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Advanced Driver Assistance Systems (ADAS) are a group of safety systems relating to motor vehicles. The main function of ADAS is to increase vehicle safety by minimizing human error. Globally over 1.3 million fatalities occur from traffic collisions with over 90% of this being due to human error. A high demand in increasing vehicle safety has led to a substantial increase in the growth of these systems in the automotive industry. Many of these systems adopt electronic distance measuring technologies to function. These include parking sensors, blind spot monitoring, collision avoidance systems, lane departure systems and adaptive cruise control.
This project outlines an investigation into distance measuring technologies in ‘ADAS’ systems. After extensive research short range collision systems using ultrasonic sensor technologies were the primary technology to be investigated. To carry out investigations on the technology a system was developed using selected ultrasonic sensors to control a buggy simulating an autonomous vehicle. The system compromises of an 8 bit microcontroller which is used to interface the selected ultrasonic transducers and to control the speed and direction of the buggy.
After carrying out tests on the final system it was found that as a technology ultrasonic produces excellent repeatability, however suffers from limited range, measuring angle and directivity issues and surface reflectivity factors. For a real functioning autonomous vehicle to achieve a 360° sensing area there would a large amount of ultrasonic sensors required to overcome these issues. This is one of the main reasons why autonomous vehicles adopt a range of camera, RADAR and ultrasonic technologies together so the benefits of all technologies complement each other. 
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[bookmark: _Toc510881363][bookmark: _Toc512506166]1.1. Introduction
Advanced Driver-Assistance Systems (ADAS) or Driver Assist Systems (DAS) is the name of a group of safety technologies applied to motor vehicles. The main purpose behind ADAS is to reduce/potentially eliminate human error and to increase vehicle efficiency [1]. ADAS has a significant history with many European car manufacturers and institutes investing in large scale projects. One of the earliest projects is the ‘Prometheus’ project which started as early as 1986. The main objective of this project was for automated technology and co-pilots, these are now known as ADAS. 
Although the ‘Prometheus’ project ended in 1993 it is considered by Crolla and many other authors as the project which has set the vision for the motor industries future [2]. Due to the increase in technology since ‘Prometheus’ and other large scale projects many car manufactures have developed ADAS for car lines. Since their introduction to the market ADAS technologies have had a rapid growth with predicted figures of $60.6 billion by 2020 [3] (figure 1). Within this rapidly growing market are an increasing number of systems developed which adopt distance measuring technologies. These include parking sensors, blind spot monitors, collision avoidance systems, adaptive cruise control and lane departure indicators. 

[image: ]
[bookmark: _Toc512506325]Figure 1: Global Advanced Driver Assistance Systems Market Growth [3]
[bookmark: _Toc510881364][bookmark: _Toc512506167]1.1.1. ADAS Purpose
The main purpose of ADAS as discussed previously is to increase overall safety in vehicles which is achieved by minimising human error. 
· Globally over 1.3 million people die each year as a result of traffic collisions [4]. 
· This averages around 3,287 deaths every day. 
· Over 50 million people are injured every year from traffic collisions [5]. 
· 90% of traffic collisions are caused by human error [6]. 

Statistics show a reason for a growing demand in these systems. A statistics report by the UK government show the top five contributory factors for traffic accidents in the UK [7] (figure 2). The number one factor is ‘failed to look properly’ followed by ‘failed to judge speed’, ‘careless or reckless driving’, ‘poor turn or manoeuvre’ and ‘loss of control’. All these factors are a form of human error. 

[image: ]
[bookmark: _Toc512506326]Figure 2: Top Five Contributory Factors in Reported Road Accidents [7]



[bookmark: _Toc510881365][bookmark: _Toc512506168]1.1.2. Advantages and Disadvantages
The main advantage of ADAS is they provide an increase in safety by using a variety of active and passive systems. This may be an alert to the driver (passive) or automatic control over the vehicle (active). Another benefit is increased vehicle efficiency which can lead to reduced fuel costs for drivers. Additionally, driver comfort and driver confidence is increased through the aids featured in the systems.
Although there are many benefits of ADAS some studies perceive the systems negatively. A study by Young and Stanton believe that driver performance may deteriorate [8]. This is due to the fact drivers may become over reliant on the systems in place [8] [9]. This is a valid argument as it may give drivers a false sense of confidence leading to a decrease in driver awareness. Furthermore, due to ADAS being fairly complex they can increase the mechanical complexity of a vehicle, thus leading to increased maintenance costs. 

[bookmark: _Toc510881366][bookmark: _Toc512506169]1.2. Aim
The overall aim of the project was to investigate distance measuring technologies within Advanced Driver-Assistance Systems (ADAS) and develop an electronic system to test an adopted technology.

[bookmark: _Toc510881367][bookmark: _Toc512506170]1.3. Objectives
To achieve the stated aim the following objectives were set:
I. Research and investigate Advanced Driver-Assistance Systems which adopt distance measuring technologies.
II. Write a design specification for a system to test a selected technology.
III. To design and build a system based on the design specification.
IV. Perform tests on the overall system and the technology recording all results achieved.
V. Analyse and evaluate the test results, comparing collected results with relevant studies.




[bookmark: _Toc512506171]1.4. Structure of Report
The report outlines and overviews the research into distance measuring technologies used in ADAS with documented findings on the adopted technology and designed system. Chapter two of the report overviews the planning made for the project. Chapter three presents the research methodology undertaken. In chapter four are details of research collected through the duration of the project. Presented in chapter five is the development methodology undertaken to design the system for the adopted technology. Reviewed in chapter six are all considered components for the proposed system. Chapter seven brings together all selected components and presents the final system design. Outlined in chapter eight is the final system implementation with all development stages documented. Chapter nine documents all tests carried out on the final system with all results and findings presented. Finally, chapter ten concludes the report by listing improvements and recommendations to the final system, in which all results and findings are concluded. 



[bookmark: _Toc512506172]Chapter 2: Project Planning

[bookmark: _Toc510881369][bookmark: _Toc512506173]2.1. Project Timescale
Project planning is one of the most fundamental parts of any project and is regarded by Vargas [10] “… [as] the foundation of the entire execution [of activities in a project]”. Significant and detailed planning was made to ensure that the project was successful. A Gantt chart was designed using software packages ‘Microsoft Project’ and ‘Microsoft Visio’. Both software packages were used as ‘Microsoft Project’ allowed details such as a breakdown of resources and materials to be tracked. Although this was found helpful for detailed planning, graphical representations were found difficult to follow. ‘Microsoft Visio’ was used to create a presentable plan which could be easily read and made deadlines clear. 
The initial plan was created based on previous project planning experience where most activities were over allocated time. Some activities were carried out more efficiently than anticipated. Another plan was produced half-way through the project to refine the timescales of specific activities, thus allowing more time to be allocated. The final designed task list and Gantt chart is presented below (figures 3 and 4). Please refer to the appendix A for the initial task list and Gantt chart. 
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[bookmark: _Toc512506327]Figure 3: 'Microsoft Project' Task List
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[bookmark: _Toc512506328]Figure 4: Final Gantt Chart
[bookmark: _Toc497299104][bookmark: _Toc510881370][bookmark: _Toc512506174]Chapter 3: Research Methodology

[bookmark: _Toc510881371][bookmark: _Toc512506175]3.1. Research Onion
The research methodology selected brings the fundamental platform and assumptions to initialise any research [11]. The research onion is a diagrammatic approach developed by Saunders et al (2007) which is used by researchers to determine an appropriate research philosophy (figure 5). The diagram is split into a series of layers which represent the overall philosophy, approaches, strategies, choices, time-horizon and procedures. Selection process from the diagram works by starting on the outer layer and moving towards the inner layer where each research condition is considered. It was used to select an appropriate research philosophy and methodology for the project. 

[image: ]
[bookmark: _Toc512506329]Figure 5: Research Onion [12]


[bookmark: _Toc510881372][bookmark: _Toc512506176]3.2. Philosophy
The identified research philosophy undertaken in the project was positivism. This philosophy is defined by R. Schutt [13] as “… there is an objective reality that exists apart from the perceptions of those who observe it, and that the goal of science is to better understand… [this objective]”. This philosophy has been selected mainly due to it being structured and experimentation orientated. The project relies on forms of experimentation and component testing. This means that results achieved will potentially be more accurate and minimise error due to the structured nature of the philosophy [14]. The philosophy is also mainly associated with quantitative data which is the primary data type collected through the project.

[bookmark: _Toc510881373][bookmark: _Toc512506177]3.3. Approach
Generally there are two types of approaches which can be undertaken in any research project, these being inductive and deductive. Inductive research is generating a new hypothesis or theory from the research and data gathered. This approach is deemed not suitable for the project as the investigations will be based upon already existing research and studies. A deductive approach is believed to be more suited to the project as it is concerned with deducting conclusions from a hypothesis or premise [15]. This approach is also more concerned with quantitative data collected which will be fundamentally the primary data type. 

[bookmark: _Toc510881374][bookmark: _Toc512506178]3.4. Strategy
The research strategies which will be employed in this project are a combination of experimental studies and document analysis. Experimentation will be adopted for the project as it will allow for chosen sensors performance to be analysed in specified conditions. Results then can be collected, analysed and compared against different variations of conditions. As well as sensor testing more general experimentation strategies will be used for hardware, software and component testing. Experimenting with different hardware and software design principles will ensure the best possible performance for system development.
Document analysis will be carried out from approved journal articles, books, conference proceedings and online sources to ensure a large range of sources can be analysed. Employing this strategy will allow for existing systems, technologies and studies to be looked upon and will give a large understanding of the field. This can be used with experimentation to compare and contrast results from existing studies and evaluate and explore various opinions around the technologies.
[bookmark: _Toc510881375][bookmark: _Toc512506179]3.5. Time Horizon
The selected time horizon for the project is critical to the planning and organisation of research. There are two main types being longitude and cross-sectional. A longitude research analyses data over a time period, whereas cross-sectional research examines data at a point in time [16]. Longitude research is usually taken over a longer period which could be over many years. This is done to see a change in dynamics or perceptions over time [17]. 
Cross-sectional research provides a snap shot of the researched situation over a shorter time period compared to longitude. For this project cross-sectional time horizon will be employed as it is mainly used for projects which are under constraints such as time and resources. All research will be performed at the start of the project and generally all main tests will be performed at the end at a single point in time.

[bookmark: _Toc510881376][bookmark: _Toc512506180]3.6. Data Collection Methods
There are two types of approaches to be considered for data collection methods, these being primary and secondary data collection. Primary data sources are considered as gathering information being it from surveys or experimentation. Secondary data sources are those made readily available from books and articles. For this project both primary and secondary data types will be collected. The majority of research carried out at the start of the project will be secondary data from available sources. Primary data will be collected towards the end of the project where system testing will be carried out. This data collected from tests may be analysed and compared with relevant secondary sources. 


[bookmark: _Toc510881377]

[bookmark: _Toc512506181]Chapter 4: Background Research and Literature Review

[bookmark: _Toc512506182]4.1. Workings of ADAS
ADAS functions by using the data gathered from sensors to control the vehicle or provide a warning. The majority of applied sensors use a shared bus known as the Controller Area Network (CAN). The CAN bus is a robust interface which is not susceptible to picking up any noise and other interference, this making it ideal for automotive applications [18]. With all sensors sharing the CAN bus it allows all parts of the vehicle to communicate between each other (figure 6). 

[image: [Vehicle Wiring: CAN Bus network]]
[bookmark: _Toc512506330]Figure 6: CAN Bus System Overview in Vehicles [19]

Sensors are controlled by multiple embedded systems which interface through the CAN bus. Commonly used systems include System on a Chip (SoC) which are selected due to its size, power and versatility. The embedded system can control the ECU (Engine Control Unit) which allows control of specific controller units. These include functions from braking and accelerating to airbags and audio system (figure 7). 

[image: Image result for adas system]
[bookmark: _Toc512506331]Figure 7: 'ADAS' Block Connection Diagram [20]

[bookmark: _Toc497299106][bookmark: _Toc510881378][bookmark: _Toc512506183]4.2. Types of ADAS Systems
There are many types of ADAS currently produced and being developed. Many of which use distance measuring technologies to function. Systems which use distance measuring technologies include parking sensors, blind spot monitors, collision avoidance systems, lane departure systems, adaptive cruise control and autonomous vehicles. An explanation on these systems is outlined in the following sections.

[bookmark: _Toc510881379][bookmark: _Toc512506184]4.2.1. Parking Sensors
Parking sensors work by using distance measuring sensors to pick up whether an object is within the vicinity of the vehicle [21] (figure 8). The three main technologies used in these systems are ultrasonic, RADAR (usually electromagnetic) and optical camera systems [22]. Parking sensors can be either classed as passive or active types of ADAS. In a passive system the driver is alerted by a form of output (usually from a buzzer) which will sound at intervals proportional to the closing distance. Active systems on the other hand are more recent and provide automatic parking were the system takes complete control of the parking manoeuvre. 
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[bookmark: _Toc512506332]Figure 8: Parking Sensor Operation [23]

Parking sensors are one of the earliest forms of mass-produced ADAS. Parking sensor technologies were first developed around 1995, however they were not produced on any car line until 2003 when Toyota launched the first line fitted with parking sensors. Now the majority of global manufacturers offer parking sensors as an option on all car lines. 
Parking sensors are well-received and are praised for improving driver confidence. This being due to many drivers find parking a troublesome and tedious task [22]. Ziebinski et al believes parking sensors provide ease of use to the user and improve driver comfort [24]. 

[bookmark: _Toc497299107][bookmark: _Toc510881380][bookmark: _Toc512506185]4.2.2. Blind Spot Monitors
A blind spot is an area where both rear view mirror and side mirrors are ‘blind’ to a vehicle, meaning the vehicle cannot be perceived by the driver [25]. A blind spot monitor or sensor is a device which alerts a driver when a vehicle enters the blind spot. These systems work by using distance measuring technologies to monitor the blind spot of a vehicle (figure 9). Associated technologies include ultrasound, RADAR and camera. As with parking sensors there are passive systems and active systems. In a passive system the driver is warned usually via an indicator LED. In an active system if in an event the driver ignores the warning the vehicle will adjust the steering to prevent a collision. 

[image: ]
[bookmark: _Toc512506333]Figure 9: Blind Spot Monitoring Working Principle [26]

Blind spot monitors were first produced around 2007 by Ford. This was a passive system which had no active or intervention technology. In 2010 the first active system was produced and released by Nissan. 
Many drivers new or experienced struggle with blind spots especially during motorway driving. These systems can provide confidence by acting as a ‘second pair of eyes’ to the driver. However, Platzer argues that provided mirrors are adjusted correctly there is no need for any expensive technology [27]. Although this is a valid argument it is believed many drivers become over confident and do not adjust mirrors to the correct positioning. 

[bookmark: _Toc512506186]4.2.3. Collision Avoidance Systems
A collision avoidance system is a short range active type of ADAS. Also known as a pre-crash or ‘Stop and Go’ system it is designed to prevent a collision by using a range of distance measuring technologies [28]. Technologies used include ultrasound, RADAR, LiDAR and camera. When the system detects a vehicle ahead it firstly alerts the driver with a warning. If the driver does not react to this warning it uses an active measure which will slow the vehicle down or apply an emergency stop (figure 10). The measure taken is dependent on the speed and distance. Generally these systems are used for short range and low speed applications such as queuing traffic.
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[bookmark: _Toc512506334]Figure 10: Collision Avoidance System Operating Patterns [29]

Attempts developing collision avoidance systems have been recorded as early as the 1950s. However, they were not produced until the early 2000s where Japanese manufactures such as Toyota, Nissan and Honda started producing car lines with these systems. Globally many car manufactures such as Audi, BMW, Ford and Volkswagen have adopted this feature. There are also ongoing discussions on whether to make these systems mandatory on non-commercial vehicles. A report by ‘Commissions of the EU’ believe that making these systems mandatory could prevent around 5,000 fatalities per year [30]. 
Many studies have perceived these systems as having a positive impact on the industry. A study by Li et al state that drivers hazard perception is highly increased especially in speed ranges of 30mph to 40mph [31]. However, although McLaughlin et al believe the systems are generally beneficial they argue that the effectiveness of these systems is down to the alertness of the driver [32]. This is a valid argument however for systems which provide automated brake control it may be considered unreasonable. 



[bookmark: _Toc497299109][bookmark: _Toc510881382][bookmark: _Toc512506187]4.2.4. Lane Departure Systems
Lane departure systems are designed to warn/prevent the driver from moving out of lane. These systems can be considered as a passive and/or an active system. They function by mainly using camera and LiDAR based technologies. Warnings are provided either by an indicator light or via sound. In a passive system there is just a warning with no automated control. An active system presents a warning and if the driver does not react the vehicle is automatically controlled (figure 11). 

[image: 1300x551_Audi-active-lane-assist.jpg]
[bookmark: _Toc512506335]Figure 11: Depiction of an Active Lane Departure System [33]

Lane departure systems are used mainly for motorway driving and can normally be turned on and off by the driver. Nissan in 2001 were one of the first manufacturers to release this technology. Since then many other car manufactures have released variations.
As with other ADAS they are mostly perceived as positive. The main benefit of these systems is their functionality on motorway driving. As motorway driving is generally long and tiresome loss of concentration is more likely apparent [34]. The main drawback with this system however is based on the technology. Due to these systems relying on camera and vision technologies if there are conditions which disturb the vision such as mist or snow then the system becomes unreliable [35]. 



[bookmark: _Toc512506188]4.2.5. Adaptive Cruise Control
Adaptive Cruise Control (ACC) is a cruise control system which automatically controls the speed of the host vehicle to keep a safe distance between a vehicle ahead. The system uses RADAR, LiDAR and camera technologies to acquire distance. It works similarly to a collision avoidance system with an alert or warning first placed. With no reaction to this warning results in an automatic reduction in speed to maintain a safe distance (figure 12). However, unlike collision avoidance systems it generally functions for long range applications such as motorway driving. 

