walking pedestrian. 

 

5. Conclusion and Future work 

In this work, an integrated AV simulator has been developed with demonstrating a use-case of 

autonomous valet parking. The modular nature of the simulator in terms of its sensor plug-ins, 

interface with external libraries and detailed environment modelling makes it a comprehensive tool for 

validating AVs in terms of their safety and service. The implemented ROS based interface allows 

connection with any external library which allows testing of different parts of self-driving AI. 

Moreover, the customizable sensors allow comparing the performance of various sensors under the test 

circumstances. The high level of detail in the virtual environment enables verifying the interaction 

between AV and the infrastructure. The analysis of this interaction can essentially serve as a guidance 

towards planning such infrastructure that is conducive to the most efficient operation of AVs. In the 

future, more advanced use-cases and test scenarios can be modelled to analyse AVs from both the 

perspectives of safety and practicality. 
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