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[bookmark: _Toc512827306]Abstract
[bookmark: _GoBack]The aim of this project is to create a web-based simulator to train operators to control a Lego Mindstorms robot using a wireless communication network, whilst applying a realistic delay to the communications. This will be achieved with the completion of the project’s objectives.
The design and implementation of the project follows an agile methodology, known as feature driven development (FDD), which uses timeboxes to organise the design and development of the rover and two applications. The rover works as expected, but the application does not successfully connect to the application. The application design has a system usability score of over 60%, which is higher than expected with the current application issues.
This project could be expanded, by adding dual connectivity options, allowing the operator to select between Wi-Fi and Bluetooth, rather than the current Bluetooth option. Additionally, there are many recommendations for improvements, including fixing the connection problems, researching an alternative method to the script for displaying the application and reinforcing the rover structure.
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[bookmark: _Toc512827310]1.1 Aims & Objectives
The aim of this project is to create a web-based simulator to train operators to control a Lego Mindstorms robot using a wireless communication network, whilst applying a realistic delay to the communications. This project is important as it could be used for rover designers to identify issues with rover design, and to train operators of lunar/ Martian rovers, as to become familiar with the rover movement capabilities and the communications delays that occur. This is an issue which this project aims to help solve through the simulator and looking at basic rover designs. To achieve this, the project must achieve the following objectives:
A literature review to determine any existing Lego or rover simulators, and how they work
Research compatible programming languages and integrated development environments (IDE’s) to program the Lego Mindstorms EV3 robots
To design and create at least one Lego robot for testing purposes
To create a simulator based upon the research conducted, incorporating artificial intelligence (AI) aspects to simulate communications delay and hazard awareness, based upon the data received from sensors and human input
To test the simulator on the Lego robot, and analyse and evaluate the simulator
[bookmark: _Toc512827311]1.2 Report Structure
This report is organised into three sections. The first section focuses on the theoretical concepts and work which underpins the project. The second section details the practical element of the project, including the design, implementation, testing and analysis of the application and the Lego Mindstorms robot. Finally, the third section focuses on the evaluation, conclusion and recommendations for future projects, and an overall reflection of the project.

[bookmark: _Toc512827312]2.0 Literature Review
This section of the report details the research undertaken during this section. This includes robotics, artificial intelligence, integrated development environments, Web 2.0, Lego Mindstorms EV3 robots and simulators.
[bookmark: _Toc484513631][bookmark: _Toc512827313]2.1 Introduction to Robotics
According to the Robotic Industries Association, a robot is defined as: "a reprogrammable, multifunctional manipulator designed to move material, parts, tools or specialised devices through variable programmed motions for the performance of a variety of tasks" [1], [2]. The term ‘robot’ derives from the Czech word ‘robota’, which loosely translates to menial labourers, or ‘robot workers’, which acted as inferior servants, freeing ‘real’ people from labour. The term robot started becoming popular on the 25th January 1921, by the first performance of Karel Capek’s play, Rossum’s Universal Robots, in Prague, Czechoslovakia. The play focuses upon an inventor called Rossum, who creates a vat of biological parts to assemble a race of intelligent workers, which could replace human jobs [3, pp. 2–3]. The two enabling technologies that robotics is based on are:
“1. Telemanipulators are remotely controlled machines, usually consisting of an arm and gripper, which receives human provided instructions from a controller.
2. Numeric control is the ability to precisely control machines. In 1952, this led to the implementation of the first machine programming language called APT (Automatic Programmed Tools).” [4]
[bookmark: _Toc484513632]These two technologies led to the first programmable telemanipulator, and in 1961, the installation of the first industrial robot which used these technologies [4]. Asimov’s three laws of robotics were originally created in 1942, in his short story Runaround. These are: 
“1. A robot may not injure a human being, or, through inaction, allow a human being to come to harm. 
2. A robot must obey the orders given it by human beings except where such orders would conflict with the First Law. 
3. A robot must protect its own existence if such protection does not conflict with the First or Second Law” [5]–[7].
A fourth, or ‘zeroed’ law was later added: “A robot may not harm humanity, or, by inaction, allow humanity to come to harm.” [8], [9]. The significance of Asimov’s laws of robotics is to counteract the work of science fiction writers, whom believe that one day, ‘intelligent’ robots could be physically and mentally superior to humans, and could determine that humans are unnecessary [10].
[bookmark: _Toc512827314]2.1.1 Lunar Exploration Robots
Lunar exploration rovers are designed for the exploration of nearby moons, asteroids and planets. There are many examples, and include the following:
[bookmark: _Toc484513635][bookmark: _Toc512827315][bookmark: _Toc484513634][bookmark: _Toc484513633]2.1.1.1 Russian Lunokhod
The Lunokhod Mission was comprised of two lunar rovers, which were tasked with performing a series of scientific operations on the Moon in the early 1970’s [11]. The Soviet Russian rovers were launched from Tyuratam (Baikonur Cosmodrome), Kazakhstan in a Soyuz rocket. Lunokhod 1 launched on 10th November 1970, in the rocket designated Luna 17 [12], and landed in the Sea of Rains, on the Moon. The rover operated for 11 lunar days, and officially ended on 4th October 1971, after the transfer of more than 20,000 television pictures and over 200 television panoramas, as well as conducting over 500 lunar soil tests [13].