[image: Image result for adaptive cruise control]
[bookmark: _Toc512506336]Figure 12: Adaptive Cruise Control Operation [36]

ACC systems have been in development since the early 1990s with Mitsubishi developing a distance warning system. This system provided a warning without directly controlling the vehicles speed. Toyota in 1997 produced the first widely used adaptive cruise control which used LiDAR based technology. It controlled the speed of the vehicle by downshifting gears rather than braking control. Global manufacturers such as Mercedes, Ford and Volkswagen since these early developments have ACC as an optional extra on most car lines. 
The system provides an increase in driver comfort, due to the ability to set a desired journey speed which can be maintained and controlled automatically. Marsden et al believes that driver comfort is substantially increased and environmental benefits are presented with ACC [37]. An increase in efficiency is apparent as the system controls the engine RPM insuring it is optimal, thus reducing fuel consumption. Subsequently, a study conducted by Christina et al show that drivers which use ACC have a higher reaction time towards hazards than drivers without [38]. 
As with the majority of ADAS the main argument against these systems is reduced driver awareness, this is the same case with ACC. Young and Stanton argue that a reduced workload for the driver can cause reduced reaction times at critical situations [8]. This point is valid especially in ACC systems as the driver may become over reliant on automatic control.

[bookmark: _Toc512506189]4.2.6. Autonomous Vehicles
An autonomous vehicle as defined by Nikowitz as “A vehicle that is designed to travel between destinations without a human operator.” [39]. Autonomous vehicles use a combination of distance measuring technologies to sense its surroundings. A combination of ultrasound, RADAR, LiDAR and camera technologies are used. Location information and positional data is collected from GPS. The system uses all of this information which is processed through multiple embedded systems to select the appropriate manoeuvre/response. For autonomous vehicles to function a 360˚ sensing range must be covered (figure 13).

[image: Image result for ADAS system diagram]
[bookmark: _Toc512506337]Figure 13: Autonomous Car 'ADAS' Layout [40]


Self-Drive Cars have been road tested since around 2013. However, projects were launched and tested prior to this. BMW were one of the earliest testers with other large car manufacturers following. Technology companies have also developed algorithms and actuators for self-drive vehicle testing. Companies such as Google (under the name Waymo), Uber and Intel all have developed prototype test systems. Only recently have there been unmanned tests with Google being one of the first. The measure to gauge improvements in these systems is from the number of disengagements (driver taking control) made. Refer to ‘Appendix B’ for disengagement chart. 
Autonomous vehicles and vehicles equipped with ADAS are grouped into different levels. The levels being one to five with level one being mostly controlled by the driver and five being full automation. The table below outlines the levels of automation (table 1).
[bookmark: _Toc512495169]Table 1: Automation Levels
	Level
	Automation

	1
	Minor steering and acceleration control

	2
	Safety features usually passive systems

	3
	Safety critical features

	4
	Self-Drive vehicle without human input. May not drive through unmapped areas

	5
	Full Automation



Autonomous vehicles for future and present applications have mixed perceptions. Litman perceives future autonomous vehicles as positive as the study looks into the benefits and implications. Litman believes that overall autonomous vehicles can improve mobility, productivity and reduce driver stress [41]. Gerla et al state that autonomous vehicles can provide increased comfort and safety [42]. However, they do believe that this is achieved if vehicles can communicate between each other using network protocols. 
Although there are many benefits from autonomous vehicles many highlight the ethical issues around the algorithms used. Goodall argues that ethics cannot be programed into the algorithms [43]. The study outlines particular situations which may arise if self-drive cars have a critical decision to make. The main question arises if an unavoidable situation occurs does the car kill the driver or avoid the situation and potentially kill pedestrians. Howard and Sparrow agree with Goodall and state that until the technology is refined it should not be sold [44]. 

[bookmark: _Toc512506190]4.3. Existing Products
The following section outlines products currently on the market for the previously discussed systems.

[bookmark: _Toc510881385][bookmark: _Toc512506191]4.3.1. Parking Sensors
There are many types of parking sensors currently on the market. There are retro fit products available as well as car manufacturers producing them within specific car lines. Below outlines a range of selected parking sensor systems.

	Maplin Parking A61JJ (figure 14):
· Uses four Ultrasonic sensors which can be fitted to the front or back bumper.
· LED warning display with distance.
· Control Unit which calculates distance from detected object.
· Passive System with warnings no active control.
	[image: https://i1.adis.ws/i/maplin/A61JJ_2?w=365&h=365&qlt=80&img404=A61JJ_set&v=1&locale=en-gb]
[bookmark: _Toc512506338]Figure 14: Maplin Parking Sensor [45]

	System Cost: £23.99

	

	Parking Dynamics PD1 (figure 15):
· Electromagnetic strip system which is fitted behind the bumper (No drilling required).
· Buzzer provides alert to driver.
· Control Unit performs calculations required.
· Passive system.
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[bookmark: _Toc512506339]Figure 15: Parking Dynamics PD1 [46]

	System Cost: £79.96
	

	Ring Reverse Camera RBGW430 (figure 16):
· Camera (320 x 240 p) based system fitted to back or front bumper.
· Wireless camera and display unit.
· LCD display 480x272.
· Camera LEDs for night vision.
· Passive system.
	[image: http://www.ringautomotive.com/files/myimages/BOTH.jpg]
[bookmark: _Toc512506340]Figure 16: Ring Reverse Camera [47]

	System Cost: £99.99

	

	BMW Park Assist (figure 17):
· Sold as an option on the majority of BMW car lines.
· Active and passive options available.
· Passive options include ultrasonic and camera distance control.
· Active options include automatic parallel parking.
· Graphical display built in to the dashboard.
	
[image: Image result for bmw park sensors]
[bookmark: _Toc512506341]Figure 17: BMW Park Assist Display [48]

	System Cost: £595 - £1,095

	

	Volkswagen OPS (figure 18):
· Sold as an option on all VW car lines.
· Passive system which uses ultrasonic and/or camera technologies.
· Graphical display usually built into the dashboard.
	[image: Image result for vw ops]
[bookmark: _Toc512506342]Figure 18: Volkswagen OPS [49]

	System Cost: £799
	



The most popular technology adopted for parking sensors are ultrasonic and camera systems. Both these systems are used solely in specific systems and are also paired. Ultrasonic systems are generally the least expensive. Active systems such as the BMW park assist are the most expensive of systems found mainly due to their built in high quality displays and their active control (parallel park function).

[bookmark: _Toc512506192]4.3.2. Blind Spot Monitors
There are retro fit and built in blind spot monitors on the market. Presented below are a selected range of blind spot monitors.

	Echo Master Blind Spot Detection (figure 19):
· RADAR system uses two sensors which are fitted to the side of the vehcile.
· Control unit performs all calculations.
· Warning provided from a buzzer
· Passive system.
	[image: https://echomaster.com/2846-thickbox_default/microwave-sensor-side-blind-spot-detection-system.jpg]
[bookmark: _Toc512506343]Figure 19: Echo Master Blind Spot Kit [50]

	System Cost: £129.99
	

	
Durite Blind Spot Assist (figure 20):
· Ultrasonic system with six sensors which can be arranaged around the side of the car or rear bumper.
· Buzzers and warning indicators are fitted on passenger side and driver side.
· LED display also avaliable
· Passive system.
	
[image: http://www.auto-electrical-supplies.co.uk/image/cache/data/products/cctv/durite_0-870-00_blind_spot_detection_system-350x350.jpg]
[bookmark: _Toc512506344]Figure 20: Durite Blind Spot Assist Kit [51]

	System Cost: £256.66
	

	




Volvo Blind Spot Information System (figure 21):
· Sold as optional equipment on majority of Volvo car lines.
· Camera based system (usually located under related mirrors.
· Provides indicators and dashboard warning.
· Passive system no active control.
	

[image: https://www.cartelligent.com/sites/default/files/styles/blog_post/public/blog/Volvo%20V40%20Enhanced%20Blind%20Spot%20Information%20System%20BLIS%20Video.jpg?itok=_CF7KGnU]
[bookmark: _Toc512506345]Figure 21: Volvo BLIS Indicator [52]

	System Cost: £385.90

	

	Mercedes Blind Spot Assist (figure 22):
· Sold as optional equpiment on majority of Mercedes car lines.
· RADAR system which uses RADAR strip fitted under the back bumper.
· Provdies audiable and display warinings.
· Active system prevents collision with steering control.
	
[image: Image result for mercedes blind spot assist]
[bookmark: _Toc512506346]Figure 22: Mercedes Blind Spot Assist Indicator [53]

	System Cost: £779.00
	



Existing blind spot monitors on the market use a mixture of camera or RADAR systems. Ultrasonic systems are used but are mainly sold as retro fit kits, whereas larger manufacturers mainly prefer RADAR or camera technologies. Pricing shows that camera systems and RADAR are most expensive. The most expensive product compared is the Mercedes blind assist primarily due to its active features. 

[bookmark: _Toc512506193]4.3.3. Collision Avoidance Systems
The majority of collision avoidance systems are built in and come as optional equipment in many manufacturers’ car lines. Below presents selected collision avoidance systems currently on the market.
	Care Drive Anti Collision (figure 23): 
· Camera and LiDAR based system in which the sensor is fitted above the rear view mirror.
· Control unit which can interface with vehicles ECU (requires fitting).
· LED display unit displays distance.
· Passive system no active control.
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[bookmark: _Toc512506347]Figure 23: Care Drive Anti Collision Kit [54]

	System Cost: £545.99
	

	
Volkswagen Front Assist (figure 24):
· Comes as standard on all new VW models.
· RADAR based system fitted under front bumper.
· Audio and visual warnings.
· Active system works for speeds up to 19 mph where an emergency stop is applied.
	


[image: Related image]
[bookmark: _Toc512506348]Figure 24: Volkswagen Front Assist Operation [55]

	System Cost: Standard with new models
	

	
Toyota Pre-Collision System (figure 25):
· Comes as standard on majority of new Toyota models.
· Camera and LiDAR based system fitted above rear view mirror.
· Audio warnings.
· Active system applies emergency braking.
	

[image: Image result for toyota pre collision system]
[bookmark: _Toc512506349]Figure 25: Toyota Per Collision System [56]

	System Cost: Standard with new models
	


The majority of technologies used in collision avoidance systems are RADAR or Camera and/or LiDAR. There are a lack of retro fit systems mainly due to the majority of systems are provided as standard equipment on new car lines. This is also due to ECU connectivity which is required for activate systems.

[bookmark: _Toc512506194]4.3.4. Lane Departure Systems
Lane departure systems come as either retro fit options are as optional equipment on car lines. Below outlines selected existing lane depature systems. 

	Mobileye 6 Series (figure 26):
· Camera/LiDAR system fitted above the rear veiw mirror.
· Provides display and audio warning.
· LCD display mounted to dashoborad.
· Passive system no active control
	[image: https://cdn.mobileye.com/en-uk/files/2016/04/Mobileye-660-white.jpg]
[bookmark: _Toc512506350]Figure 26: Mobileye 6 Series Kit [57]

	System Cost: £285.99
	

	
Bosch Lane Warning System (figure 27):
· Camera system fitted above rear veiw mirror.
· Displays are sold seperatly.
· Passive system but can be used as a camera in an active system.
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[bookmark: _Toc512506351]Figure 27: Bosch Lane Warning Camera [58]

	System Cost: £235.85
	

	



BMW Lane Keeping Assistant (figure 28):
· Standard on majority of car lines.
· Camera/LiDAR based system.
· Dashboard display and audio warnings.
· Active system prevents driver manouvering out of lane.
	
[image: Related image]
[bookmark: _Toc512506352]Figure 28: BMW Lane Keep Assist Display [59]

	System Cost: Standard on new car models
	



Most lane departure systems use camera combined with LiDAR technologies. Active systems provide automatic steering such as the BMW lane keeping assistant system. This system is also standard on the majority of models.

[bookmark: _Toc512506195]4.3.5. Adaptive Cruise Control
Adaptive Cruise Control systems are generally built in as retro fit options are difficult to implement due to the sensors needing to interface with the ECU. Below outlines selected ‘ACC’ systems. 

	Bosh RADAR made for ‘ACC’ (figure 29):
· RADAR sensor desgined specifically for ‘ACC’ systems.
· Detects upto 160m away.
· Implemented in produced ‘ACC’ systems.
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[bookmark: _Toc512506353]Figure 29: Bosch RADAR Sensor [60]

	System Cost: £379.99
	

	


Nissan Intelligent Cruise Control (figure 30):
· Sold as an option on car lines
· RADAR system which can function at speeds of 5 to 100 km/h.
· Audio and visual warnings.
· Active features such as speed control and speed curve control.
	


[image: ]
[bookmark: _Toc512506354]Figure 30: Nissan Intelligent Cruise Control Layout [61]


	System Cost: £900
	

	
Audi Intelligent ‘ACC’ (figure 31):
· Sold as optional extra.
· RADAR system with sensor fitted under bumper.
· Dashborard display warning.
· Active speed control and is paried with ‘Stop and Go’ system.
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[bookmark: _Toc512506355]Figure 31: Audi Intelligent 'ACC' [62]

	System Cost: £475.00
	



The majority of ‘ACC’ systems use RADAR technologies. Some manufacturers use camera based systems either paired with LIDAR or RADAR. Unlike collision avoidance systems ‘ACC’ is not standard and is sold as an optional extra. 

[bookmark: _Toc512506196]4.3.6. Autonomous Vehicles
Currently existing autonomous vehicles do not exist. However, there have been test and prototype vehicles made. Selected prototypes are presented below.

	Waymo Self Drive Car:
· 100% autonomous vehicle no steering wheel, accelerator or brakes.
· Been tested since 2015.
	[image: Image result for self drive car google]
[bookmark: _Toc512506356]Figure 32: Waymo Self Drive Car [63]

	
Mercedes F015: 
· Prototype vehicle by Mercedes-Benz.
· 4 seats with no controls
· Estimated price predicted to be $10 million [64].
	
[image: https://pictures.topspeed.com/IMG/crop/201501/2015-mercedes-benz-f-015--46_1600x0w.jpg]
[bookmark: _Toc512506357]Figure 33: Mercedes F015 Concept [64]



[bookmark: _Toc512506197]4.4. Technologies
In the following section are detailed workings of the distance measuring technologies adopted in ADAS. 

[bookmark: _Toc512506198]4.4.1. Camera
Camera based systems measure distance and perform object detection by using various software algorithms. In ADAS cameras generally function by searching for objects of interest such as pedestrians, vehicles and bikes. This is mainly done by using image processing which is analysed by an embedded system (usually System on a Chip ‘SoC’). There are two main algorithms which ADAS combine and use, these are Computer Vision (CV) and Machine Learning (ML) [65]. 

[bookmark: _Toc512506199]4.4.1.1. Computer Vision
Computer Vision is a name to various algorithms used in artificial intelligence to provide systems with an understanding of the world visually. It is used to potentially build automated systems which can perform tasks replicating the human visual system [66]. There are three main conceptual stages to the algorithms which are image acquisition, image processing and image analysis.
Image acquisition is fundamentally acquiring an image from the real world and then interpreting this as a digital image [67]. Generally in ADAS acquisition is carried out by a monocular or stereo camera system either fitted to the front, side or rear of a vehicle. Before processing can be performed, pre-processing is carried out which removes any noise and performs scaling to ensure the image is scaled correctly.
After the image is acquired from the camera image processing is required. From the data collected various algorithms are applied. These algorithms interpret the image by highlighting edges, shadows and textures [68]. Algorithms which are applied in ADAS include edge detection, segmentation, classification and Hough transform (figure 34). 

[image: http://www.adrianboeing.com/improvCV/img/lanetrack.png]
[bookmark: _Toc512506358]Figure 34: Hough Transform Used in Lane Detection [69]

The final stage is analysis of the processed image. This allows for decision-making to be made and is carried out by various high level algorithms. Algorithms used in ADAS include object recognition and tracking. This allows vehicles to make various decisions depending on the object detected. 

[bookmark: _Toc512506200]4.4.1.2. Machine Learning
Machine Learning is a range of data mining techniques which allows computer systems to progressively learn and in turn improve performance [70]. The main task of any machine learning algorithm in ADAS is to continuously review the surrounding area and apply learned predictions and estimations to possible changes. This is one of the main properties in developing self-drive cars as environmental changes can lead to effects such as decreased stopping times and steering factors, all which have to be applied and learned. There are generally four main algorithms which apply machine learning to ADAS, these being regression, classification, clustering and decision-making.
Regression is an algorithm used to predict events. These algorithms use repeatability of the environment in which it uses relationships of a variety of variables [71]. It then compares the effect of the environment on specific variables and creates a statistical model which is the backbone. It uses this model to provide predictions of particular events and conditions viewed in sampled images.
Pattern recognition is another algorithm used in which it processes image data by filtering the image into specified instances [71] [72]. These highlighted instances are used to classify a particular object. This data is used for the vehicle to distinguish between a car, signs and pedestrians.
Clustering is used when the sampled imaging is not clear. In ADAS clustering is used with regard to detecting fog and other poor visibility conditions. It uses data points of interest to estimate the classification of an object [72]. With all the types of algorithms used all data collected is analysed and then a decision-making algorithm is used to perform desired set actions from previously learned instances. 

[bookmark: _Toc512506201]4.4.1.3. Distance Measuring
Obstacle detection and distance measurement for camera systems in ADAS uses either a single based camera (monocular system) or a stereovision based system (two or more cameras). Both these systems use a variety of computer vision and machine learning algorithms. However, the techniques used for each differ. 
Monocular camera systems use techniques such as texture recognition, colour segmentation and object detection. After the detection process is complete it estimates 3D characteristics through pre made assumptions and knowledge obtained through the road and surrounding objects [73]. Usually ADAS work off the basis of pedestrian assumption as we as humans are relatively standard in shape and size. It uses this as an average to approximate distance [65]. 
Estimation methods using texture detection as described above are the most common. One technique found through a study by Yamaguti et al uses a molecular camera where one image is taken at a fixed ‘Camera Point’, after this it is moved to a known distance where another image is captured [74]. This effectively is simulating the workings of a stereo system. 
Stereo based systems differ by using two or more cameras to estimate the 3D coordinates directly. Both cameras are separated by a distance which is known as a baseline distance. Using more than one image allows for a system to find correspondence between the two [73] [75]. There are many techniques used with some studies such as by Williamson who opts to use one camera for vertical estimation and one for horizontal estimation [76]. 
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[bookmark: _Toc512506359]Figure 35: Stereo Camera Based System Image Matching [75]

To calculate the distance in stereo system the baseline needs to be considered. Using both camera images processing techniques can be used to find a relation between images. The amount of shift in the coordinates for each image is known as the disparity. By using this shift the distance can be calculated using triangulation [77] (equation 1).

[bookmark: _Toc512458824]Equation 1: Stereo Camera Based System Distance Calculation [78]

Where D is distance, B is baseline, f is focal length of the camera and d is disparity of the image.

[bookmark: _Toc512506202]4.4.1.4. Determining Camera Properties
Determining specifications such as resolution have a large effect on the range a camera can measure up to. The range and identification parameters of a camera are determined by the Mpixel rating (figure 36). Shown in the graph below is the relationship between detection distance in ADAS and Mpixel rating [65]. The majority of ADAS systems use a field of view (FOV) of around 450. The graph shows that the higher Mpixel rating the camera has the more distance which can be covered. However, there is a trade off in which as the resolution is increased it brings issues such as poor lighting performance and higher computational power. The majority of ADAS systems use around a 1MP camera [65]. 

[image: https://cms.edn.com/ContentEETimes/Images/EETimes_cte/figure3.jpg]
[bookmark: _Toc512506360]Figure 36: Mpixel v Maximum Distance Measured for Pedestrian Detection [65]

[bookmark: _Toc512506203]4.4.1.5. Advantages and Disadvantages
There are many studies which believe camera systems have various advantages over other distance measuring technologies. A study by Spinneker et al believe that optical technologies are the best choice for any ADAS system as they provide enhanced accuracy and performance over other technologies [79]. However, the study also believes that although these benefits are apparent in good conditions, camera systems suffer reliability issues in conditions with poor visibility [79]. Although this is a large disadvantage for cameras Mody et al [80] backs up enhanced accuracy and also believes the advantage of object recognition to be a vital part of any ADAS. 
Although many believe accuracy and performance is enhanced in camera systems there are reliability issues. Other disadvantages include cost implications and increased computational power. Shown below is a summary of advantages and disadvantages of camera systems (table 2).

[bookmark: _Toc512495170]Table 2: Summary of Camera Systems Advantages and Disadvantages
	Advantages
	Disadvantages

	· Increased Accuracy 
· Greater Distance Range
· Higher repeatability
· Object detection
	· Suffers reliability from environmental conditions
· Higher computational power
· Increased system cost



[bookmark: _Toc512506204]4.4.2. LiDAR
Light Detection and Ranging (LiDAR) is a distance measuring and surveying method which uses pulsed laser light. As a pulsed light is transmitted if an object is present within its vicinity it will reflect back [81]. This reflected light is picked up by a receiver within the sensor. A basic LiDAR system consists of a generated laser which is pulsed at a rotating mirror to produce a ranging field of view. 

[image: Image result for LiDAR system]
[bookmark: _Toc512506361]Figure 37: Basic LiDAR System [82]

There are a range of LiDAR systems and technologies available for various applications and for gaining various parameters. In ADAS LiDAR is used in two ways. The first way is by using a LiDAR range finder which is used for ACC and other long range systems. The second method is LiDAR scanning which uses the same basic principle to map a 3D environment.

[bookmark: _Toc512506205]4.4.2.1. LiDAR Wavelengths
Theoretically any light source can be used in a LiDAR system. Common sources are either green light or near infrared which is 532nm to 1,064nm. These common wavelengths provide a good range and are highly accurate. Increased wavelengths of around 1,550nm are used for higher power and increased range applications. The drawback is there is significantly reduced accuracy [83]. 

[image: Image result for laser light spectrum]
[bookmark: _Toc512506362]Figure 38: Laser Wavelengths in Electromagnetic Spectrum [84]

[bookmark: _Toc512506206]4.4.2.2. LiDAR Range Finder
A LiDAR range finder is commonly used in ACC applications. In these systems a hexagonal shaped reflector/mirror is used to reflect the beam for high and low orientations. LiDAR range finders operate using the Time of Flight (ToF) principle. This principle is used to calculate the distance by timing the flight of the pulsed beam from the time taken to transmit and receive. Since all light sources used travel at the speed of light (approx. 300 million m/s) it can be used as the constant velocity of the signal (equation 2).

[bookmark: _Toc512458825]Equation 2: Distance Calculation for LiDAR [85]
Where D is distance, Sl is speed of light and T is time taken.
The multiple of speed of light and time of flight is divided by 2 to allow for the round trip for of the signal. A typical LiDAR range finder is shown below (figure 39).

[image: Image result for TOF Lidar system amplifier]
[bookmark: _Toc512506363]Figure 39: Block Diagram of a LiDAR System [86]

Time of flight systems are used in 2D and 3D applications. Time discriminator is important factor in the accuracy of ToF range finders. The job of the discriminator is to observe the time of flight from the detector pre-amplifier within a system. It then uses this information to provide a trigger signal at the right instance [87]. The time derivation selection is dependent on the applications resolution, counting rate and dynamic range. The most common and simple method is using single pulsed leading edge timing (figure 40). 
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[bookmark: _Toc512506364]Figure 40: Pulsed LiDAR Measurement with Leading Edge Timing [87]

Single pulsed transmission provides a high degree of accuracy. This is due the transmitted pulse and returned signal following the same path [88]. Distinguishing between two pulses can be achieved by increasing the bandwidth and using shorter pulses.

[bookmark: _Toc512506207]4.4.2.3. Effect of Noise
Typical noise interference in LiDAR systems include shot noise, high frequency interference, timing jitter, drift, light noise from the atmosphere and thermal and electric noise from detector system [89]. This can change the lasers signals pulse shape and amplitude. With interference such as timing jitter it can lead to fundamental inaccuracies as the ToF method is based on timing. 
There are various methods which reduce the signal to noise ratio of a laser pulse. A study by Mao et al use a series of algorithms to retrieve data points, which uses a double filter system consisting of Kalman filter [90]. A range of other filtering techniques can also be applied.

[bookmark: _Toc512506208]4.4.2.3. 3D Surveying
3D surveying methods are the first applications of LiDAR and were used in the military. Since early applications it has been used in other industries and is now situated on prototype autonomous vehicles. This method works off the same principle as ToF but just uses rotations to pulse laser at a specified speed. Rotating can be used to take reflection points of the surrounding environment. This is done at high speeds with sampling rates of 100,000 data points per second [91]. These systems generally consist of a ToF LiDAR range finder, GPS, a scanner and photo detector (figure 41).

[image: Image result for LiDAR scanning ADAS]
[bookmark: _Toc512506365]Figure 41: 3D Surveying [92]

[bookmark: _Toc512506209]4.4.2.4. Advantages and Disadvantages
There are many advantages with LiDAR systems. One of the main advantages is high accuracy and high response times. Garcia believes that LiDAR possess excellent reliability for detecting various objects compared to RADAR [92] [93]. Ogawa et al also backs this up by believing that LiDAR provides high detection performance with high environmental robustness [93]. They also state that LiDAR has high accuracy and resolution over other forms of measurement. Additionally, due to LiDAR having shorter wavelengths over RADAR it can detect smaller objects which RADAR cannot perceive [94]. 
Many studies disagree with the environmental robustness belief by Ogawa et al and find that LiDAR is affected by lighting and rain conditions [24] [95]. The other drawbacks which LiDAR possess are mainly its cost implications. Below is a summary of advantages and disadvantages of LiDAR (table 3).
[bookmark: _Toc512495171]Table 3: Advantages and Disadvantages Summary of LiDAR
	Advantages
	Disadvantages

	· High Accuracy
· Can detect a range of objects and survey environment
· High resolution
· High response time
	· Can be unreliable in certain conditions
· Expensive technology.



[bookmark: _Toc512506210]4.4.3. RADAR
Radio Detection and Ranging (RADAR) is an object detection, range and velocity measurement technology which uses radio waves. A RADAR sensor consists of a transmitter also known as a magnetron, which generates electromagnetic waves within the microwaves or radio domain of the electromagnetic spectrum. Transmitted radio waves travel at the speed of light where if an object is present waves are reflected/backscattered. A receiver then receives the reflected radio signal. 

[bookmark: _Toc512506211]4.4.3.1. RADAR Frequency Bands
RADAR systems work on a large range of frequencies on the electromagnetic spectrum. Generally RADAR systems which work at higher frequencies have the advantage of being more accurate and have a larger range. However, the drawback is that it is less reliable due to it being effected by weather conditions such as mist and rain [96] [97]. 
RADAR systems are classified in bands based upon operating frequency. Bands range from L which operates around 1GHz to band W which can operate up to 110 GHz [98]. Below is an overview of these bands (figure 42 and table 4).

[image: https://earth.esa.int/documents/10174/2052852/c3_electromagnetic_full.jpg]
[bookmark: _Toc512506366]Figure 42: RADAR Bands Chart [98]

[bookmark: _Toc512495172]Table 4: Frequency Band Table 
	
Band
	Frequency
	Wavelength

	P
	0.255 – 0.390
	133 – 76.9

	L
	0.390 – 1.550
	76.9 – 19.3

	S
	1.550 – 4.20
	19.3 – 7.1

	C
	4.20 – 5.75
	7.1 – 5.2

	X
	5.75 – 10.90
	5.2 – 2.7

	K
	10.90 – 36.0
	2.7 – 0.83

	Ku
	10.90 – 22.0
	2.7 – 1.36

	Ka
	22.0 – 36.0
	1.36 – 0.83

	Q
	36.0 – 46.0
	0.83 – 0.65

	V
	46.0 – 56.0
	0.65 – 0.53

	W
	56.0 – 100.0
	0.53 – 0.30



RADAR based ADAS technologies use a mixture of short range and long range RADAR systems. Short range RADAR applications such as collision avoidance and lane departure systems use an operating frequency of 24–29GHz which is band Ka. Longer range systems such as ACC operate at a frequency of 77–81GHz which is within Band W [99].

[bookmark: _Toc512506212]4.4.3.2. Reflection
RADAR reflectivity is the amount of power which is returned to the receiver in regard to the transmitted signal. RADAR waves reflect in different ways and is dependent on the wavelength of the waves transmitted and the shape of the detected object. If the size of the detected object is larger than the wavelength then reflectivity is high. However, if the object is shorter than the wavelength reflectivity will be poor [100]. This is why selecting the appropriate band of RADAR is important for various applications. ADAS as well as many other modern RADAR systems use shorter wave length in their applications. This due to the principles of reflectivity with regard to wavelength. Equation 3 shows power reflection calculation.

[bookmark: _Toc512458826]Equation 3: Power Reflection RADAR [101]

Where Pr is power returned (W), Pt is power transmitted, g is antenna gain, θ is horizontal beam width, Φ is vertical beam width, h is pulse length, K2 is the dielectric constant, l is attenuation loss, λ is wavelength, r is range and z is reflectivity factor.

[bookmark: _Toc512506213]4.4.3.4. Time of Flight Measurement
RADAR systems generally measure distance in two ways. One of these methods is to use the Time of Flight (ToF) principle. By using the Time of Flight (ToF) principle information such as velocity of the object and distance can be calculated. 
As with LiDAR technologies the propagation of radio waves is at a constant speed, being the speed of light. So by using the speed of light and the time taken for the radio wave to travel the distance can be calculated [96] [102] (equation 4).

[bookmark: _Toc512458827]Equation 4: RADAR Time of Flight Distance Calculation [102]

Where D is distance, v is speed of light and t is time of flight.
The speed of light is constant and is the equivalent to 2.998 x 108 meters per second. This is multiplied by the time of flight of the wave. All this is divided by 2 to take consideration of the round trip for the signal.
Using the ToF to determine distance requires high speed electronics [103] [104]. This is due to RADAR waves travelling at the speed of light. Systems which cannot establish these speeds will lead to inaccuracies in results.

[bookmark: _Toc512506214]4.4.3.4. Frequency Modulation Continuous Wave (FMCW)
Frequency Modulation is the second method for measuring distance from RADAR. This method uses frequency change from the transmitted signal to the received signal to calculate distances. Unmodulated continuous wave RADARs transmit a signal which is constant in frequency. Without any modulation CW RADARs only can determine the velocity of an object using the principle of the Doppler Effect [104].  
FMCW RADARs use frequency modulation on the source of the transmitted signal. By using a propagation delay a shift can be introduced within a designated delay [105]. This is made predictable so calculations can be performed by comparing the differences in signals.

[image: ]
[bookmark: _Toc512506367]Figure 43: Transmitted and Received FMCW Signals [105]
The transmitted signal is shifted by Tp in the diagram above (figure 43). By expressing this in terms of frequency the distance can be calculated (figure 44).
[image: ]
[bookmark: _Toc512506368]Figure 44: Signals in Frequency Domain to Calculate Difference [105]

Looking at the difference in frequency the equation can be derived to calculate distance (equation 5). 

[bookmark: _Toc512458828]Equation 5: FMCW RADAR Distance Calculation [105]

Where D is distance, B is bandwidth, T is the time period, v is velocity travelled.

[bookmark: _Toc512506215]4.4.3.5. Interference and Limiting Factors
Due to attenuation factors RADAR is limited to certain ranges. This range limitation is due to a number of factors including line of sight and power of the returned signal. Frequency also affects the range properties of a RADAR sensor [104]. 
Noise can also affect a RADARs performance. As distance increases reflected signals power will decrease. With noise appearing randomly on any signal type it will increase the signal-to-noise ratio (SNR). With a lower power ratio it makes the noise more apparent which will make the signal more difficult to read.  

[bookmark: _Toc512506216]4.4.3.6. Advantages and Disadvantages
RADAR systems pose a number of advantages for use in distance measuring applications and ADAS. RADAR systems can be used in a variety of weather conditions and are generally not affected by the environment [103] [105]. This makes the systems useful for providing reliable distance measurements in ADAS applications [106]. Additionally, RADAR can be used for a short range and long range applications due to the large range of bands and frequencies. This makes it a useful choice when designing an ADAS system due to its application versatility [107]. RADAR systems also have high response times. This can lead to more readings per second provided the electronic platform used can operate at high speeds.
As with all technologies RADAR does have its own drawbacks. Some of the limitations regarding noise and line of sight have been discussed previously. For an ADAS system design the main disadvantage is the cost. RADAR systems are fairly high cost and although less expensive than camera and LiDAR systems are a lot more expensive than ultrasonic. A study by Mahajan et al believe that RADAR is inaccurate at longer ranges due to narrow field view and limited lateral information. They also believe that clustering issues provide the system with an inability to distinguish between objects [108]. Additionally, RADAR systems are less reliable than camera systems at distinguishing between objects. Shown below is a summary table of the advantages and disadvantages (table 5).
[bookmark: _Toc512495173]Table 5: Summary of RADAR Advantages and Disadvantages
	Advantages
	Disadvantages

	· High accuracy
· Not effected by weather conditions
· Short and Long range applications
· High response times
	· Line of Sight issues
· High Cost
· Less reliability in object detection than camera



[bookmark: _Toc512506217]4.4.4. Ultrasonic
Ultrasonic sensors are a non-contact distance measurement method. Ultrasonic sensors operate by transmitting a sound wave which is usually above human hearing over 20kHz, with the majority working between 40-500kHz [109]. If a target is detected the waves reflect back were a receiver picks up the resulting waves (figure 45).

[image: C:\Users\project\Downloads\Ultrasonic_Workings.png]
[bookmark: _Toc512506369]Figure 45: Ultrasonic Sensor Working Principle

As with LiDAR and RADR systems ultrasonic sensors work off the principle of ToF. Ultrasound sensors differ in that the transmitted sound waves travel at the speed of sound.  So by using the speed of sound the distance can be calculated (equation 6).

[bookmark: _Toc512458829]Equation 6: Ultrasonic Distance Calculation

Where D is distance, V is velocity and T is Time.
A divide by two is required to take into account the round trip of transmission and reflection.

[bookmark: _Toc512506218]4.4.4.1. Speed of Sound
The speed of sound varies with the environment it passes through. The speed of any wave is dependent on inertial and elastic properties of the medium it passes through. Through a gases element the speed is dependent on the temperature, composition and humidity. The speed of sound through air is generally approximated at 20°C to around 343 m/s [109] [110]. Due to this considerations should be taken for the temperature and concentration. Speed of sound through an element can be calculated (equation 7). 

[bookmark: _Toc512458830]Equation 7: Speed of Sound Approximation through a Medium [110]
[bookmark: _Toc512506219]4.4.4.2. Reflection
The reflection of ultrasound waves is dependent on a variety of factors including the size of the object, distance and surface. The size of the detected object is a factor which affects reflectivity. A larger surface area will reflect more sound than a small area. This is mainly due to signal loss as some signal never reflects off the object [111]. 
Distance affects reflection mainly due to attenuation factors. The further sound travels the more possible friction occurring against the medium and sound wave [112]. The reflectivity of the object also provides a role in determining the distance. Reflective materials such as metal and unfinished woods provide higher reflectivity. Ideal surfaces are hard and smooth as opposed to soft rough surfaces [113]. These surfaces reflect the most amount as generally softer materials absorb sound waves.

[bookmark: _Toc512506220]4.4.4.3. Angle Dependency
The angle of an object or material can affect the sensors readings and measurement. The angle which an object is detected from a sensor is known as beam spread. The beam spread is the measure of the whole angle of the sound beam in terms of directivity. Maximum sound pressure is found along the acoustic axis of the transducer. This means that the strongest reflections come at the area directed at the front of the transducer [114]. Sound waves propagate through the transfer of energy from one particle to another. If the particles are not directly aligned some energy will get transferred off at an angle.
Different ultrasonic sensors have a variety of beam spread properties which determine the sensing angle. The wider beam spread devices may have difficulty in detecting which object has reflected the waves [115] [116]. This is due to directivity issues. The equation 8 is an approximation method for calculating beam spread.

[bookmark: _Toc512458831]Equation 8: Ultrasonic Beam Spread Determination [114]

Where V is sound velocity, D is diameter and F is frequency of transducer.



[bookmark: _Toc512506221]4.4.4.4. Wave Length and Attenuation Factors
The wave length of sound changes with regard to speed of sound and frequency (equation 9).