Lunokhod 2 launched on 8th January 1973, from the rocket designated Luna 21, and landed in LeMonnier crater, on the Moon. The rover operated for approximately four months, and its operations were announced as completed on 4th June, although there is speculation that the vehicle probably failed in mid-May, or it could not be revived after the lunar night of May-June. It sent back 86 panoramic images and over 80,000 TV pictures [14].
The rover had eight gear motors to control the eight wheels, a custom-made rocker-bogie suspension system and a tub-shaped body, with a domed top, and were equipped with two antennae, two (or three on Lunokhod 2) television cameras, and a wide range of sensors for experimentation [15, p. 3], [16]. Lunokhod 2 had eight rigid rim wire mesh wheels with bicycle-type spokes and metal cleats for traction [17]. These were connected to an independent suspension, motor and brake, which were controlled by a series of commands sent by a team of five people in real-time from Earth [15, p. 3], [16]. 
[image: Lunokhod-2 model.jpg]
[bookmark: _Toc512827411]Figure 1: Lunokhod Mission Rover [18]
[bookmark: _Toc512827316]2.1.1.2 NASA Discovery – Mars Pathfinder
NASA’s Discovery Program began operations in 1996, comprising of 12 missions [19], consisting of telescopes, probes and spacecraft. The Mars Pathfinder mission was launched on 4th December 1996, to investigate the Martian atmosphere, surface metrology, atmospheric conditions and geology. The rover was the first to explore Mars, which is also known as the Red Planet, landing on 4th July 1997, with its final transmission on 27th September 1997 [20]. The rover managed to capture over 16,500 images and take 8.5 million measurements of atmospheric pressure, temperature, and wind speed. The rover performed chemical analyses at sixteen different locations. This mission allowed for the Spirit, Opportunity and Curiosity rovers to occur [21].
The micro-rover, named Sojourner, had six wheels and a rocker-bogie suspension system, which did not have springs. Instead, the series of joints rotated and conformed to the contours of the ground, increasing its stability over uneven surfaces. The rover could withstand a tilt of 45° using three motion sensors to detect excessive tilt [15, p. 3]. The rover was controlled via an onboard supercomputer, performing commands sent by an Earth based team via an uplink [22].
[image: C:\Users\Cerys\AppData\Local\Temp\sojourner.gif]
[bookmark: _Toc512827412]Figure 2: Mars Pathfinder Rover [23]
[bookmark: _Toc512827317]2.1.1.3 NASA Mars Exploration – Spirit & Opportunity
NASA’s Mars Exploration Rover project is composed of Spirit and Opportunity to perform a series of experiments to explore the following main science goals:
· Determine whether life ever existed on Mars
· Determine the climate and geology of Mars
· Prepare for human exploration [24]
Spirit was launched on 10th June 2003, and landed on the 4th January 2004. Opportunity followed on 7th July 2003 after some minor repair issues, and landed on the 25th January 2004 [25]. The rovers had six independent wheels, with their own individual motor, and had a similar rocker-bogie suspension system as was seen on the Pathfinder rover [15, pp. 3–4]. The rovers had rock abrasion tools for removing the surfaces of rocks to allow for the analysis of the inner layers. Additionally, they had five scientific instruments, which included a panoramic camera, a miniature thermal emission spectrometer, a Moessbauer spectrometer, an alpha particle X-ray spectrometer, and a microscopic imager. They also included magnetic targets to capture dust samples for examination. The spectrometers, microscopic imager and abrasion tool were located on a turret at the end of a robotic arm [25]. The rovers were remote-control operated from Earth, and have sent back over 300,000 images [26]. Initially the commands were sent in advance, allowing for the onboard systems to navigate around dangers, however, due to recent issues with flash memory on Opportunity, operations are becoming more real-time, as less data can be stored [27].
[image: http://johnkinane-com.secure37.ezhostingserver.com/wp-content/uploads/2011/05/NASA_Mars_Rover_Spirit.jpg]
[bookmark: _Toc512827413]Figure 3: NASA Spirit & Opportunity Rover [28]
[bookmark: _Toc512827318]2.1.1.4 NASA Curiosity
The Curiosity mission was launched on 26th November 2011, and landed on Mars on the 5th August 2012, with the aim to identify if Mars has ever had the right environmental conditions for life. The data comes from rock, soil and air samples and analyses this data, such as the sample composition, onboard [29]. The mission lasted for approximately two years, although the rover is still in operation [30]. 
The rover design allows for a speed of 30m/hr, and includes a seven foot arm to move tools used in experiments [29], a geology lab, a laser, spectrometers and several cameras. Each of the six wheels [31] used the airless spring tire design that consisted of several hundred coiled steel wires woven into a flexible mesh. This gives the tires the ability to support heavy loads whilst conforming to the terrain [17]. These had their own individual steering motors, allowing for a full 360° turn, and incorporate a balancing mechanism to prevent overturning [31]. The ‘hand’ is located at the end of the arm, and it is used to grind stones to insert the sample inside its body to determine the composition, whilst the ‘head’ consists of seventeen cameras and a laser as to destroy any large rocks it may come across. The ‘tail’ has hazard avoidance cameras, which displays the ground view to help when reversing. 