[bookmark: _Toc512458832]Equation 9: Wavelength Equation [117]

Generally speaking higher frequency sensors have shorter distance range. This is due to attenuation factors. As sound waves physically travel through air the properties of the element oppose the travelling sound. These collect together and attenuate the signal [112] . At a given frequency the attenuation can be affected by humidity. An approximation method for the maximum attenuation can be calculated for frequencies of 50kHz to 300kHz (equation 10).

[bookmark: _Toc512458833]Equation 10: Approximation Calculation on attenuation for frequencies around 50 to 300kHz [118]

This means that the frequency of the ultrasonic sensor should be considered for the application. Generally in ADAS ultrasonic systems operate at lower frequency ranges. This allows good range and reflective spread.

[bookmark: _Toc512506222]4.4.4.5. Interference
Ultrasonic noise is reduced as the frequency operation of the device increases. Most of the noise collected in ultrasonic sound waves is through attenuation factors as it travels. Although noise is random it can affect any device. The main interference when using two or more sensors within proximity is cross talk. 
Cross talk occurs when there are pulsed sound waves in proximity and where the return signal interfere with the echo timing [119]. There are many common methods which are used to avoid cross talk. The most common is to use multiplexing. Multiplexing allows one ultrasound sensor to pulse at a given time [116]. A wait is made until the echo is received. This avoids any cross talk problems which may occur.

[bookmark: _Toc512506223]4.4.4.6. Advantages and Disadvantages
Although ultrasonic sensors have limited range they provide high accuracy and are low cost. Chucholowski et al believes that ultrasound is the most suited option for a variety of short range applications [120]. Although ultrasound systems are more reliable than camera systems they still suffer from changes in conditions [120]. As the speed of sound changes with temperature, temperature compensation should be accounted when adopting time of flight methods. 
Rigelsford believes RADAR are the most suited option compared to ultrasonic and other sensors as they can be used over a variety of ranges and are less affected by the environment [103]. Other problems with ultrasonic sensors is directivity issues. Additionally, ultrasound reflection is dependent on material and surface with softer materials absorbing the signal [113]. This can be considered a reliability issue. Shown below is a summary of advantages and disadvantages relating to ultrasonic sensors (table 6).
[bookmark: _Toc512495174]Table 6: Ultrasonic Summary of Advantages and Disadvantages
	Advantages
	Disadvantages

	· Good Accuracy
· Low Cost
· Low Complexity
	· Angle issues
· Affected by environment
· Lack of object recognition
· Reflection factors



[bookmark: _Toc512506224]4.4.5. Technology Comparison
Presented below is a comparison of the discussed technologies (table 7).
[bookmark: _Toc512495175]Table 7: Technology Comparison
	
	Camera
	LiDAR
	RADAR
	Ultrasonic

	Range
	Short to Long (upto 120m)
	Long Range (upto 200m)
	Short to Long (upto 120m)
	Short Range (upto 10m)

	Accuracy
	Accurate
	Accurate
	Accurate
	Accurate

	Reliability
	Low
	Medium
	High
	Medium

	Complexity
	High
	Medium
	Medium
	Low

	Cost
	High
	High
	Medium
	Low




Due to the projects timescale and budget implications it is regarded that only one technology to be considered for investigation. Ultrasonic is regarded as best suited as it is achievable to design a system within the timescale. This is due to it being the least complex and least expensive. Due to the limited range of ultrasonic as a technology it limits an investigation into shorter range systems. These systems are parking sensors and short range collision avoidance. A system which can provide a simulation of how ultrasonic sensors would function as a short term collision avoidance would be deemed beneficial. Analysing the effectiveness of this technology within this field.

[bookmark: _Toc512506225]4.5. Existing Studies
There have been many studies and investigations into short range collision systems using ultrasound. A study by Lastoskie who uses ultrasonic sensors to control an RC car believe that ultrasonic sensors provide an excellent platform for short range detection due to their low cost and simple data extraction [121]. Although ultrasonic sensors provide limited object detection the distance measured is accurate compared with many other technologies, especially over short distances. 
Another study by Chucholowski et al also believe ultrasonic sensors are the most reliable and efficient option for park assist and short range systems [120]. Spinneker et al argue that camera systems are superior for short and long range distances due to the enhanced accuracy and object detection and recognition. Agarwal et al [122] believe that ultrasonic sensors provide good lateral resolution and are best suited to short range applications.
Jiménez et al provide a study regarding the suitability of ultrasonic sensors in vehicle tracking for evasive manoeuvre assistant. This study shows that overall ultrasound is reliable at short range applications [123]. However, they do believe that the range is limited and for longer range applications other systems such as RADAR are more suitable.

[bookmark: _Toc512506226]4.6. Research Analysis
The main factor found from research is that due to project restrictions it is limited to only investigating ultrasonic technology this due to timescale and budget. Ultrasonic sensors are widely used in parking and short range collision technologies. Although some studies show that camera systems are overall more preferred for the latter there are many existing studies which adopt ultrasonic systems and have archived satisfactory results.
Ultrasonic system suffer from reflectivity, directivity and ranging issues. Analysing and testing the effectiveness of this technology with regard to short range collision avoidance would be beneficial research. In terms of design specification a buggy which can simulate the workings of short range collision avoidance in an autonomous car. This would provide a platform where various control algorithms can also be adapted and tested and ultimately would be beneficial to gain knowledge in this area.







[bookmark: _Toc510881395][bookmark: _Toc512506227]Chapter 5: Development Methodology

[bookmark: _Toc508867221][bookmark: _Toc512506228]5.1. Types of Development Methodologies
There are two main types of development methodologies these being agile and waterfall. Although these methodologies are based around software development they can easily be adapted and applied to hardware development. 
Agile development is an iterative and incremental methodology (see figure 46). In agile development requirements are collected over the whole time period of the project being constantly updated. This requires the designer to communicate more directly to the customer to ensure clarity between the customer’s ideas and actual system being developed. 
There are many advantages which agile methodology possesses. The main advantage is that development time is considerably quicker and the customer can have a functioning system early with continuous improvements being made [125]. This also means that agile development can quickly adapt to any changing requirements. However, although agile possess quick development times it relies heavily on communication and coherence between the customer/end user and designer. Agile also requires adaptive planning as it does not follow a structured approach. 

[image: http://ncube.co.uk/img/agile.png]
[bookmark: _Toc512506370]Figure 46: Agile Development Methodology [124]
The waterfall method is an incremental process where each stage follows after each other (see figure 47). Unlike agile development, requirements are collected at the start of the development cycle. This meaning that once the requirements are collected each stage follows until the end product is completed. 
Due to the waterfall methodology being more structured than agile all requirements are collected at the beginning of a project. This allows for easy planning which in turn can minimise risks to the project [127]. The main disadvantage of the waterfall methodology is its inability to adapt to potentially changing requirements, once the system is beyond testing it becomes difficult to change. 

[image: ]
[bookmark: _Toc512506371][bookmark: _Toc508867222]Figure 47: Waterfall Development [126]

[bookmark: _Toc512506229]5.2. Adopted Methodology
The methodology regarded as best suited for this project is the waterfall model. This model due to being more structured than agile will allow for planning to be made during the development and implementation stages of the project. This will also minimise potential risk to the project as all requirements will be stated before development. 
It is also decided that this method will also adopt a prototyping process within the development methodology. This will allow for various circuit and software design methods to be explored which will allow optimal selection for the final design. This potentially improving the overall investigation.

[bookmark: _Toc510881398]

[bookmark: _Toc512506230]Chapter 6: Component Selection

[bookmark: _Toc512506231]6.1. Design Specification
A design specification structure was inspired from ‘Jenson Constulting’ [128]. It was chosen as it had a clear structure in which relevant sections could be extracted. For this system it must use a microcontroller, must use an ultrasonic sensor and must use a buggy with suitable motors. The design requirements for this project are as follows:

1. Performance
1.1. The system must measure distance using an ultrasonic sensor.
1.2. The system must measure distance from the front, front angle right and left, back, back angle right and left, left and right.
1.3. The system must simulate the functionality of a short range collision detection system.
1.3.1. The system could provide a reverse park algorithm.
1.4. The system must respond in the appropriate way to avoid a collision.
1.5. The system must have low power consumption and be powered off batteries.
2. Usability
2.1. If two or more algorithms are used there must be a mode select.
2.2. The system must have separate power switches for the motors and sensors.
2.3. The system must provide a visible low battery indicator.
3. Cost
3.1. The systems total cost must be £50 or under.
4. Size
4.1. The size of the buggy must be able to fit all circuitry on the system.
5. Testing
5.1. The system must be suitable for a range of tests to be performed on ultrasonic as a technology.
5.2. The system must also be suitable for algorithm testing.

[bookmark: _Toc512506232]6.2. Ultrasonic Sensor Selection
The ultrasonic sensors provide all input to the system. Simulating an autonomous vehicle requires a 360° view of the environment to be achieved. Therefore, eight sensors will be required.
The ultrasonic sensor for the system must meet the following specification (as per the design specification):
· Must measure over a range of 3 meters.
· Must feature low power consumption.
· Must be low cost to meet the system budget of under £100.

[bookmark: _Toc512506233]6.2.1. Ultrasonic Sensor Specifications
Overviewed below are the specifications of four ultrasonic sensors found through research.

	Baumer Miniature Ultrasonic Sensor (figure 48):
· Operating Voltage: 10 – 30V
· Distance Range: 0.04 – 4m 
· Power Consumption: 35mA
· Cost: £96.54

	[image: Miniature sensors]
[bookmark: _Toc512506372]Figure 48: Baumer Miniature Ultrasonic Sensor [129]

	
Pepperl & Fuchs UB300-18GM40-E5-V (figure 49):
· Opertaing Voltage: 10 – 30V
· Distance Range: 0.02 – 3m
· Power Consumption: 20mA
· Cost: £205.20
	

[image: UB300-18GM40-E5-V1. - ULTRASONIC SENSOR]
[bookmark: _Toc512506373]Figure 49: Pepperl & Fuchs UB300-18GM40-E5-V [130]

	
HC SR-04 (figure 50):
· Operating Voltage: 4.5 – 5.5V
· Distance Range: 0.02 – 4m
· Power Consumption: 20mA
· Cost: £2.00
	
[image: Ultrasonic Distance Sensor (HC-SR04) - RASPBERRY PI ACCESSORIES - The Pi Hut]
[bookmark: _Toc512506374]Figure 50: HC SR04 [131]

	Maxbotix LV-EZ0 (figure 51):
· Operating Voltage: 2.5 – 5V
· Distnce Range: 0.06 – 5.8m
· Power Conumption: 20mA
· Cost: £23.14
	[image: https://www.maxbotix.com/wp-content/uploads/2017/01/LV-EZ-Ultrasonic-Range-Finder-600x600.jpg]
[bookmark: _Toc512506375]Figure 51: Maxbotix LV-EZ0 [132]



[bookmark: _Toc512506234]6.2.1. Sensor Comparison
Presented below is a comparison of the previously mentioned ultrasonic sensors (table 8).
[bookmark: _Toc512495176]Table 8: Ultrasonic Sensor Comparison 
	
	Baumer Miniature
	Pepperl & Fuchs UB300-18GM40-E5-V
	HC SR-04
	Maxbotix LV-EZ0

	Operating Voltage (V)
	10 – 30
	10 – 30
	4.5 – 5.5
	2.5 – 5

	Distance Range (m)
	0.04 – 4
	0.06 – 3
	0.02 – 4
	0.06 – 5.8

	Output Type
	Digital
	Digital
	Digital
	Digital

	Current Draw (mA)
	35
	20
	20
	20

	Directivity (˚)
	80
	80
	80
	80

	Price
	£96.54
	£205.20
	£2.00
	£23.14

	Score
	13
	13
	18
	17

	Key:

	                            = 1                                                          = 2                                                        = 3




	


Regarded as the most suitable ultrasonic sensor was the ‘HC SR-04’. This sensor provides the optimal supply voltage (assuming the microcontroller will run off 5V), over the required 3m distance range and low current consumption. The main reasoning for disregarding other sensors was due to price. Both ‘Baumer Minitaure’ and ‘Pepperl & Fuchs’ sensors were out of the projects budget, even without considering price the specifications are similar to the selected sensor. The expense is due to the IP rated casings and module sizes, but as this project was an investigation into the technology it was not a concern. 
The only sensor which compared similarly to the ‘HC SR-04’ in terms of price is the ‘LV-EZO’. Although this sensor has a larger measurement range it is priced considerably higher. Knowing that eight sensors are required means that the total cost for the sensors would exceed the initial budget of the project. 

[bookmark: _Toc512506235]6.3. Display Selection
The system was required to display front distance and rear distance. There are many types of displays which were considered for the system. The workings of a variety of displays are outlined below:

· LED Display: Uses Light Emitting Diodes (LED) at different arrangements [133]. Available in three configurations edge lit, full array and direct lit.

· LCD Display: Uses liquid crystals to polarise light to turn on and off pixels [134]. 

· Seven Segment Display: LEDs which light up seven arranged segments. 

· Graphical LCD Display: Works off the same principle as standard LCD displays. However, uses graphical drivers enabling single pixel communication.

The display must meet the following requirements:
· Display front distance and back distance (display characters and numbers).
· Feature low power consumption.
· Be low cost to satisfy a total system budget of £50.


[bookmark: _Toc512506236]6.3.1. Display Technology Comparison
Presented below is a comparison of the displays described above (table 9).
[bookmark: _Toc512495177]Table 9: Display Technology Comparison
	
	LED
	Seven Segment 
	LCD
	Graphical LCD

	Power Consumption
	Low
	Low
	Low
	Low

	Character Limit
	Characters and Numbers
	Limited
	Characters and Numbers
	Characters, Numbers and Graphics

	Refresh Rate
	High
	High
	Medium
	Medium

	Cost
	Expensive
	Inexpensive
	Inexpensive
	Medium

	Score
	10
	10
	11
	10

	Key:

	                            = 1                                                          = 2                                                        = 3






The technology best suited for the system is a standard LCD. A standard LCD provides low power consumption and are relatively inexpensive. LED displays were disregarded due to being more expensive. Seven segment displays were also disregarded due to the limited character options. Additionally, to produce the information needed on a seven segment display there would need to be at least eight multiplexed together. This may lead to increasing the cost when an LCD could just be used. Graphical LCD is considered as overkill due to the system only needing to display two lines. 



[bookmark: _Toc512506237]6.3.2. Display Specifications
Presented below are four selected LCD modules considered for the final design. Due to only two lines required a 16 x 2 display is regarded optimal.

	Powertip PC1602LRU (figure 52):
· Operating Voltage: 4.5 – 5V
· Power Consumption: 240mA (Back Light)
· Refresh Rate: 225ms
· Cost: £11.98
	
[image: PC1602LRU-HWB-H-Q - Alphanumeric LCD, 16 x 2, Black on Yellow / Green, 5V, Parallel, English, Japanese, Transflective]
[bookmark: _Toc512506376]Figure 52: Powertip PC1602LRU [135]

	

Midas MCCOG21605B6W-BNMLWI (figure 53):
· Operating Voltage: 2.7 – 7V
· Power Consumption: 160mA (Back Light)
· Refresh Rate: 250ms
· Cost: £9.32


	

[image: https://media.rs-online.com/t_large/F8195092-01.jpg]
[bookmark: _Toc512506377]Figure 53: Midas MCCOG21605B6W-BNMLWI [136]



	Hobby Tronics Hitachi HD44780 (figure 54):
· Operating Voltage: 3.3 – 5V
· Power Consumption: 240mA
· Refresh Rate: 300ms
· Cost: £7.49
	[image: 16x2 LCD Display White/Blue LED Backlight]
[bookmark: _Toc512506378]Figure 54: Hobby Tronics Hitachi HD44780 [137]

	


Winstar WH1602B-NYG-JT (figure 55):
· Operating Voltage: 4 – 5.5V
· Power Consumption: 150mA
· Refresh Rate: 200ms
· Cost: £5.95
	

[image: ]
[bookmark: _Toc512506379]Figure 55: Winstar WH1602B-NYG-JT [138]



[bookmark: _Toc512506238]6.3.3. Display Comparison
Presented below is a comparison for the selected LCD displays (table 10).
[bookmark: _Toc512495178]Table 10: LCD Comparison
	
	Powertip PC1602LRU
	Midas MCCOG21605B6W-BNMLWI
	Hobby Tronics HD44780
	Winstar WH1602B-NYG-JT

	Operating Voltage (V)
	4.5 – 5 
	2.7 – 7 
	3.3 – 5 
	4.5 – 5.5

	Number of Lines
	16 x 2
	16 x 2
	16 x 2
	16 x 2

	Interface
	Parallel
	I2C
	Parallel
	Parallel

	Current Draw (mA)
	240
	160
	240
	150

	Refresh Rate (ms)
	225
	250
	300
	200

	Price
	£11.98
	£9.32
	£7.49
	£5.95

	Score
	15
	15
	15
	18

	Key:

	                            = 1                                                          = 2                                                        = 3






Regarded as the most suitable LCD for the system is the ‘Winstar WH1602B-NYG-JT’. This module provides the lowest current consumption out of all compared LCDs and is the least expensive. All other LCD modules were either higher in price or had higher current draw therefore were disregarded.

[bookmark: _Toc512506239]6.4. Buzzer Selection
The buzzer for the system will provide a warning sound when the buggy closes on an object. This will simulate the operation of a passive ADAS warning. The buzzer which will be used for the system is a piezo electric buzzer. Piezo electric buzzers provide low current consumption and are low cost. Since the buzzer will ultimately run off a digital output pin on the microcontroller this is important. 
The buzzer requirements are as follows:
· Be low cost.
· Feature low current consumption.
· Be compact to reduce spacing requirement on buggy.

[bookmark: _Toc512506240]6.4.1. Buzzer Specification
Outlined below are the specifications of four selected piezo electric buzzers.

	Kingstate KPEG-350 (figure 56):
· Operating Voltage: 3 – 30V
· Current Consumption: 8mA
· Resonant Frequency: 2.8kHz
· Dimensions: 60x16mm
· Cost: £1.85
	[image: ]
[bookmark: _Toc512506380]Figure 56: Kingstate KPEG-350 [139]

	

CQR Piezo 100dB Buzzer (figure 57):
· Operating Voltage: 3 – 24V.
· Current Consumption: 15mA
· Resonant Frequency: 3.3 kHz
· Dimensions: 26x36mm
· Cost: £1.98

	

[image: CQR Piezo 100dB Buzzer (White)]
[bookmark: _Toc512506381]Figure 57: CQR Piezo 100dB Buzzer [140]

	Lynteck TK401 (figure 58):
· Operating Voltage: 12V
· Current Consumption: 150mA
· Resonant Frequency: 2.8kHz
· Dimensions: 40x55mm
· Cost: £8.30


	[image: http://www.lynteck.co.uk/products/intruder/sounders/img/img-LY03-001-13.png]
[bookmark: _Toc512506382]Figure 58: Lynteck TK401 [141]

	Murata PKM13EPYH4002-B0 (figure 59):
· Operating Voltage: 3 – 30V
· Current Consumption: 6mA
· Resonant Frequency: 4kHz
· Dimensions: 12.6x10mm
· Cost: £0.66
	[image: PKM13EPYH4002-B0 - Transducer, Piezo, Sounder, Sounder, Continuous, 30 V, 70 dB]
[bookmark: _Toc512506383]Figure 59: Murata PKM13EPYH4002-B0  [142]





[bookmark: _Toc512506241]6.4.2. Buzzer Comparison
Presented below is a comparison of the previously identified buzzers (table 11).
[bookmark: _Toc512495179]Table 11: Buzzer Comparison
	
	Kingstate KPEG-350
	CQR Piezo 100dB Buzzer
	Lynteck TK401
	Murata PKM13EPYH4002-B0

	Operating Voltage (V)
	3 - 30
	3 - 24
	12
	3 – 30

	Current Draw (mA)
	8
	15
	150
	6

	R. Frequency (kHz)
	2.8
	3.3
	2.8
	4

	Sound Level (dB)
	85
	100
	110
	70

	Dimensions (mm)
	60 x 16
	26 x 36
	40 x 55
	12.6 x 10

	Price
	£1.85
	£1.98
	£8.30
	£0.66

	Score
	14
	16
	10
	17

	Key:

	                            = 1                                                          = 2                                                        = 3






The buzzer regarded as most suited for the system is the Murata ‘PKM13EPYH4002-B0’. This buzzer provides the lowest current consumption and is the smallest out of all compared buzzers. Although it is not the loudest in terms of decibel rating other buzzers are disregarded as they are more expensive and have higher current draw.


[bookmark: _Toc512506242]6.5. Buggy and Motor Selection
The buggy will be ordered as a kit with supplied DC motors. The buggy requires to have a platform/layer for the circuit and sensors to be fitted. Requirements for the DC motors are as follows:
· Feature low power consumption and low current drive.
· Be low cost.
· Should be operating from an ideal 5V supply.

[bookmark: _Toc512506243]6.5.1. Buggy and Motor Specifications
Outlined below are the considered buggies with motors for the system.

	4Tronix INITIO (figure 60): 
Buggy:
· Dimensions: 180x120x93mm
· Features: Dual Layer, AA Battery Box, Mounting Holes
Motor 28BYJ-48:
· Operating Voltage: 5 – 12V
· Start Up Current: 320mA
· Continuous current: 160mA
· RPM: 64
· Torque: 78.4mN.m
	



[image: INITIO - 4WD Robotics Chassis]
[bookmark: _Toc512506384]Figure 60: 4Tronix INITIO [139]

	Cost: £38.40
	

	




Rapid 4WD Motor Robot Platform (figure 61):
Buggy:
· Dimensions: 155x73x25mm
· Features: Single Layer, Battery Pack.
Motor: 
· Operating Voltage: 4.5 – 6V
· Startup current: 250mA
· Continuous current: 150mA
· RPM: 100
· Torque: 127mN.m
	








[image: ]
[bookmark: _Toc512506385]Figure 61: Rapid 4WD [140]


	Cost: £14.95
	

	

AREXX ARX-CH09 (figure 62):
Buggy:
· Dimensions: 145x135x40mm
· Features: Single Layer, PCB pre mounted, 4 AAA Battery pack
Motor MM10:
· Operating Voltage: 1.5 – 3V
· Startup current: 400mA
· Continuous current: 250mA
· RPM: 100
· Torque: 55mN.m
	




[image: Arexx ARX-CH09 Robot Chassis]
[bookmark: _Toc512506386]Figure 62: AREXX ARX-CH09 [141]


	Cost: £12.17
	

	



ELECFreaks Smart Car Chassis (figure 63):
Buggy:
· Dimensions: 253x148x42mm
· Features: Dual Layer, Battery Pack, Mounting Holes
Motor:
· Operating Voltage: 3 – 6V
· Startup current: 160mA
· Continuous current: 120mA
· RPM: up to 200
· Torque: 105mN.m
	




[image: Image result for robot car chassis]
[bookmark: _Toc512506387]Figure 63: ELECFreaks Smart Car Chassis [142]

	Cost: £17.18
	



[bookmark: _Toc512506244]6.5.2. Buggy and Motor Comparison
Presented below is a comparison of the identified buggy kits with motors (table 12).
[bookmark: _Toc512495180]Table 12: Buggy and Motor Comparison
	
	4Tronix INITIO
	Rapid 4WD Robot 
	AREXX ARX-CH09
	ELECFreaks Smart Car 

	Dimensions (mm)
	180 x 120 x 93
	155 x 73 x 25
	145 x 135 x 40 
	253 x 148 x 42

	Number of Layers
	2
	1
	1 
	2

	Motor Voltage (V)
	5 – 12 
	4.5 – 6 
	1.5 – 3 
	3 – 6 

	Startup Current (mA)
	320
	250
	400
	160

	Current (mA)
	160
	150
	250
	120

	RPM
	64
	100
	100
	200

	Price
	£38.40
	£14.95
	£12.17
	£17.18

	Score
	15
	17
	12
	20

	Key:

	                            = 1                                                          = 2                                                        = 3





The buggy and motor kit regarded as most suitable for the final system is ‘ELECFreaks Smart Car’. This buggy provides the largest surface area out of all compared buggies meaning that there would be more room for battery packs, sensors and circuitry to be fitted. The included motors also provide optimal operating voltage with low start up current and low average working current draw. Other products were deemed unviable mainly due to either featuring smaller buggy dimensions, larger motor current draw or being more expensive.

[bookmark: _Toc512506245]6.6. Motor Driver Selection
The motor driver is required to change the direction and the speed of the buggies motors. To achieve this there are two main methods. Either an H-Bridge circuit can be designed using FETs or bipolar transistors or an H-Bridge IC can be used. Initially an H-Bridge circuit was designed (figure 64).

[image: ]
[bookmark: _Toc512506388]Figure 64: H-Bridge Design

The circuit functions by pairing the inputs of opposing p-Channel MOSFETs and n-Channel MOSFETS (Q1 paired with Q4 and Q2 with Q3). By turning on the pairings made the motors direction can be controlled. If for example Q1 and Q4 are turned on, current will flow through Q1 flowing through the motors path and through Q4 to ground. The same principle applies to Q2 and Q3 however the motor will run in the opposing direction due to the direction of current flow. The resistors R1 to R4 are current limiting resistors to the gate of each MOSFET. The other resistors are pull up or pull down resistor configurations due to the open collector nature of the circuit. The diodes are fitted across the source and drain terminals of the MOSFETs to prevent any back EMF from the motor. A capacitor is fitted across the motor as a suppression capacitor to reduce the effect of EMF.  
Upon successfully building the circuit it was found that although the circuit functioned as expected it would have to be built as a pair with two motors on one H-Bridge and the other two on a separate H-Bridge. After pricing up the transistors which are around an average price of £1.80 each the circuit was deemed too expensive to implement in the design. It was decided a motor driver IC would be better suited to the budget of the project.  

[bookmark: _Toc512506246]6.6.1. Motor Driver IC Specifications
The motor driver IC is required to have a minimum of the following specification:
· Be dual channelled.
· Produce a current of up to 1 amp on output pins.
· Be low cost.
Below are the specifications of four considered driver ICs.

	SN754410 (figure 65) :
· Motor operating voltage: 4.5 – 36V
· Current output: 1A
· Channels: Dual Channel
· Cost: £2.65
	[image: SN754410NE - Peripheral Driver, Line, 4 Outputs, 4.5 V to 36 V supply, 39 V/2 A out, DIP-16]
[bookmark: _Toc512506389]Figure 65: SN754410 [147]




	
L293 (figure 66):
· Motor operating voltage: 4.5 – 36V
· Current output: 1A
· Channels: Dual Channel
· Cost: £2.43
	
[image: L293DNE - Motor Driver/Controller, Half-H, 4.5V to 36V supply, 36V/600 mA/4 Outputs, DIP-16]
[bookmark: _Toc512506390]Figure 66: L293 [148]

	

HIP4082IPZ (figure 67):
· Motor operating voltage: 8.5 – 15V
· Current output: 1.4A
· Channels: Dual Channel
· Cost: £4.03

	

[image: Image result for HIP4082IPZ]
[bookmark: _Toc512506391]Figure 67: HIP4082IPZ [149]

	
Infineon TLE5206-2S (figure 68):
· Motor operating voltage: 4.5 – 40V
· Current output: 5A
· Channels: Single Channel
· Cost: £4.01
	
[image: https://media.rs-online.com/t_large/R9062978-01.jpg]
[bookmark: _Toc512506392]Figure 68: Infineon TLE5206-2S [150]






[bookmark: _Toc512506247]6.6.2. Motor Driver IC Comparison
Presented below is a comparison of the selected motor driver ICs (table 13).
[bookmark: _Toc512495181]Table 13: Motor IC Comparison
	
	SN754410
	L293
	HIP4082IPZ
	Infineon TLE5206-2S

	Operating Voltage (V)
	4.5 – 36 
	3 – 36 
	8.5 – 15 
	4.5 – 40 

	Current Output (A)
	1
	1
	1.4
	5

	Channel number
	2 
	2 
	2 
	1 

	Internal Protection
	Yes
	Yes
	Yes
	No

	Price
	£2.65
	£2.43
	£4.03
	£4.01

	Score
	13
	14
	11
	11

	Key:

	                            = 1                                                          = 2                                                        = 3






The motor driver IC regarded as best suited for the system is the L293. This IC provides optimal operating driver voltage, is dual channeled, provides up to 1A of current output and is the least expensive. The HIP4082IPZ was disregarded due to its operating voltage range not complying with the selected motor. Although the SN754410 compared similarly to the L293 it was slightly more expensive so was deemed less suited. 

[bookmark: _Toc512506248]6.7. User Input Selection
The user input to the system will just be required to change from modes. There will be two modes in the system as discussed in the design specification section. This means only two buttons will be required. 
Due to the simplicity of the inputs to the system technologies such as capacitive touch sensors and touch screen displays were disregarded mainly due to expense. Push-buttons were selected due to being inexpensive and providing increased reliability over other technologies.
There were many push-buttons available in the universities stores. To avoid any unnecessary delivery problems two push buttons were selected from the stores. Two ‘Multicomp R13-24BL-05-BR’ were used (figure 69). 

[image: R13-24BL-05-BR - Pushbutton Switch, On-(Off), SPST-NC, 125 V, 3 A, Solder]
[bookmark: _Toc512506393]Figure 69: Multicomp R13-24BL-05-BR [151]


[bookmark: _Toc512506249]6.8. Low Battery Indicator
There are many methods which can be used to develop a low battery indicator. The simplest method is to connect the battery to an analogue to digital convertor pin on the microcontroller. This however will take up more pins. To reduce the number of pins a hardware implementation will be used. 
After reviewing a variety of methods using comparators and transistors a circuit was designed using a precision Zener diode (figure 70). This method uses fewer components other methods reviewed.
[image: ]
[bookmark: _Toc512506394]Figure 70: Low Battery Indicator Circuit
The reference voltage for the device is set by the potential divider between R2 and R3. As the voltage drop across R3 reaches 2.5V the diode will conduct through terminal three, thus effectively shorting the LEDs out [143].

[bookmark: _Toc512506250]6.9. Software Suite Selection
The two main languages considered for the system are assembler and C. Using assembler would have a number of advantages including taking up less memory and being more efficient. However due to the potential calculations needing to be required (floating-point division) it is deemed an unsuitable choice. 
Due to being more knowledgeable and experienced in C it is believed that using a C compiler would reduce the development time of the system. This is important as due to the project having restrictive time development should be made short as possible. Therefore, with all considerations made a C compiler is used. 
There are many C compliers available for microcontroller development. The two which have been used through university are CCS and MPLABX. MPLAB X is believed to be best suited for the project. Although CCS has many built in libraries and functions due to the licence fee for the complier being very expensive it is not on any personal computers. This means that any software development cannot be done from home. As MPLAB X is a free download provided by microchip it means development can be done at home when travel is unavailable. MPLABX will be used with XC8 complier language.

[bookmark: _Toc512506251]6.10. Microcontroller Selection
For this system an 8 bit microcontroller will be used. Using a PIC with higher architecture is considered overkill for this project. Before a microcontroller can be identified the flowing information is required:
· Number of pins 
· Program memory
· RAM
· Clock frequency


[bookmark: _Toc497656193][bookmark: _Toc497908434][bookmark: _Toc512506252]6.10.1. Number of Pins
The number of pins required is summarised below (table 14).
[bookmark: _Toc512495182]Table 14: Required Number of Pins
	Required Type
	Number of Pins

	Digital Inputs
	10

	Digital Outputs
	21

	Power
	4

	Clock
	2

	Total
	37



Pins have been allocated for an external clock to give the option of either using an external or internal method. A microcontroller with 40 pins would be optimal.

[bookmark: _Toc512506253]6.10.2. Program Memory
The program memory for the system is approximated below (table 15).
[bookmark: _Toc512495183]Table 15: Approximate Number of Lines
	Code
	Number of Lines

	Initialisation
	25

	PWM
	40

	Reading Ultrasonic Sensors
	60

	Calculations
	40

	Timers
	15

	Loops
	30

	LCD display and buzzer output
	25

	Header Files and other code
	150

	Total
	385



The total number of lines has been over approximated to allow for any errors. In an average C compiler 1kB of program memory is approximated to:

Therefore: 


The RAM for the system will require storing single integer values as well as characters. For approximations assume one integer is equal to four bytes:


If there are approximately 15 integers being used:


Assuming that characters are approximately the same as integers and using five character variables to be stored in RAM then:

Therefore:


Considering the program memory allocation this will be doubled.
Therefore:




[bookmark: _Toc512506254]6.10.3. Clock Frequency
To calculate the clock frequency an approximation method is used. Below is an approximation of instructions for reading one ultrasonic sensor.









For the ultrasonic sensor eight readings will be taken every 100ms (recommended wait time). This is the equivalent of a reading 10 times per second. Also, to take into account is due the quad architecture of a PIC microcontroller meaning there are 4 cycles per instruction.
Therefore:




This will be for the selected free roam mode. The parking mode will require sequential readings from the sensor. This will be approximated to a reading every 50ms. This is approximated quicker as the system will work at a quicker level due to the faster nature of the parking response. 
Therefore:



Other considerations are for the PWM and motor control. The instructions for this are overviewed below.





There are two required PWM signals required for each side of the buggy and will be performed for each time the sensors are read so say for 50ms.
Therefore:




The next consideration is for the buzzer. The instructions for this are outlined below.





 The buzzer will be performed when the system gets to close within a set threshold. So for approximation say every 200ms on average.
Therefore:



The final consideration is the systems display. This will display the front distance variable and back distance variable. The instructions are approximated below.





The display will be refreshed for 200ms approximately. 
Therefore: 



So the total instruction cycles are as follows:



This total will be multiplied by four to allow for errors.
Therefore:

A clock running at a frequency of 4 MHz to 8MHz would be optimal for the system. 

[bookmark: _Toc512506255]6.10.4. Microcontroller Comparison
The microcontroller must have a minimum of the following parameters:
· Number of Pins: 40 lines
· Program Memory: 8kB
· RAM: 160 Bytes
· Clock Frequency: 4 to 8 MHz
· Modules: CCP Module Required for PWM
The selected microcontroller will be from microchip. This was chosen as due to the familiarity with microchips microcontrollers having used them throughout university studies. The above parameters were entered on microchips parametric search tool. Below compares four selected from the results (table 16).
[bookmark: _Toc512495184]Table 16: Microcontroller Comparison
	
	PIC18F46K40
	PIC16F18877
	PIC16F887
	PIC16F18875

	Number of Pins
	40 
	40 
	40 
	40

	Program Memory (kB)
	64
	56
	14
	14

	RAM (Bytes)
	3728
	4096
	368
	1024

	Clock Frequency
	64
	32
	20
	32

	Price
	£6.45
	£1.80
	£2.18
	£3.20

	Score
	8
	11
	14
	12

	Key:

	                            = 1                                                          = 2                                                        = 3






The PIC microcontroller regarded as most suitable for the final design is the PIC16F887. This microcontroller provides optimal number of pins, optimal RAM and has adequate program memory. Although the PIC16F18875 has the same program memory size, both RAM and internal clock frequency are over kill. It also is slightly more expensive. The other two compared microcontrollers were disregarded as they were considered over kill in terms of RAM and clock frequency. The PIC16F887 is also readily available in stores meaning component testing could begin straight away with no delivery wait times. 

[bookmark: _Toc512506256]6.11. Power Supply
To comply with the specification set the system should have separate supplies for the motors and logic devices. This was selected as it would allow the motors and logic devices to be switched off separately when required. The total power consumption for the logic devices is calculated below (table 17).


[bookmark: _Toc512495185]Table 17: Logic Circuit Current Draw
	Component
	Current Draw (mA)

	HC SR04 x 8
	160

	Winstar LCD Module
	150

	Murata PKM13EPYH4002-B0
	6

	L293 Logic Supply
	15

	PIC16F877
	20. max

	Total
	351mA



The majority of logic devices selected can run off 4V minimum operating range. A battery which is around 4.5V would be optimal for the system. The system on continuously needs to run for 3 hours.