The rover sends and receives signals from Earth based teams, which contains instructions that have been tested on a simulator the day before, although on-board AI is used to automate certain processes [32]. The Curiosity rover is operated on the real-time operating system VxWorks, which was developed by Wind River. This system is responsible for the entry, descent and landing (EDL), in addition to mission-critical tasks, such as ground operations control, data collection and Mars-to-Earth communication relay that must be performed on a daily basis [33]. Every day, the rover receives its commands based on the previous day's images and data. If the instructions include a change of location, the planned route to this location has been designed using a simulator [34].
[image: ]
[bookmark: _Toc512827414]Figure 4: NASA Curiosity Rover [29]
[bookmark: _Toc484513636][bookmark: _Toc512827319]2.1.1.5 China’s Jade Rabbit
China’s Chang’e-3 lunar mission included the Jade Rabbit (or Yutu, as it is known in China), which launched on 1st/2nd December 2013, from Xichang, South China. It landed on the volcanic plain known as Sinus Iridium (Bay of Rainbows), on 14th December 2013 to observe the Moon’s topography and geology construction, explore the components of its surface materials and resources, measure the physical characteristics of the lunar soil and crust, and scout potential valuable mineral resources. It ended in August 2016, after 972 days in operation on the moon, and sent high-resolution photos and scientific data back to Earth [35]–[38]. The rover consisted of six individually motored wheels, with a sub-rocker-bogie suspension, almost identical to NASA’s Mars Exploration rovers and Curiosity, and could withstand a 20 to 30° tilt. The rover had a mast, which contained the stereo and navigation cameras, whilst the robotic arm held part of the instrument payload [39]. The rover has an autonomous navigation system [40], using an onboard Delaunay algorithm, although commands were sent from Earth-based teams [41].
[image: http://www.slate.com/content/dam/slate/articles/video/video/2014/01/jade_rabbit_dead_will_china_s_moon_rover_recover_from_technical_problems/78144477_3117965678001_TNC140128-yutu-1280.jpg.CROP.cq5dam_web_1280_1280_jpeg.jpg]
[bookmark: _Toc512827415]Figure 5: Jade Rabbit Rover Design [42]
[bookmark: _Toc512827320]2.1.1.6 NASA Discovery – InSight
The InSight (Interior exploration using Seismic Investigations, Geodesy and Heat Transport) mission is part of the Discovery program and is scheduled to launch in May 2018, with the aim of exploring Mars’ deep interior, tectonic activity and meteorite activity to understand the processes that formed the rocky planet more than four billion years ago and the natural phenomena on Earth. The terrestrial planet explorer will land on Mars six months after launch, with science operations lasting over two years [43].
[bookmark: _Toc512827321]2.1.1.7 ESA’s ExoMars Mission
The ExoMars mission is a collaboration between the European Space Agency and the Russian Roscosmos to explore Mars, searching for signs of life. In 2016, the ExoMars Trace Gas Orbiter was launched, which searches for evidence of methane, and other trace atmospheric gases. It will also aid with the landing location by collecting data on potential locations, and aid communications between the rover and the operations control centre whilst the rover is operational [44], [45]. The 2020 mission to land a rover and surface platform to explore the surface of Mars to search for signs of life, whether they are historical or current, by taking sub-surface and underground samples to analyse its physical and chemical properties for biomarkers, organic substances and signs of water. The rover is expected to land in 2021, and current tests show the rover is capable of managing 25cm tall obstacles (approximately 20% of its height), and a 26° slope with its autonomous onboard AI [45]–[47].
[image: http://exploration.esa.int/science-e-media/img/content/images/2016/ExoMars20168_Rover_295w.jpg]
[bookmark: _Toc512827416]Figure 6: ESA’s ExoMars Rover [47]
[bookmark: _Toc484513637][bookmark: _Toc512827322]2.2 Introduction to Artificial Intelligence
AI, or artificial intelligence, is defined as: “The ability to accurately define what is human intelligence, ‘inference, reasoning, learning from experience, planning, pattern recognition and epistemology’ [1], in such a way that it can be copied by a robot, ‘the science and engineering of making intelligent machines’”, by John McCarthy in 1956 [48]–[50].
In 1950, Alan Turing devised the Turing Test, or ‘Imitation Game’ as it is known, to determine a method of understanding whether a machine (or robot) can model artificial, or human-like intelligence, by posing the simple question, ‘Can machines think?’ [51], [52, pp. 2–3]. This method of determining this question has been scrutinised for its validity of consecutive tests by many academics such as Searle, with his ‘Chinese room argument’ in 1980, which concluded that: “the implemented programs are not by themselves constitutive of, nor sufficient for, minds. In short, strong artificial intelligence is false” [53]–[55].