Thus:


The motors can run off 3-6V so a supply that can provide 6V would be optimal. The L293 has a built in current amplification and can output up to 1A. For it to run it requires only 60mA meaning the motor current can be approximated to just 60mA.


Due to the low current requirements for the system it is decided standard AA batteries to be used. Alkaline batteries are the preferred choice as they provide a higher operating voltage per cell and have higher energy density compared to other AA batteries. AA batteries are suitable for both supplies as they have a standard rating of 1.25AH. 
Considering standard alkaline batteries have a voltage of around 1.55V. So to achieve 6V for the motors:


And for the logic supply:


[bookmark: _Toc512506257]6.12. CAD Design Software Selection
There are many CAD design suites which apply to electronic and hardware design. A selection of these being ‘Eagle’, ‘KiCAD’, ‘Proteus’ and ‘Mulitisim’. The CAD software selected for this project is ‘Proteus’. ‘Proteus’ can simulate both hardware and software design implementations and has the advantage of many external libraries which can be added to enhance designs. Additionally, due to the accessibility of ‘Proteus’, being on personal home devices and in the majority of laboratories, it makes it the most suitable choice for the project.

[bookmark: _Toc512506258]6.13. Initial Prototyping and Component Testing
Before designing the final hardware and software for the system initial testing and prototyping was performed. This was done to check the functionality of all order components, to test any design principles and to get familiar with the microcontroller, compiler and components to be used.

[bookmark: _Toc512506259]6.13.1. Ultrasonic Sensor 
A test circuit was designed to calibrate the selected ultrasonic sensor. This allowed for distance calculations to be refined before the final system design and implementation. Below is the circuit schematic created for the test circuit (figure 71).

[image: ]
[bookmark: _Toc512506395]Figure 71: Ultrasonic Test Circuit

The system works by sending a trigger pulse of 10µs to activate the sensor. The sensor sends out eight 40kHz pulses (figure 72). A while routine is used to wait for the echo pin on the microcontroller to go high. This starts a timer which times the trailing pulse and stops the timer once the pin goes low. The variable ‘distanceFront’ is used to store the value of timer register. Due to the timer being an overall 16 bit register consisting of two 8 bit registers, both are combined together (figure 73). The distance is then calculated using the following equations (manufactures data sheet).

Or

[bookmark: _Toc512458834]Equation 11: HC SR04 Distance Equations [131]

[image: ]
[bookmark: _Toc512506396]Figure 72: HC SR04 Timing Diagram [131]
[bookmark: _Toc512506397]Figure 73: Distance Measuring Program


One is added to the result of this calculation for calibration as tested in the initial testing and prototyping sections. 


[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0011.jpg]
[bookmark: _Toc512506398]Figure 74: Operation of Ultrasonic Test Circuit


[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0012.jpg]
[bookmark: _Toc512506399]Figure 75: Distance Calibration Set up

The circuit was built on a breadboard (figure 74). Two LEDs were added to the initial circuit to show when the sensor was in range which was about 2–400cm. The red LED lit when the sensor was out of this boundary. A tape measure was used to calibrate the sensors accuracy (figure75). The initial code was fairly accurate, however one was added to the calculation to provide more accuracy. To check the operation of the ultrasonic sensor an oscilloscope reading was taken on the trigger and echo pin (figure 76).

[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0017.jpg]
[bookmark: _Toc512506400]Figure 76: Echo Pulse at 5cm

[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0018.jpg]
[bookmark: _Toc512506401]Figure 77: Echo Pulse at 20cm

The oscilloscope readings taken were found as expected. The echo pulse shown started at 5 cm in the second image a larger pulse is returned which is at 20cm. This complies with the expected traces. 	
A consideration which needed to be made was for potential cross talk due to the system using eight sensors in proximity. To get around this each sensor will be pulsed then read instead of pulsing sensors together.

[bookmark: _Toc512506260]6.13.2. Motor Control
Initial prototyping was performed on the motor and L293 driver. The main objective of this test was to gain familiarity with the CCP module and to use the ultrasonic sensor reading to change the speed of the motor. The designed test circuit is shown below (figure 78). 

[image: ]
[bookmark: _Toc512506402]Figure 78: Motor Control Test Circuit

Due to the buggy having delivery issues a motor of a similar specification was used from the stores. The L293 motor driver was used to control the motor where the enable pin was connected to a PWM output. Initially Input one of the device was connected high and input two was connected low to make the motor drive forward. By reversing the high and low on both input pins the direction of the motor is changed. The circuit was built and tested using a breadboard (figure 79 and 80).

[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0020.jpg]
[bookmark: _Toc512506403]Figure 79: Motor Control Breadboard Circuit

[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0022.jpg]
[bookmark: _Toc512506404]Figure 80: Motor Control Circuit Operation
The program operates by setting three thresholds (figure 81). The first threshold sets the PWM of the to 75% when the distance is less than 15cm. Threshold two sets the PWM to 50% if the distance is reduced to 10cm. The final threshold turns the motors off if the distance is less than 5cm. To note that the PWM has a 10 bit resolution.

[image: ]
[bookmark: _Toc512506405]Figure 81: PWM Motor Control Test Program

To ensure the PWM was operating an oscilloscope was used to check (figure 82 to 84).

[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0026.jpg]
[bookmark: _Toc512506406]Figure 82: PWM Reading at 90%
[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0024.jpg]
[bookmark: _Toc512506407]Figure 83: PWM Reading at 50%

[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0025.jpg]
[bookmark: _Toc512506408]Figure 84: PWM Reading at 25%

After the circuit was operating correctly it was noted that the L293 required more voltage than expected. This was due to an internal voltage drop of around 1.5V. To compensate for this an extra AA battery was added.

[bookmark: _Toc500955925][bookmark: _Toc510881420][bookmark: _Toc512506261]Chapter 7: System Design

[bookmark: _Toc512506262]7.1. Initial Block Diagram
Below shows a initial block diagram of the proposed system (fgure 85).



[bookmark: _Toc512506409]Figure 85: Initial Block Diagram




[bookmark: _Toc512506263]7.2. CAD Design 
The following section presents the Computer Aided Design (CAD) of the proposed system. As discussed in the component selection ‘Proteus’ software is used for the main circuit design and ‘Easy-PC’ for the PCB design. 

[bookmark: _Toc512506264]7.2.1. Circuit Schematic
A description of operation for each part of the system is outlined below.

[bookmark: _Toc512506265]7.2.1.1. Power Supply
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[bookmark: _Toc512506410]Figure 86: Circuit Power Supply

	
Power Supply (figure 86):
· The power supply for the system consists of the two AA battery packs specified in the power supply selection.
· Each power supply has two decoupling capacitors valued at 10µF and 0.1µF respectively. This is to reduce any potentially high frequency noise. 
· The 4.5V battery supplies all logic devices including sensors and microcontroller whereas the 7.5V supply provides power solely to the motors.
· The power supply is fed into each individual low battery circuitry to provide indication of when the power is low.



[bookmark: _Toc512506266]7.2.1.2. Low Battery Indicator

[image: ]
[bookmark: _Toc512506411]Figure 87: Low Battery Indicator

Low Battery Indicator (figure 87):
· The low battery indicator is used on the 4.5V and 7.5V supply.
· As the Zener reference is based on the potential divider determined by R2 and R3. Values were determined by rearranging the potential divider equation. Considering that the Zener requires a reference of 2.5V to conduct:



Rearrange will end with:

· The same calculation method was used for the 7.5V considering the cut-off was set to 5.5V:


[bookmark: _Toc512506267]7.2.1.3. Sensor Array

[image: ]
[bookmark: _Toc512506412]Figure 88: Ultrasonic Sensor Setup

Sensor Configuration (figure 88):
· Although not shown there are eight sensors in the final system which provide all the input.
· Each sensor is connected to the 4.5V supply.
· Each trigger pin is connected directly to a digital output pin. This allows each sensor to directly be pulsed avoiding cross talk.
· Each echo pin is connected directly to a digital input in which it is read by the microcontroller.

[bookmark: _Toc512506268]7.2.1.4. Circuit Outputs
[image: ]
[bookmark: _Toc512506413]Figure 89: System Outputs

Circuit Outputs (figure 89):
· The buzzer is connected to a digital output pin where a 4.7k resistor is used to drop the voltage. This reduces the volume of the piezo buzzer.
· The LCD is configured in 4 bit mode. Although 8 bit mode was considered communication speeds were not essential for this application and 4 bit uses fewer pins.
· Each data pin on the LCD is connected to a digital output pin as well as register select and enable pins.
· A potentiometer is used across 4.5V and ground with the output connected to VEE. This allows for the contrast to be adjusted. 
· Although not shown a back light connection is made where a 330Ω resistor is connected to limit the current.
· The motor driver circuit consists of all input pins connected to digital output pins. These pins control the direction of the motor. 
· The two enable pins are connected to CCP module pins. This allows PWM to control the speed of the motors.
· The motors are connected across the designated output pins on the driver.
· The power pins are connected with 4.5V supplying the logic and 7.5V supplying the motors.

[bookmark: _Toc512506269]7.2.1.5. User Input

[image: ]
[bookmark: _Toc512506414]Figure 90: System Inputs

User Input (figure 90):
· The user input is provided to select the desired mode for the buggy.
· Two 10k resistors pull up the voltage and limit the current once the switch is pushed.
· In this configuration as the button is pushed current flow to ground meaning the pin will be low.

[image: ]
[bookmark: _Toc512506415]Figure 91: Microcontroller

Microcontroller (figure 91):
· The microcontroller interfaces all inputs and outputs.
· An 8MHz external crystal is used and connected to related pins.





[bookmark: _Toc512506270]7.2.1.6. Full Circuit Diagram
Shown below is a full circuit diagram of the system (figure 92).

[image: ]
[bookmark: _Toc512506416]Figure 92: Full Circuit Schematic


[bookmark: _Toc512506271]7.2.2. PCB Layout Design
Although a PCB may not be made due to time contraints and budget it was designed for future applications (figure 93 and 94). Please refer to appendix C for more screen shots.
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[bookmark: _Toc512506417]Figure 93: PCB Composite View

[image: ]
[bookmark: _Toc512506418]Figure 94: PCB Front 3D View

The PCB operates using two copper pours on the bottom layer. These connected 0V and 7.5V this was to reduce the number of tracks. The PCB was successfully designed with no errors.



[bookmark: _Toc512506272]7.3. Software Design
The following section presents all software design flowcharts.

[bookmark: _Toc512506273]7.3.1. Flow Charts
The designed flow charts for the system are split into three main parts. Flow charts for the ultrasonic reading, free roam and reverse park algorithm are shown.

[bookmark: _Toc512506274]7.3.1.1. Ultrasonic Sensor Distance Reading



[bookmark: _Toc512506419]Figure 95: Ultrasonic Reading Flowchart
[bookmark: _Toc510881428][bookmark: _Toc512506275]7.3.1.2. Free Roam Algorithm





[bookmark: _Toc512506420]Figure 96: Free Roam Algorithm

[bookmark: _Toc512506276]7.3.1.3. Reverse Park Algorithm



[bookmark: _Toc512506421]Figure 97: Reverse Park Algorithm
[bookmark: _Toc512506277]Chapter 8: Prototyping and Implementation

[bookmark: _Toc512506278]8.1. Development Stages
The following presents the stages taken in developing the final system. Stages which were taken include the buggy and motor implementation, building of the main circuitry, low power circuit build and finally the main software implementation. For additional development photos for all stages please refer to appendix D.

[bookmark: _Toc512506279]8.1.1. Buggy and Motor
The first stage taken was to build the buggy fitting all four motors, sensor brackets and the  two battery packs (figure 98). 

[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0027.jpg]
[bookmark: _Toc512506422]Figure 98: Buggy Initial Set up



[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0031.jpg]
[bookmark: _Toc512506423]Figure 99: Testing Buggy Motors

Before moving on all motors were connected to a power supply box. This was to ensure that all motors functioned at both polarities. All motors functioned successfully drawing a start up current of 160mA and a stable current of 100mA at 5V (figure 99).

[bookmark: _Toc512506280]8.1.2. Main Circuit
The main circuit was developed using a breadboard. Using a breadboard allowed components to be fitted and moved freely which was especially useful when programming the microcontroller. All main components including the L293, LCD and buzzer were connected to the microcontroller (figure 100 and 101). A 8MHz external crystal was also fitted. Since all components operation were checked in initial testing, no checks were performed on these components.

[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0033.jpg]
[bookmark: _Toc512506424]Figure 100: Main Circuit Implementation

[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0040.jpg]
[bookmark: _Toc512506425]Figure 101: Circuit Fitted to Buggy



Before connecting the main circuit to the power supply the batteries were checked for the correct operating voltages (figure 102 and 103). 

[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0041.jpg]
[bookmark: _Toc512506426]Figure 102: 4.5V Battery Check

[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0042.jpg]
[bookmark: _Toc512506427]Figure 103: 7.5V Battery Check
[bookmark: _Toc512506281]8.1.3. Initial Program
After successfully building of the main circuit board and readings from the power supplies the start of the program was developed (figure 104). This program initialised the LCD module, set up the LCD header file and displayed ‘Distance Measuring’. This was programmed onto the microcontroller and tested.

[image: ]
[bookmark: _Toc512506428]Figure 104: LCD Introduction Screen

[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0044.jpg]
[bookmark: _Toc512506429]Figure 105: Introduction Program Operation Check
All logic inputs such as the LCD power supply, L293 logic supply and microcontroller were all connected to the 4.5V battery pack for testing (figure 105).

[bookmark: _Toc512506282]8.1.4. Ultrasonic Sensor Fitting
All ultrasonic sensors in the system were made up using crimp connections. They were fitted  to the previously fitted sensor brackets and connected to related pins on the microcontroller (figure 106). 

[image: C:\Users\Adam\AppData\Local\Microsoft\Windows\INetCache\Content.Word\IMG_0048.jpg]
[bookmark: _Toc512506430]Figure 106: Ultrasonic Sensor Implementation

Code was then developed to measure the front and back distances. The previously developed algorithm discussed in initial testing section was used. The only difference was it was developed as a sub routine (figure 107). This allowed readings for all sensors in the array to be called the required amount of times in the main routine. All sensors sub routines were tested before moving on (figure 108).
. [image: ]
[bookmark: _Toc512506431]Figure 107: Distance Measuring Sub-Routine

[image: C:\Users\p147908\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\IMG_0052.jpg]
[bookmark: _Toc512506432]Figure 108: Sub-Routine Test

After completing this the motors were tested using PWM where the speed was changed variously after a designated delay and when an object was moved within a set vicinity. Please refer to initial prototyping and component testing section for a screenshot of coding used. 
[bookmark: _Toc512506283]8.1.5. Low Battery Indicator
The low battery indicator for the system was also built on a breadboard (figure 109). This board was placed on the bottom layer of the buggy. 
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[bookmark: _Toc512506433]Figure 109: Low Battery Indicator Implementation

A test was carried out to ensure the original calculated values set the correct cut off voltage for the prescision Zener (figure 110 and 111). Both the 4.5V low power indicator and 7.5V indicators were tested.
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[bookmark: _Toc512506434]Figure 110: 7.5V Low Power Indicator Test
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[bookmark: _Toc512506435]Figure 111: 4.5V Low Power Indicator Test

After successful tests were performed it was fitted to the buggy and each indicator was connected to its related power supply. 

[bookmark: _Toc512506284]8.1.6. Final Hardware Fitting
The final hardware implementation was to fit the two push buttons. A 10kΩ pull up resistor is used to interface to the microcontroller. The systems finished hardware implementation is shown below (figure 112). 
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[bookmark: _Toc512506436]Figure 112: Final Hardware Implementation
[bookmark: _Toc512506285]8.1.7. Main Software Implementation
The final stage was to code the microcontroller to do the reverse park functionality and free roam mode. 

[bookmark: _Toc512506286]8.1.7.1. Free Roam Functionality
The first function programmed was free roam mode. This was programmed using a series of ‘if’ statements with distance thresholds. Each set threshold is reduced in measurements so if the buggy reads a front distance measurement of in between 100cm and 75cm it will reduce the PWM output from 95% to 85% (figure 113).
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[bookmark: _Toc512506437]Figure 113: Free Roam Distance Threshold

The ‘i’ counter in the program is used to hold the buggy forward so if ‘i’ is equal to zero it moves forward and if one it reverses. If the buggy reaches a distance of under 50cm it stops and it compares the right distance with the left to determine which has more room. If the right distance has it makes a variable ‘j’ equal to one (figure 114). This stops the system turning left if right has been determined as having the most room.

[image: ]
[bookmark: _Toc512506438]Figure 114: Comparing Left and Right Sensor Readings

The next step the routine takes is if there is no room on the left or right side it remains stationary without turning. It will only move again if an object closes the front space to less than 30cm. If this is true it reverses the motor direction and sets the variable ‘i’ to one which keeps the buggy moving in reverse (figure 115). 

[image: ]
[bookmark: _Toc512506439]Figure 115: Checking if Object is Closing on Front

This routine is replicated for the reverse sequences. If the buggy stops due to the back, back angle left and right sensors are below the set threshold of 50cm it stops until the distance closes to 30cm on the rear sensor. It resets the variable ‘i’ to zero so it performs all forward routines.

[bookmark: _Toc512506287]8.1.7.2. Reverse Park Routine
The final software implementation was the reverse park function. The system firstly is programmed to scan a gap to determine if the buggy will fit. To achieve this due to both timers being used in readings for sensors and PWM, a counter routine was used. The left sensor scans for a gap over a count of 4 seconds. This value of 4 seconds was determined through trail and error testing (figure 116). 
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[bookmark: _Toc512506440]Figure 116: Gap Counter

If a space has been located the system performs a parking algorithm. This algorithm consists of reversing the buggy for a set time of around 1.5 seconds. After this it turns to a angle suitable for parking. Checks are then continuously made for the back sensors and angle sensors (figure 117). The system reverses the motors until the distance behind is less than the set distance. It then performs another turn this time to the left to straighten up the park (figure 118). All values were established from trail and error tests. 
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[bookmark: _Toc512506441]Figure 117: Reverse and Angled Turn Routine

[image: ]
[bookmark: _Toc512506442]Figure 118: Straighten up Park Routine

The final stage taken was to make the buggy centre up the park. This is done by comparing the back and front sensors readings. A variable ‘k’ is used to stop performing both ‘if’ statements if the centre is found from the initial comparison. Additionally, a variable called distance centre is used which gets both front and back readings and takes them away from each other to determine the position of the buggy (figure 119).