[bookmark: _Toc484513638][bookmark: _Toc512827323]2.2.1 Programming AI
To programme AI, the programmer must replicate the ability to perform operations on arbitrary objects (strings of bits) and symbols to represent rules for creating, relating or manipulating symbols. The ability to simulate human intelligence is constructed upon the symbolic computation to describe algorithms which have the capacity to process any type of information. This requires higher abstraction levels that is only possible with number processing programming languages, such as Fortran, MATLAB and R [56], [57].
Issues are predominantly domain specific, so heuristic strategies have been experimentally grown through rapid prototyping, as an explicit specification is only possible through interactive and incremental refinement. As ‘fuzzy programming’ (variables can have any value between 0 and 1) is naturally abundant, there are substantial benefits that are made in programming, providing the language reduces the number of technical constructions (such as low-level construction of new data types and manual allocation of memory), and changes towards a more declarative style, which is more advantageous through the use of high-level data structures (such as lists, trees and arrays), and operations (such as pattern matching). This improves symbolic computation on a more advanced abstract level than is possible with standard imperative languages, such as Fortran, Pascal or C [56], [57].
According to Glasgow and Browse [56], AI programming languages have four main properties: 
“1. They are interpreted rather than compiler-based.
2. They do not rely on an underlying Von Neumann style of computation.
3. They are based in solid mathematical frameworks so that formal reasoning about the adequacy and correctness of programs may be accomplished.
4. They have friendly programming environments and good user interfaces.”
The requirements of symbolic computation and AI programming allowed for the creation of two new programming paradigms as alternatives to the imperative style. These are based on the mathematical protocols of recursive function theory and formal logic, and include functional programming styles, such as Lisp, and logical programming styles, such as Prolog [57].
According to an article by Wolf [58], some of the most common and greatest AI programming languages are: Python, Java, Lisp, Prolog, and C++, although many more are available, depending on the application and platform of the intended device or system. 
[bookmark: _Toc512827324]2.2.2 AI in Web Applications
AI developments in web are aimed towards making processes easier, such as smart algorithms for online shopping recommendations based upon your search or purchase history. It is designed to run in the background and be fully integrated into the code, wherever possible, to increase functionality and reduce processing power.  An example of this is Google Rackbrain, which updates Google’s search algorithm based upon learning new correlations between semantic phrases and successful results [59]. This is also true in speech recognition, where the application has to interpret the request into a query for processing, then output the results to the user, such as with Siri, Cortana and Assistant [60], and in adaptive sites, which can automatically improve their UI (user interface) by learning access patterns [61].
[bookmark: _Toc512827325]2.2.3 AI in Robotics
For robots to be accepted within everyday life, robots need to understand human behaviour at various levels of abstractions, time scales and in the context of human-robot interactions. The ability for robots to act in a useful, relevant, and socially acceptable manner, requires the ability to learn dynamically and incrementally learn to interpret and understand human behaviour, such as emotions, linguistics and body language. This ability to learn will be implemented using AI machine learning techniques, such as algorithms, to learn the social and physical techniques needed to perform social interactions with humans, and for humans to learn skills from the robots, such as understanding a wider range of behaviours, such as language formation, developmental cognitive and social disorders [62], [63].
AI has a wide range of uses when used within robotics. An example of this is robots can be fitted with vision assistance and grippers to assist in daily tasks, such as opening the door, switches, and using objects for those with limited mobility. The user has a joystick which can be used to control the robot, as well as a screen for visual aid. AI is used in these types of robots for hazard perception, optimising operational/ response times and pathfinding measures for navigating around [64]. They can also be used for smart weapon systems, where automated object recognition algorithms are used to fire at short distance targets [65], or even in the production of fabrics and clothing, where algorithms and computer aided design (CAD) are used to move robotic arms [66].
[bookmark: _Toc512827326]2.2.4 AI in Space Exploration
AI is used in space exploration in several ways. MAPGEN (Mixed Initiative Activity Plan Generator) is used to automatically generate plans to schedule experiments based upon the resources available. A closed-loop AI-based system, known as a remote agent, is incorporated to accomplish this. This reduces the required number of mission control staff, and achieve a higher scientific accuracy [67]. This software was tested on the Deep Space 1 mission, improving its maturity with every use. The remote agent experiment is a software experiment in the New Millennium Project that allows for increased autonomy, especially when there is increased uncertainty, by allowing the system to plan and execute more activities on the spacecraft, with guidance from the ground controllers on Earth, including maintenance, navigation, and fault diagnosis and correction. This allows for faster processing as no communications delay would occur compared to sending the required data needed back to earth for processing, waiting for it to be processed, and sending the response back to the spacecraft. This is especially critical when the spacecraft is in a hazardous environment, such as near a comet. This also allows for reduced mission development and operations costs, so the savings can be used for other missions, such as the exploration of the oceans of Europa, and analysing the terrain and atmosphere of Venus [68], [69].
[image: ]
[bookmark: _Toc512827417]Figure 7: MAPGEN's System Architecture [67]
Steve Chien and Kiri Wagstaff of NASA’s Jet Propulsion Laboratory predicts that in the future, AI will govern the exploration possibilities due to three main reasons [70], [71]:
1. The rovers/ craft may fall out of communications range, so will need to determine when and how they come back based on the data received, and if the data is to be documented.