[image: ]
[bookmark: _Toc512506443]Figure 119: Centre up Park Algorithm



[bookmark: _Toc512506288]8.2. Functionality Testing
After the final implementation both algorithms were tested for correct functionality. For the free roam algorithm a small turn was created using boxes (figure 120 and 121). The buggy was set at the start to see if it would turn.
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[bookmark: _Toc512506444]Figure 120: Functionality Testing Buggy Free Roam

[image: C:\Users\Adam\AppData\Local\Microsoft\Windows\INetCache\Content.Word\IMG_0132.jpg]
[bookmark: _Toc512506445]Figure 121: Functionality Testing Successful Operation of Free Roam Mode
The free roam mode functions accordingly through the tested maze. The system was also let run and resulted in minimum collisions. The only time collisions occurred is when a angled material or shape was approached this was further investigated in system testing.
The parking algorithm was the final functionality test to be performed. Two boxes were placed at varying distances. The system would successfully avoid the parking algorithm if there was no space or could not fit in the space. If there was space the system would successfully perform the algorithm (figure 122 and 123). 
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[bookmark: _Toc512506446]Figure 122: Functionality Testing Parking Algorithim

[image: C:\Users\Adam\AppData\Local\Microsoft\Windows\INetCache\Content.Word\IMG_0129.jpg]
[bookmark: _Toc512506447]Figure 123: Functionality Testing Successful Operation of Parking Algorithm

Upon successful completion of functionality tests it was found that both algorithms were a success. Detailed system and technology testing could now be performed.

[bookmark: _Toc510881434][bookmark: _Toc512506289]8.3. System Cost
Below is the system build cost (table 18).
[bookmark: _Toc512495186]Table 18: System Costing
	Component
	Supplier
	Quantity
	Cost

	HC-SR04
	The Pi Hut
	8
	£16.00

	Winstar WH1602B-NYG-JT
	Rapid
	1
	£5.95

	Murata PKM13EPYH4002-B0
	Farnell
	1
	£0.66

	ELECFreaks Smart Car
	Robot Shop
	1
	£17.18

	L293
	Farnell
	1
	£2.43

	Multicomp R13-24BL-05-BR
	UWTSD
	2
	£1.79

	PIC16F887
	UWTSD
	1
	£2.18

	TL431
	RS
	2
	£1.12

	Resistor (10k)
	UWTSD
	2
	£0.55

	Resistor (2.2k)
	UWTSD
	2
	£0.49

	Resistor (5.6k)
	UWTSD
	2
	£0.59

	Resistor (7.8k)
	UWTSD
	1
	£0.45

	Resistor (3.9k)
	UWTSD
	1
	£0.29

	Resistor (330)
	UWTSD
	2
	£0.59

	Capacitor (10µf)
	UWTSD
	2
	£0.39

	Capacitor (0.1µF)
	UWTSD
	2
	£0.29

	Capacitor (22pF)
	UWTSD
	2
	£0.33

	Crystal
	UWTSD
	1
	£0.89

	LED
	UWTSD
	2
	£1.10

	Total: £52.98



The total cost of the system is under the specification of under £100 and also comes close to the £50 optional budget. 

[bookmark: _Toc512506290]Chapter 9: Final System Testing and Results

[bookmark: _Toc512506291]9.1. Considered Tests
There are many tests which can be applied to the final system. Outlined below is a description of considered tests to perform on the system (table 19).
[bookmark: _Toc512495187]Table 19: Considered System Tests
	Test Name
	Description
	Testing Procedure

	Distance Accuracy
	Test to measure the accuracy of the sensor against various materials
	Using similar sized objects of various materials to measure the relative accuracy. Measurements to be taken every 10cm. Results to be compared against actual distance.

	Angle Effect
	Test to measure the accuracy of the system against various materials depending on the angle it is situated.
	Using similar sized objects of various materials which will be situated at a varying angle. Checks can be made to see if it affects distance measured.

	Algorithm Response
	Test to measure the responsiveness of the algorithm.
	The system can be programmed to move only forward at a varying material. The stopping distance can then be measured and compared.

	Battery Life
	Test to check how long the batteries last with varying degrees of heat.
	The system could be left run fully in a heated area. The time taken for the system to fully run out could be recorded at varying  temperatures.

	Motor RPM and Torque
	Test the motors parameters of torque and RPM at varying loads and speeds.
	Different techniques and methods can be applied to measure both torque and RPM. A weighted load could be situated on the system to see how this affects the torque of the motor.

	Effect of Wind
	Tests could be applied to the distance accuracy to check if wind affects the ultrasonic sensors.
	Indoor tests could be applied through large fans in which the speed could be changed. Further outdoor tests could be applied when there is a various and constant wind in a test area.

	Effect of High Frequency Interference
	Test could be applied to the ultrasonic sensors to see if noise affects the ultrasound waves.
	A large transducer could be used to generate a noise at varying frequencies. The affect on the readings can be recorded.


[bookmark: _Toc510881440]Although all the considered test would be beneficial to perform due to the strict timescale of the project only a handful can be tested. Both battery life, RPM and torque tests will be not be performed. The reasoning for this is timescale. As these tests are performed over a longer period it would be unfeasible to perform them within this project.
The selected tests are distance accuracy, distance angle accuracy, algorithm response, effect of wind and effect of high frequency interference. The testing procedure and results for these tests are outlined in the following sections.

[bookmark: _Toc512506292]9.2. Distance Accuracy
Testing the accuracy of the system is important as a high degree of accuracy is needed in any ADAS system to provide increased reliability and safety. To test the accuracy of the system it was positioned stationary on a flat surface. A tape measure was aligned next to it to measure the actual distance of the measured object. The testing layout is shown in the photo (figure 124).
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[bookmark: _Toc512506448]Figure 124: Distance Accuracy Testing Layout


A variety of selected materials were used to record the accuracy of the system. Plastic, cardboard, metal, wood and paper were all measured against. To keep the tests as fair as possible materials of a similar size were used. Measurements were taken every 10cm. (figure 125).
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[bookmark: _Toc512506449]Figure 125: Distance Accuracy Testing



[bookmark: _Toc512506293]9.2.1. Results
The results from the test are shown in the table and graph below (table 20 and figure 126).
[bookmark: _Toc512495188]Table 20: Distance Accuracy Results
	Distance Measured (cm)
	Cardboard Error (cm)
	Wood Error (cm)
	Metal Error (cm)
	Plastic Error (cm)
	Paper Error (cm)

	10
	0
	0
	0
	0
	0

	20
	0
	0
	0
	0
	0

	30
	0
	0
	0
	0
	0

	40
	0
	0
	0
	0
	1

	50
	0
	0
	0
	0
	0

	60
	0
	0
	0
	0
	1

	70
	0
	0
	0
	0
	0

	80
	0
	0
	0
	0
	0

	90
	0
	0
	0
	0
	-1

	100
	0
	0
	0
	0
	1

	110
	0
	0
	0
	0
	1

	120
	0
	0
	0
	0
	1

	130
	0
	0
	0
	0
	1

	140
	0
	0
	0
	0
	-1

	150
	0
	0
	0
	0
	0

	160
	0
	0
	0
	0
	0

	170
	0
	0
	0
	0
	0

	180
	0
	0
	0
	0
	1

	190
	0
	0
	0
	0
	1

	200
	0
	0
	0
	0
	1

	210
	0
	0
	0
	0
	2

	220
	0
	0
	0
	0
	1

	230
	0
	0
	0
	0
	0

	240
	0
	0
	0
	0
	1

	250
	0
	0
	0
	0
	1

	260
	0
	0
	0
	0
	1

	270
	0
	0
	0
	0
	0

	280
	0
	0
	0
	0
	0

	290
	1
	0
	0
	0
	1

	300
	1
	0
	0
	0
	-1

	310
	-1
	0
	0
	0
	-1

	320
	0
	0
	0
	0
	1

	330
	0
	0
	0
	0
	2

	340
	0
	0
	0
	0
	-1

	350
	0
	0
	0
	1
	-2

	360
	0
	1
	0
	-1
	2

	370
	1
	-1
	0
	-1
	2

	380
	-1
	-1
	1
	-1
	3




[bookmark: _Toc512506450]Figure 126: Distance Accuracy Results

[bookmark: _Toc512506294]9.2.2. Results Analysis
Research showed that ultrasonic systems have a limited range and in which the accuracy is affected by different surface types. The results from the tests agree with this. The majority of errors are found after a distance of around 340cm. Plastic, metal and wood present the most accurate results with errors of just +/-1cm after 340cm. These materials provide high accuracy due to the excellent reflection properties. Both cardboard and paper show the most errors in their respective readings. 
Cardboard presents errors at around 300cm with it peaking with errors of +2cm at 380cm. Paper fluctuates in errors, with errors starting at around 20cm and continuing throughout. Readings fluctuate with cardboard and paper as it is possible the ultrasound waves pass through the paper due to its high absorb properties. It was also found upon testing that the sensor fluctuates readings when applied to skin. 
A study by Adarsh et al compare a variety of non-contact distance measurement devices against a variety of materials. The studies results compare similarly to the results collected with their main errors provided by paper [144]. They believe this is due to the transmitting property of paper which effects the sound waves [144]. All other materials tested provide stable results with plastic and wood being compared. 
There were dissimilar results regarding cardboard. The study shows errors made after a distance of 15cm. In the tests performed cardboard readings are fairly stable until around 340cm. This may be due to the thickness in cardboard or quality of cardboard measured. Another factor is the angle effect on the readings. This is further investigated in angle testing. 
Other studies by Song et al also back up the accuracy results [145]. The study is conducted for a short range collision detection system. The accuracy conclusions are presented as similar although the materials compared slightly differ. Mohammad also backs up accuracy with finding that materials such as plastic, metal and wood provide accuracy within 1cm [111].

[bookmark: _Toc512506295]9.3. Angle Effect
Testing the angle dependency of the system is an important factor. As autonomous vehicles need a 360° field of view it is important to test the directness to insure all eight sensors can detect and measure. To test this the most reflective materials are selected to test. Wood and metal are the materials tested. A protractor is used to situate the material at different angles. A tape measure is aligned to record actual distance (figure 127).
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[bookmark: _Toc512506451]Figure 127: Angle Effect Testing Set up

The tests were carried out by changing the angle every 10° up to 80° (figure 128). Materials were changed for each measurement. Readings were taken over 50, 100, 200 and 350cm.
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[bookmark: _Toc512506452]Figure 128: Angle Effect Testing Procedure


[bookmark: _Toc512506296]9.3.1. Results
The results from the carried out tests are shown below (figure 129).


[bookmark: _Toc512506453]Figure 129: Angle Effect Wood


[bookmark: _Toc512506454]Figure 130: Angle Effect Metal

[bookmark: _Toc512506297]9.3.2. Results Analysis
Research shows that angle of an object has a direct effect on the reading taken. The results agree with this and show that overall for both wood and metal the accuracy at different angles is poor. The further away the sensor is the more errors which occur. Measurements taken below 350cm follow the same correlation and provide a similar degree of error.
The sensor performs considerably well with an angle of 10˚. However even after an angle as small as 30˚ the systems accuracy is significantly decreased with errors of around 50-100cm on both materials recorded. It shows that the directness of the sensor is fairly poor. With the eight sensors provided on the system, it compensates for this issue. However, if an ultrasonic system would be applied to an autonomous vehicle it would need to be a large amount of sensors to compensate for this.
A study by Gamarra-Diezma et al [146] test ultrasonic sensors angle dependency in outdoor conditions against a variety of materials. The study performs measures on a metal material. The test performed show similar results with errors occurring at an angle greater than 30°. This compares to the results recorded.

[bookmark: _Toc512506298]9.4. Algorithm Response
Tests are important to be carried out on the response of the algorithm. The testing procedure will be to make the buggy move forward against a selected material. The stopping distance can then be measured with it coded at 50cm stopping distance (figure 131).
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[bookmark: _Toc512506455]Figure 131: Algorithm Response Test Set up














[bookmark: _Toc512506299]9.4. Results
The presented results are shown below (figure 132).


[bookmark: _Toc512506456]Figure 132: Algorithm Response Results

The results show that the system responds well to the majority of tested materials. Plastic is the most responsive material. Paper was recorded to have no reading. This is because the system repeated to stop at around 42cm. After the initial stop it would false start. This is due to the signal being absorbed by the paper.
Although the algorithm has excellent response on the majority of tested materials it is considered fairly inaccurate. This is due to the tests being performed in laboratory conditions. Future test could be performed in various outdoor conditions.

[bookmark: _Toc512506300]9.5. Effect of Wind
Wind is a strong factor in selecting a technology for an ADAS. Wind speeds on open motorway roads can reach figures of around 45mph. Tests will be performed using a basic fan. The fan has three speed settings which will be directed at the sensor (figure 133). 
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[bookmark: _Toc512506457]Figure 133: Wind Effect Test Set up

The speed of the fan was changed with the fan being placed varying distances away. Results were recorded for each distance.

[bookmark: _Toc512506301]9.5.1. Results
There are no presented results for this test as there are no recorded effects. The distance measured was stable even with varying speeds and distances of the fan. The test results however remain inconclusive as wind in a real situation would hit the sensors head on. This could not be done as the sensor would have measured the body of the fan. 
A by Song et al show that the ultrasonic sensor to be reliable for up to wind speeds of 35 km/h [145]. If future tests were to be carried out this study could be used for comparison. Future test could be carried out in outdoor conditions. 

[bookmark: _Toc512506302]9.6. Effect of High Frequency Interference
Ultrasound can be effected by high pitch noises in some cases and applications [147]. Testing the effect various frequencies have on the sensor would be beneficial. A small speaker/transducer was connected to a function generator (figure 134). 
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[bookmark: _Toc512506458]Figure 134: Effect of Interference Testing Set up

The frequency and amplitude of the signal was changed from 1Hz up to 40kHz. The effect of distance reading was recorded.

[bookmark: _Toc512506303]9.6.1. Results
The results acquired from the tests were not officially recorded. The results do not show any effect on the reading measured by the sensor. This however maybe due to the transducer not outputting a powerful enough signal at the higher frequency range (the range which may affect the sensor). With a more powerful transducer future tests could be performed.

[bookmark: _Toc512506304]9.7. Overall Analysis of Results
The tests performed are found to be all beneficial even both wind effect and noise interference. The systems accuracy performs well against reflective materials, however with thinner materials and materials which have higher absorption properties results are inaccurate at longer ranges. 
The directness of the sensor is found to be poor and the same can be said for the technology as a whole. Although using a sensor which operates at a higher frequency can improve the directivity it reduces the range. 
Overall there are many potential future tests which may be applied to the system. This would be performed as future work.


[bookmark: _Toc512506305]Chapter 10: Evaluation
	
[bookmark: _Toc512506306]10.1. Data Collected
The research and investigation conducted into ultrasonic sensors show that there are various limitations. These included surface reflective issues, angle and beam directivity issues. Although a variety of tests may have been performed due to timescale five were selected. 
Tests were carried out on the accuracy of the sensor against a variety of materials. These results showed that the sensor was less accurate against softer materials such as paper. Materials such as metal and wood provided most accuracy with only errors occurring at longer ranges. Research collected and studies compared backed these results up. Research states that softer materials have poor reflective properties than harder materials. This was apparent in the results. The testing procedure was made accurate with recordings being repeated.
Test on the angle effect of the sensor provided results which showed that generally the more acute the angle the less accurate the sensor is. At longer ranges errors occurred with angles as little as 30˚. The results collected compare as expected from research. With research stating that ultrasonic sensors all have a specified beam spread which contributes this to these inaccuracies. The tests were considered accurate, however future improvements may be made which would include performing the same tests in outdoor conditions as the speed of sound is effected by environmental factors.
Algorithm response was tested with the results showing the algorithm responding well to a variety of materials such as wood and metal. However, paper produced false starts on each test performed. This is due to the absorbing properties of paper. Although tests were beneficial it is believed that further tests should be made in outdoor conditions to view how the system responds to various surface and environmental factors.
The effects of wind and interference were tested. Both these tests remain inconclusive due to test inaccuracies. As the effect of wind was only tested using a fan and not directly aimed at the front of the sensor results are unreliable. Future tests could be carried out in outdoor conditions for further research.
Overall the systems results compare to that of research. Test results have led to a variety of potential tests which are considered as future work. 

[bookmark: _Toc512506307]10.2. Aim and Objectives Completed
Overall all objectives of the project were fulfilled. To summarise, Advanced Driver Assistance Systems are a group of safety systems relating to motor vehicles. They use a variety of distance measuring technologies. Technologies include parking sensors, lane departure warnings, ACC and short range collision systems. The technologies used are ultrasonic, camera, LiDAR and RADAR. 
From the research review the technology adopted to investigate was ultrasonic. This was selected due to various project restrictions. As a result of the limited range investigating the application of ultrasound within short range collision systems (Objective 1).
A design specification was written to simulate the workings of a short range collision system applied to autonomous vehicles (Objective 2). After this a variety of components were selected and the design was made from the proposed specification. The system met the majority of the design specification which is outlined (Objective 3):

· Performance: The system measures all required distances and displays front and back on a LCD display. Functions adopted were simulating short range collision detection and Reverse Park.
· Usability: The system utilises separate switches for each supply allowing for isolation. It also provides user input in the form of mode select.
· Cost: This is the only specification which was not met. The budget set to £50 ended up just over £2.00 over. This was mainly due to under approximating the price of components and other design considerations.
· Size: The system fits all circuitry on the buggy.
· Testing: All testing was able to be performed using the final system.
After implementation tests were performed with results recorded highlighting some of the limitations with ultrasound which were discussed in research (Objective 4). Finally the results were compared to existing studies and previously made research. The results shows similar results made with both angle effect and material reflectivity being main factors (Objective 5).
With all these objectives completed the overall aim of the project was satisfied. 



[bookmark: _Toc512506308]Chapter 11: Conclusion and Recommendations

[bookmark: _Toc512506309]11.1. Conclusion
There are over 1.3 million deaths caused by traffic collisions globally. Over 90% of collisions are caused by human error. ADAS are a group of safety systems relating to motor vehicles in which their main purpose is to reduce this human error. ADAS use a variety of distance measuring technologies which include ultrasonic, LiDAR, RADAR and camera. It was found that various ADAS systems prefer certain technologies. Due to project constraints the investigation carried out was limited to ultrasonic. 
Initially through research it was found that ultrasonic sensors have limited range. This therefore directed the investigation to be based around short range collision avoidance systems and parking sensors. It proved to be beneficial to the project and research for the system to use a buggy to simulate the workings of these systems in an autonomous vehicle. A design specification was written with main performance requirements to freely move and avoid obstacles and perform a reverse park function. The system was made up of eight ultrasonic sensors arranged around the buggy with a buzzer, LCD, motor driver, user input and low battery indicator. Components were selected based on the design specification and compared against each other for optimal selection. 
The system was developed and implemented with functionality testing of both algorithms proved successful. Completion of this allowed detailed testing to be performed on the system and the technology. Tests on the ultrasonic sensor included distance accuracy, angle effect, wind effect and interference effect. The algorithm was also tested with regard to stopping distance against various materials. It was found from the results that ultrasonic sensors distance accuracy is dependent on surface type. Angle issues are also apparent with accuracy being significantly reduced as the angle of an object is increased. Both these tests compare with what was expected from research. Both wind and interference effect provided no effects on the readings. Although no results were derived, these tests need to be carried out in different conditions for future work. Overall the project is regarded a success with all objectives being completed with the potential for variety of future proposals.

[bookmark: _Toc512506310]11.2. Future Work and Recommendations
There are many improvements which could be made to the system and investigation.

[bookmark: _Toc512506311]11.2.1. Temperature Compensation
One of the improvements which could be made to the system is to add a temperature sensor. As the speed of sound is affected by environmental conditions such as changes in temperature, using temperature compensation could lead to more accurate results. This would also be important if outdoor testing was to be carried out. To achieve this a temperature sensor IC could be used such as a LM35. This could then be connected to an analogue to digital pin on the microcontroller where the reading taken can be used in the distance calculations.

[bookmark: _Toc512506312]11.2.2. Time Out Indicator
A time out indicator could be added to the system. In the current system if there is no echo received the system will be stuck in a loop. To prevent this a timer threshold could be applied so the system would time out of the loop. This could then turn on a corresponding indicator LED to show that the sensor is faulty or has not picked up a reading. 

[bookmark: _Toc512506313]11.2.3. Comparison with other Technology
Future work could be to investigate into another related technology such as camera, LiDAR or RADAR. This could be achieved by using the same system just equipped with the newly selected technology. The same testing procedure could be applied with a comparison made on collected results.

[bookmark: _Toc512506314]11.2.4. Real Working Application
Future work could be to apply what has been learned and apply it to a real working test vehicle. Although this would require an extensive knowledge of interfacing to a car it would be the most reliable way to the test the technology. 

[bookmark: _Toc512506315]11.2.5. Wind Effect Retest
A re test could be performed for wind effect. As this was not performed the most reliably due to it not being tested in outdoor conditions. To achieve outdoor testing on this, the sensors could be attached to a real vehicle where a fixed object is also fixed on the bumper. Approximate wind speeds could be measured to record any effects increased wind speed and direction has on the technology.
[bookmark: _Toc512506316]11.2.6. Interference Effect Retest
A re test could be performed on the effect of interference. A larger transducer could be used to record the effect of high frequency interference on the technology.




[bookmark: _Toc512506317]Reflection

[bookmark: _GoBack]Within early stages of the project intensive research was conducted. Early on during this stage I often found it difficult and time consuming to collect relevant information. I found this disheartening due to me wasting time which could have been used more effectively elsewhere. In order to adapt this situation I expanded my research sources outside my usual research processes. By using additional libraries and archiving websites such as ‘arrive’ I expanded my research in further detail than what was possible previously. After overcoming this complication I further developed a deep knowledge and good understanding of a variety of systems and the functioning of these systems.
In finding a variety of new sources it led to another problem, there were some periods of research where I found myself being side tracked. New sources resulted in constant new developments happening as a result of ADAS being a large field. I often found myself investigating particular areas in greater depth than that was necessary for this particular project. I found this once again resulting in small loss of time which as stated previously could have been utilized more effectively elsewhere. This affected me by negatively reducing my motivation because the overwhelming information did not provide me a clear direction of where I wanted the research to go. Although this did not affect the research a great deal it made me realise that if this project was on a larger scale it may have detrimental effects. I overcame this by focusing on breaking down the research into categories, thus has taught me to focus more on picking out relevant information to achieve an objective. 
During the development stages a problem occurred with the functioning of the LCD display. The LCD would not initialise correctly. After many attempts resolving this problem I struggled to get it to operate. This wasted time and affected me in a negative manner. After struggling I finally managed to solve the problem myself.
Another problem I encountered during the development stages was the motor driver not outputting. After trying a variety of methods it still would not function. This frustrated me and once again demotivated me. After wasting valuable time I finally asked my supervisor for some guidance. After the guidance and advice provided and using my initiative I got the motor driver operating. Had I asked for guidance sooner the effects of this issue as well as the LCD problem could have been reduced. It has taught me not to be afraid to ask for help and has taught me to communicate more and remain focused at all times.
The project also required a fair amount of programming to achieve the desired algorithms. When designing the system I felt unconfident in getting a working system as although programming has been covered as a module through the university, it was the largest piece of software I had ever written. Although it took more research to find particular methods and through self-learning I managed to achieve a successful algorithm which I am very proud of. From this scenario I learned to be more confident in my own abilities and by applying myself to a situation I can achieve the desired results. 
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[bookmark: _Toc512506321]Appendix A: Initial Planning
Shown below is the initial project Gantt chart and ‘Microsoft Project’ task list.
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[bookmark: _Toc512506322]Appendix B: Autonomous Vehicles Disengagements
As referenced from report by Favaro et al [148] disengagements charts are shown below. 
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[bookmark: _Toc512506324]Appendix D: Extra Development Photos
This section of the appendix presents additional development stage photos.
Buggy and Motor Stage:
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Ultrasonic Sensor with Crimp Fitting:
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Push Switch and Resistor used:
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Angle vs Measurment Error (Wood)
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Stopping Distance against Different Materials
Test1	Metal	CardBoard	Plastic	Paper	Wood	41	46	48	0	45	Test 2	Metal	CardBoard	Plastic	Paper	Wood	45	47	47	0	46	Test 3	Metal	CardBoard	Plastic	Paper	Wood	46	48	42	0	41	Test 4	Metal	CardBoard	Plastic	Paper	Wood	45	42	44	0	42	
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//TRISD registers

TRISD = 0b00000000; //Port D as output for LCD
//set up 1cD

Led Init(): //16D Initialise

__delay ms(50); //50mg delay for Initialisacion
Led Clear(): //Clear 1D

//Intzoduction Display

ZLed_Sec_Cursor(1,1): //5e% 1CD to zow 1 colum 1
Led_Write_string("Distance") //Display "Distance” on LCD
ZLed_Sec_Cursor(2,1): //5e% 1CD to zow 2 colum 1

Led_Write_string("Measuring”) //Display "Measuring” on LCD
__delay ms(2000); //3sec display aelay
ZLed Clear(): //C1ear 1cD




image107.jpeg




image108.jpeg




image109.png
int Get Distance_Front ()
€

//Tiner set up
TMRIE = 0 //sets the Initial Value of Timer Most Sig

TMRIL = 0 //sets the Initial Value of Timer Least Sig

//Trigger Pulse

R0 = 17 //Trigger Pulse HIGH
__delay us(10); //10us Delay
®B0 = 0 //Trigger Pulse LOW

//Wait for Echo

while (!RBL); //Wait for Echo
TMRION = 17 //stare Timer
while (RB1) //Waiting for Echo goes LOW
TMRION = 07 //Timer Stops

//Distance Back calculations

distanceFront = (IMRIL | (TMRIHC<B)); //distance back is equal to Timer value lower and upper combined
distanceFront = distanceFront * 34000 / 2; //aistance back = o timers / 58.82 **
distanceFront = distanceFront + 1; //add one for calibratich and error purpose

return distanceFront;





image110.jpeg
SV IV

‘\ m\';ﬁh&h W




image111.jpeg




image3.png
Percentof accidents with contributory factor

Topfive contributory factors in reported roadaccidents, GB: 2005to 2014

Change rom 2005
o s
% Failed to look properly ﬁ‘
o
5%
o :
25% Failed to judge other
o el -
-
T o oesoreome

o
5% U
o

= o o




image112.jpeg




image113.jpeg




image114.jpeg




image115.jpeg




image116.jpeg




image117.png
if ((distanceFront
€

100) && (distanceFront > 75) & (i == 0))
BORTC = 05100100007
pumbucy = 870;

BM1_Duty (pumDuty) ;
BMz_Duty (pumDuty) ;
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if ((distanceFront <

€

50) && (i == 0)) // If distance is less than 5

pimbuty = 0 //5v0p Bugay
BWM1_Duty (pumbucy)
PiM2_Ducy (pumDuty) ;
//Compare 1eft and right distance to see which has room
if ((aistanceRignt >= distanceleft) & (distanceRight > 50))

.
Bcs

//vurn buggy to the right

RCS = 07
RCE = 1;
RCT = 0.

pmbuty = 10007 //95% auty cycle (speed)
PUM1_Ducy (pemDuty)
PiM2_Ducy (pemDuty)
__aelay ns(500); 17500 mg

3=1: //3f rignt nas more

delay to allow the buggy to
zoom it will make 3 = 1 not
i
//cneck left distance against right
if ((distanceleft >= distanceRight)
€

& (distanceleft > 50) & (3

//%urn buggy to the left

pimbuty = 1000;
PUM1_Ducy (pumDuty) ;
PiM2_Ducy (pemDuty)
__aelay ns(500) 5

/5003 delay to allow buggy to

cm stop

Bllowing left to be checked.

o)
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//if there is not enough room on the right or left side then
if ((distanceRight <= 50) && (distanceleft <= 50))
€

//1f distance front is reduced to 30cm and there is room behfind ....

it ((discanceFront <= 50) ¢4 (distanceBack > $0) & (2 == 0)
¢

Rce = o //Revezas the mocor dizections

Res = 11

Res = 11

Re7 - 0;

pmbucy = 10005 /555 cpeea

BM1_Duty (pumDuty) ;
BMz_Duty (pumDucy) ;
//Make 1 equal to one to hold in the reverse routine





image120.png
€

if ((distanceleft >= 30) && (i == 0)
count = 0;
clear = 0

e ((@sscanceiers >= 50 6 (5
B
P ——
iy na (3000 £
G pismance 1t 01
o bierencepront 0 :
0
Ry e OF|
mencereons - o)
:
T
0tz Dy (pemDiy)

if (aistanceleft < 30)
€
=1

i
clear = count;
ZLed_Set_Cursor(1,1):
Led Write String('
sprintf(s, "ia", clear):
Led_Set_Cursor(1,8):

//make count and clear ints

) //1f there is room on the left|

o zezo

o) //stare a counter w

//count is equal to
//small counter dela

and 1 is equal to zero

il the left side is +30cm

ount add one

//keep check left and front sensors

//keep checking angle front sensors

/3 distance in fro

//Stop Motor

//3f left is less ©
//5tops counter

//Make clear equal to value of df

//Display timer value
//convert ipg to string for icd

© is less than SOcm...

bn 30cm make 3 = 1

unter
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1f (distanceBack > 50)
€

rCa //Reverse Motor

aCs

aCE

rCT

pumbucy = 870;

BM1_Duty (pumDuty) ;

PBiM2_Duty (pumDucy)

__delay ms(1525); //Reverse delay based on gap

rCe

RCS = 0; //Turn the buggy to right to angle the park

aCE
rCT
pumbuty = 1000

BlM1_Duty (pumDucy)
BiM2_Duty (pumDuty)
__delay ns(750); //aesignated turn dela:
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Task

Mode + | Task Name = Durtion + start - Finish - Predecessors +
» 4 Research 36days Mon 18/09/17 Mon 06/11/17

» Research ADAS. 5days Mon 18/09/17  Fri 22/09/17

» Research Sensors and Technology 10days. Mon 25/09/17 Fri06/10/17 2
» Research Existing Products 5days Mon 09/10/17 Fri13/10/17 3
» Research Existing Studies 10days. Mon 16/10/17 Fri27/10/17 4
» \Write Initial Design Specification 5days Mon 30/10/17 Fri03/11/17 5
» 4 Componenet Selection and 36days Mon 06/11/17 Mon 25/12/17

= Sensor selection 10days  Mon06/11/17 Fri17/11/17 6
» Display Selection 5days Mon 20/11/17 Fri24/11/17 8
» Buzzer Selection 5days Mon 27/11/17 Fri01/12/17 9
» ©Other Component Selection 5days Mon 04/12/17 Fri08/12/17 10
» Microcontroller Selection 10days. Mon 04/12/17 Fri15/12/17 10
» Initial Component Testing and Prototyping 35days Mon 06/11/17 Fri22/12/17 5
» 4 System Design 21days Mon 25/12/17 Mon 22/01/18

» Final Design Specification 5days Mon 25/12/17 Fri29/12/17 12
» Initial Design 5days Mon 18/12/17 Fri22/12/17 12
» CAD Design 10days  Mon01/01/18 Fri12/01/18 16
» Software Design 10days. Mon 08/01/18 Fri19/01/18 16
» 4 Prototyping and Implementat 46 days Mon 22/01/18 Mon 26/03/18

» Prototyping 10days  Mon22/01/18 Frio2/02/18 18
» Implementation 30days Mon 05/02/18 Fri16/03/18 20
» > Final Testing |16 days Mon 26/03/18 Mon 16/04/18

3 ~ Evaluation "5 days Mon 16/04/18  Fri 20/04/18

» Initial Poster 10days. Mon 02/10/17  Fri 13/10/17
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while (distanceBack > 13)
€
Get_Distance Back():

rCe
RCS = 17
aCE
rCT
pumbucy = 870;

BlM1_Duty (pumDucy)

//Re

rCe
aCs
RCs = 0;
rCT
pumbuty = 1000

BM1_Duty (pumDuty) ;
PBiM2_Duty (pumDucy)
__delay ms(980)

/7w

//do while distance is greaty

//keep checking back sensor

verse Motor while distance is greatel

rn motor left

//aesignated turn time

er than 13cm

= than 30cm





image123.png
if (distanceFront > distanceBack) //if distance is greater than distance back
€

while(k == 0) //perform while k is equal to one
€
distanceCentre //make centre = to 0
Get_Distance Back()
Get_Distance Front(): //read back and front sensprs

distanceCentre = distanceFront - distanceBack; //calculate the centre distance
Rree //orward the motor as the gap in the front is greater than back
Cs

C6
RC7 = 15

pimbuty = 870;
BWM1_Duty (pumbucy)
PiM2_Ducy (pumDuty) ;

1f((aistanceCentre == 0) || (distanceCentre
€

) //stop wnen centre is reached

pimbuty = 0
PUM1_Ducy (pemDuty)

k=1 //Make k equal to onel
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Design Rule Check Report

ReportFile:  Ci\Users\p147908\Desktop\ESD Assignment #2\Easy-PC\Weather System\Weather System (PCB - Design Rule Check
Report).htm

Report Friday, December 15, 2017

written:

Project Path:  C:\Users\p147908\Desktop\ESD Assignment #2\Easy-PC\Weather System\Weather System.prj

Design Path:  C:\Users\p147908\Desktop\ESD Assignment #2\Easy-PC\Weather System\Weather System.pcb

Design Title:

Created: 13/12/2017 13:49:00

Last Saved:  15/12/2017 13:37:35

Editing Time: 759 min

Units: mm (precision 1)

Results

No errors found

Accepted Errors already in the design

No errors found
Settings

Spacings

Tracks Yes

Pads and Vias Yes

Shapes Yes

Text Yes

Board Yes

Drils Yes

Components Yes

Manufacturing

Drill Breakout No
Drill Backoff No
Silkscreen Overlap Yes
Silkscreen Board Overlap Yes
wires Yes
Component Height Yes
Copper Text In Board Yes
Mirrored Text Yes
Routing Areas Yes
Min Track Width Yes
Neck Length Yes
Min Annular Ring Yes
Min Paste Size Yes
Vias In Pads Yes
Unplated Vias Yes

Unplated Pads With Inner Tracks Yes
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//Trigger Pulse
R0 = 17 //Trigger Pulse HIGH
__delay us(10); //10us Delay

®B0 = 0 //Trigger Pulse LOW
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//Wait for Echo

while (1RB1); //Wait for Echo
TMRION = 1; //stare Timer
while (RB1) //Waiting for Echo goes LOW

TMRION = 07 //Timer stops
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//Distance Back calculations
distanceBack = (TMRIL | (TMRIE<<S)); //aistance back is equal to Timer value lower and upper
distanceBack/s8.82; //aistance back = to timers / 58.82 ** as per data sheet
distanceBack + 1, //add one for calibration and error purpose

distanceBack
distanceBack
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//Trigger Pulse
R0 = 17 //Trigger Pulse HIGH
__delay us(10); //10us Delay

®B0 = 0 //Trigger Pulse LOW
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//Wait for Echo

while (1RB1); //Wait for Echo
TMRION = 1; //stare Timer
while (RB1) //Waiting for Echo goes LOW

TMRION = 07 //Timer stops
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//Distance Back calculations
distanceBack = (TMRIL | (TMRIE<<S)); //aistance back is equal to Timer value lower and upper
distanceBack/s8.82; //aistance back = to timers / 58.82 ** as per data sheet
distanceBack + 1, //add one for calibration and error purpose

distanceBack
distanceBack
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if (distanceFront
€

15) //if distance is less than 1Scm...

pumbucy = 768; //set paml o 75%
BM1_Duty (pumDucy) ; 7/75% of 1024
i
if (distanceFromt <= 10)  //if distance is less than 10cm.
€
pumbucy = 512; //set puml o 50%

BM1_Duty (pumDucy) ;

//3f distance is less than Scm.

//vurn off motor
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