2. The rovers/ craft will explore unknown (or little known) areas of space, so will have to be able to adapt to environmental factors, such as unforeseen asteroids, temperatures, or changes to gravity.
3. The time it takes to travel to distant regions are huge, therefore AI will be required to intervene as there may be several staff changes before data returns.
In the future, AI will be used to collect, interpret and retrieve data from the probe, spacecraft or rover, to Earth, allowing the possibility to explore space further by collecting better and more useful data. This is important as without AI, humans will not be able to explore these areas, and therefore these missions may never occur [70], [71]. AI will also be used on the Europa Clipper mission, which is expected to perform multiple flybys of an icy moon of Jupiter. This extremely high radiation environment is expected to reset or crash its computer several times in a single flyby, so the AI computer system is expected to diagnose and fix computer issues before the engineers on Earth are aware it happened [72].
The challenges in the proposed system are hazard awareness and rover navigation. The AI will need to identify any hazards, such as an obstacle or changes in altitude, and safely navigate around them to avoid damage to the rover.
[bookmark: _Toc512827327]2.2.5 AI in Rovers
The aim for AI in rovers is to allow the rovers and space station astronauts to work alongside each other as much as possible. The rovers could be used to conduct surveys, which could then allow for astronauts to go as directly as possible to the most interesting sites to gather more information [72]. AI has been used since the Spirit and Opportunity missions, where it was used as a navigation system to explore Mars, called Autonav [70], [71]. It was uploaded in 2009 on Opportunity, with the aim of providing a good test of some autonomy that could be used on future missions [73]. Autonomous Exploration for Gathering Increased Science (AEGIS) was uploaded on Opportunity in 2010 to increase autonomy when it encounters minor communication issues [74]–[76].
Curiosity was uploaded with the improved version of the AEGIS software in late 2015, to increase autonomy during the long periods of time that communication is impossible with Earth, or when there are delays in sharing data with scientists. Although it does not dictate general operations, the software is used to pick its own targets from up to 7m away, using Navcam, which can be captured as images to be analysed, and if necessary, fired by the laser to determine the chemical composition by ChemCam [74]–[76]. It allows for greater accuracy for identifying and firing at the rocks with the laser, which would be extremely difficult for humans [77]. Since May 2017, the software has been used to select and photograph interesting aspects of Mars [70], [71]. The software has increased the pace of ChemCam activities by 10%, saving time, power, and resources which can be used elsewhere [78, p. 1]. In March 2017, a new algorithm was uploaded to the rover, which adjusts the speed of the wheels based upon the rocks it is climbing. This software, known as traction control, uses real-time data to improve the longevity of Curiosity’s wheels, by preventing wheels from slipping when climbing [79], [80].
The Jade Rabbit rover uses an onboard Delaunay algorithm which analyses images obtained from the navigation and hazard avoidance cameras in real-time, using a stereo imagery tool. The Delaunay algorithm allows the system software to construct a 3D mesh using triangular points that are identified within an image [81, pp. 1–3]. The rover uses this algorithm to identify obstacles to decide the best course of action to get to the destination, using its onboard sensors and determining its relative position using real-time imagery. It received most of its instructions from the ground (as there was a 2.5 second delay), which allowed for near real-time operations with the rover [39].
The InSight mission will include cameras and software almost identical to the Navcam and Hazcam cameras that were included with the Mars rovers Spirit and Opportunity. Navcam is located on the arm to capture images of the instruments on the landers deck, in addition to providing a 3D view of the ground to help determine the position of where the seismometer and heat low probe will be located. The Hazcam camera is located under the edge of the lander’s deck and provides a view of the instrument deployment area [65].
NASA’s Mars 2020 rover is expected to launch for Mars in 2020, with an improved version of AEGIS, due to changes with its onboard instruments that allow for smarter targeting and obtaining relevant research on objects. It is expected that it will be able to change its schedule if it finishes tasks ahead of time, allowing for more data to be collected. The next version of ChemCam, called SuperCam, with a remote RAMAN spectrometer will be used on this rover to identify sample composition [34], [72].
The system in this project will collect and return data to the operator. This can include images of hazards in its path, or of anything interesting it encounters. The system could include features of the Delaunay algorithm, which was used on the Jade Rabbit to analyse the data to be sent back to the user for further analysis.
[bookmark: _Toc512827328]2.3 Web 2.0 Control of Robots & Communications
Web 2.0 is an interactive and responsive web, which is achieved by allowing websites to communicate with the browser unknowingly and without human interaction. One of the ways this is achieved is AJAX, which stands for Asynchronous JavaScript and XML, which allows for easy to use websites, such as social media, news sites and wikis, that require increased human interaction [82].
Web 2.0 can also be used for robotics. The robot would have a micro-server or chip that allows for communications (via the internet) to the main server to execute commands. For example, in a warehouse, a robot would have a chip that is connected to the main server, and the database. When an order arrives, it is stored on the database. This information is processed into a series of commands (such as location and product information), which is sent to the robot via the web. The robot could collect the items for shipping, then sends a response to the main server that the order is complete. The server could then update the order status and update stock records [83].
[bookmark: _Toc512827329]2.4 Web Services
There are many different definitions for web services. According to Java [84, p. 363], web services are: “client and server applications that communicate over the World Wide Web’s (WWW) HyperText Transfer Protocol (HTTP)” by providing a standard method of interoperating between software which run on different platforms and frameworks [84, p. 363], [85]. They are interfaces which describes a series of operations that are accessible over a network to perform tasks [86].
Web Services Description Language (WSDL) is an XML based language used for describing web services, including message formats, which details its operations, transport protocols, and its location. Simple Object Access Protocol (SOAP) is an XML based protocol used for accessing web services by transferring the data [86]–[88]. Web services have a machine-processable formatted interface (usually WSDL), with other systems interacting with the service using SOAP messages (usually HTTP with XML serialisation) [89, Ch. 1.4]. A simple example is as follows:
[image: ]
[bookmark: _Toc512827418]Figure 8: A Simple Web Service Operation [85]
The architecture for a secure and reliable web service operation is as follows:
[image: ]
[bookmark: _Toc512827419]Figure 9: Web Services Architecture For Secure, Reliable Transactions [85]
[bookmark: _Toc512827330]2.5 Integrated Development Environments
An integrated development environment (or IDE) is an application that expedites the development of applications by supporting the use of single or multiple languages. Typically, these are graphical user interface (GUI), which have all the tools in an integrated environment for application development. Commonly, these tools include debugging, version control and data structure browsing to maximise productivity, by reducing the need for switching between applications [90]. These can be desktop or cloud based, and include Eclipse [91], NetBeans [92] and Visual Studio [93], [94]. These often have add-ons or plug-ins for added functionality and use.
[bookmark: _Toc512827331]2.6 Lego Mindstorms EV3
Lego Mindstorms EV3 is a robotics kit that allows for the building and programming of a Lego robot. There are seventeen example EV3 robots which can be made from the core set, with an expansion box for larger projects. The programmable brick allows for the required connections to the motors, or one of the sensors, including colour, touch, infrared, gyroscopic and accelerometer [95]. The TRACK3R robot is the closest to the current rover designs; this will be considered for the design phase of this project.
[image: ]
[bookmark: _Toc512827420]Figure 10: Lego Mindstorms Robot Examples [96]
[bookmark: _Toc512827332]2.6.1 Programming Lego Mindstorms EV3
Programming Lego Mindstorms can be completed through a wide range of options, including the use of the GUI, where the user interface allows for the drag-and-drop of the programming constructs, such as loops, and to perform tasks. This software can be downloaded through the Lego Mindstorms official website [96]. There is also the option to self-programme the hardware, using one of the compatible languages, such as Not Quite C (a variation of C), C/C++, Ada, Scheme and Java, all requiring the appropriate software, firmware and compilers. For example, the LeJOS software is an implementation of the Java Virtual Machine and includes firmware which replaces the original RIS firmware, and replaces them with many of the core Java classes, allowing for increased functionality, and ease of use [97].
[bookmark: _Toc512827333]2.7 Simulators
A simulator is a device (or software) that enables the operator (or user) to reproduce or represent something under test conditions, which may happen in real-life scenarios [98]. They are often used as training tools for high-risk scenarios, where it is impossible to replicate it, or if the actual equipment is expensive. These include flight, driving, modelling systems, training, manufacturing, medical purposes for surgery, and for entertainment purposes, such as gaming, TV, theme park rides and movies.
NASA has a range of simulators for different scenarios, such as FutureFlight Central to simulate air traffic control, the Vertical Motion Simulator for aircraft and spacecraft design [99] and the Mars rover simulator. The landing location for the Curiosity mission was decided as a result of simulations on four different sites, which determined that they were all safe to land, with the final decision on the landing site made by the scientists [100]. The landing was performed over 8,000 times on the simulator, with each stage of the landing process simulated, to ensure that the rover landed safely on Mars [101]. More recently, NASA are trying to understand ocean current behaviour with the use of high-resolution global ocean simulators on their Pleiades supercomputer [102].
Simulators can also be physical. For example, sandbox testing is used for rovers to simulate the physical terrain. There is a 90 square metre area in Noordwijk in the Netherlands, known as the Planetary Utilisation Testbed, which is used to test the European Space Agency’s ExoMars mission to Mars in 2018 [103]. Simulators and sandbox texting are used to test manoeuvres, and this strategy was used to devise a strategy to get Spirit out of a crater it was stuck in [104]. 
[bookmark: _Toc512827334]2.8 Conclusion
A robot is defined as: "a reprogrammable, multifunctional manipulator designed to move material, parts, tools or specialised devices through variable programmed motions for the performance of a variety of tasks". They are based on two enabling technologies: telemanipulators and numeric control. Lunar exploration rovers are designed for the exploration of nearby moons, asteroids and planets. There are many examples of these, and include the following: Russian Lunokhod, China's Jade Rabbit (or Yutu), and NASA's Mars Pathfinder, Spirit, Opportunity, Curiosity, and InSight.
AI is increasingly used within many sectors to automate processes, by allowing robots to act in a useful way, by having the ability to identify and solve issues, or to report it to those that can. Some of these sectors include: everyday use software, web applications (Web 2.0 onwards), in robotics, space explorations, weather and climate systems, and in rovers.

[bookmark: _Toc512827335]3.0 Research & Development Methodologies & Data Collection
This section of the report describes the research and development methodologies used during this project, and how the data for analysis will be collected.
[bookmark: _Toc484513641][bookmark: _Toc512827336]3.1 Research Methodology
This project’s research methodology is adapted from Saunders research onion [105]. The research wall (Table 1), is adapted for applied computing projects:
	Philosophy:
	Positivism
	Phenomenology

	Approach:
	Deductive
	Inductive

	Strategies:
	Experiment
	Software Development
	Document Review
	Case Study
	Survey


[bookmark: _Toc484511460][bookmark: _Toc512983822]Table 1: The Research Wall Adapted From the Research Onion [105]
Initially, a document review strategy is used, as it allows research to be conducted in to the existing knowledge and technologies currently in use. Also, it can be used to understand and achieve projects objectives. Additionally, it can help identify any pre-existing issues, and identifying strategies as to resolve them, should they occur. This strategy is both a positivist and a phenomenological philosophical approach.
However, predominantly, this project centres upon a positivism philosophy, and a deductive approach, since the main aim of this project is to develop a web application to simulate control of a Lego Mindstorms robot, therefore the project is categorised as a software development strategy. Many of the issues that can and will arise within the development of the application can be solved with additional research to determine if it is a common issue and how easy it is to solve.
A positivist deductive approach will allow the author to take the current theory, derive the hypothesis, and develop the application based upon observations made through the research conducted. The testing of the application, the survey results, and the analysis performed on the data will either confirm or reject the hypothesis. This project will have a null hypothesis, which describes the common view, and the alternative hypothesis, which describes the cause of a phenomenon according to the researcher. A null hypothesis should represent no statistical significance between the two variables, but is what the researcher/ experimenter tries to disprove/ discredit [106], [107]. This project has the following hypotheses:
H0: The use of AI has no effect on the number of collisions.
H1: The use of AI increases the number of collisions that occur.
H2: The use of AI decreases the number of collisions that occur.
The usability testing and analysis of the web application will follow a phenomenological philosophy, with an inductive approach, a survey will be conducted, using willing participants. The questionnaires will involve qualitative questions, examining the users views and opinions, allowing for comments and suggestions for improvements, such as glitches and bugs that can be easily fixed, or to provide extra information about the application. Quantitative data can be collected using categories, such as age ranges, number of issues with the software and numeric scales.
[bookmark: _Toc484513642][bookmark: _Toc512827337]3.2 Development Methodology
A wide range of development methodologies are used within the software or application development industries. This project will utilise an agile method, which is a new approach with the aim of minimising risks through timeboxing elements, such as the planning, requirements analysis, design, coding, testing, and documentation to develop new functions by using the feature driven development (FDD) methodology. This allows the developer to design and build one feature at a time in an iterative approach [108], [109]. This approach permits easier application design, development and testing to ensure the application works, before additional features, such as increased levels of AI, are added in later timeboxes. Timeboxing supports the achievement of the success criteria because each timebox is designed around the project aims, objectives and success criteria, prioritising according to time constraints. 
As this is a relatively small project, which must be delivered within a short time frame, each timebox will aim to last a week or two, allowing for time to design, build and test each feature, and time to test it within the larger application. This supports the handling of issues that arise, by using the available time to conduct further research and conduct additional testing, minimising the risk of failure, or future issues with integration of the next timebox [110]. 
Data will be collected for analysis by:
Log files (if there are any) created by the system during testing for faults/ errors (debugging)
Data from secondary sources to develop the system, with a possibility of benchmarking at a later stage
Test data – questionnaires from testers about its usability and functionality. The questionnaire asks the participant to identify the number of hazards hit with and without the time lag, with the time lag and incorporated AI for operational data, the usability of the simulation, and the ease of navigating the robot.
The purpose of the questionnaire is to identify how easy it is to navigate the rover using the system around obstacles. The questionnaire is not generalisable as it was designed for testing this, or very similar, applications. Each question is carefully designed to achieve the desired aims and objectives of the project, whilst maximising the responses through both open and closed questions. This allows for analytical data to measure the success, as well as their thoughts and experiences on using the application, as participants encountered issues.
The questionnaire will be tested using colleagues and fellow students, although the end user of the project would be simulator operators who would use it to simulate a rovers’ day-to-day operations, or to simulate a scenario, such as trying to get a rover out of a crater. This method was used to get willing participants to test the application within the given time constraint. Additionally, as the required hardware is expensive, and the need for honest responses, there needs to be a level of trust, which is more acceptable with this test group.
The questionnaire was prototyped with several colleagues that are not able to test the application, however, were willing to scrutinise the questionnaire before implementation with the testers. This is a valid and reliable method for both prototyping and testing purposes, as it allows for the identification of issues, such as changes to be made to questions, as the testers have no information on the capabilities of the rover or application [111]. If this project was to become live, testing sample would also include rover operators for more valid results.

[bookmark: _Toc512827338]4.0 The Build Process
[bookmark: _Toc512827339]4.1 Timebox 1
Start date: 23/11/2017
Duration: 2 weeks
Completion date: 6/12/2017
[bookmark: _Toc512827340]4.1.1 Timebox Aims
· Design and test Lego Mindstorms EV3 robots
· Outline the system architecture
· Complete the system requirements
[bookmark: _Toc512827341]4.1.2 Lego Mindstorms Robot Initial Design
The design for the robot is an amalgamation of design features (as much as possible) of existing rovers, additional research undertaken, and the capabilities of the available Lego Mindstorms EV3 kits. Based upon the research undertaken, the common design for current rovers are:
· Wheels – six medium sized independently controlled wheels – rocker-boogie design
· Arm – moveable, contractible and compactable
· Solar powered design – charges onboard power supply
· Maximised surface area for solar panels
· Functional – less concern on appearance
· Tilt capabilities of at least 20°
The design process of the rover used for the project is an iterative process to develop the final design. The initial design was a basic rover design, which was built and tested, with notes made on its performance, and changes made. The rover and the code underwent sandbox testing, which allowed for the code to be independently evaluated, monitored, and tested by isolating sections. This allows the operational environment created to not affect the execution, operation or processes within the application [112]. 
The initial design is a basic EV3 rover design, which has been adapted from the TRACK3R robot, one of the basic Lego EV3 designs [113]. The robot was built using the online instructions, changes made when they were required, utilising ports B + C for the motor connections. It was tested using basic code written in Java to test its functionality. Testing involved using common household items, such as clothing and objects to represent obstacles, on a carpet to simulate the sand/ rough terrain. The design is shown below:
[image: https://lc-www-live-s.legocdn.com/r/www/r/mindstorms/-/media/franchises/mindstorms%202014/robots/product_track3r_mainstage.png?l.r2=828473046]
[bookmark: _Toc512827421]Figure 11: Initial TRACK3R Rover Design [113]
[image: ]
[bookmark: _Toc512827422]Figure 12: Adapted Initial Rover Design
This sandbox testing revealed that it would benefit more from a rocker-boogie design, so the design will be updated to provide this in a later timebox.  The test code was written using LeJOS, an additional library for the Java programming language, and is below:
	Test Description
	Results
	Recommendations

	Move around without issues on a flat surface
	Passed with ease
	None

	Navigate successfully over an obstacle 2cm high
	Passed, though front wheels fell off after several runs
	More security is required within the design

	Navigate successfully over an obstacle 5cm high
	Failed
	Power is needed to all four wheels


[bookmark: _Toc512983823]Table 2: Initial Rover Design Testing Schedule
[bookmark: _Toc512827342]4.1.3 System Architecture
The system architecture diagram graphically models the system applications, and the externals they interface with [114]. The system architecture for this project is as follows:
[image: ]
[bookmark: _Toc512827423]Figure 13: The System Architecture Diagram
This diagram displays the internet connection between the operator and control computers, the wireless connection between the control computer and the rover, and the time lag that it results in. This shows that the safety critical operations, such as what the rover should do when it identifies a hazard, should be completed by the rover to maximise efficiency within the mission by reducing the time lag when possible. This architecture is required as this models a remote-controlled device, which could be accessed from anywhere in the world, and not just next to the rover.
[bookmark: _Toc512827343]4.1.4 System Requirements Analysis
Software requirements are split into functional and non-functional requirements, and they are prioritised according to the MoSCoW criteria. According to Sommerville [115, p. 105], functional requirements are: “statements of services the system should provide, how the system should react to particular inputs, and how the system should behave in particular situations”, and non-functional requirements are: “constraints on the services or functions offered by the system”.
[bookmark: _Toc512827344]4.1.4.1 Functional Requirements
Must:
· The rover must accept controls from web interface and perform any commands received
· The control computer must connect to the rover 
· The operator computer must connect to the control computer
· Must move forwards and backwards under pilot/ driver/ operational control
· Turn left and right under pilot/ driver/ operational control
· Move forward automatically
· Turn left and right automatically
· Detect obstacles using ultrasound sensors
Should:
· Include artificial intelligence aspects to simulate a communications delay
· Integrate AI pathfinding techniques to prevent collision or damage to the robot 
· Have an easy to use user interface (UI) that does not require training
Could:
· Have a realistic viewpoint of its surroundings
· Integrate advanced AI pathfinding techniques to avoid potential instability
Will not:
Will not allow control of multiple rovers at once
[bookmark: _Toc512827345]4.1.4.2 Non-functional Requirements
For this system, the non-functional requirements are: 
Must:
· Commands/ system must not exceed the memory of the EV3 block (16 MB Flash Memory, 64 MB RAM)
· Be a web-based simulator for Lego Mindstorms EV3
· Be thoroughly tested and have a 70% pass rate.
Should:
· The system should be user friendly
· Have an 80% pass rate during testing
· Be a realistic simulation of real-life scenarios 
[bookmark: _Toc512827346]4.1.4.3 Hardware Requirements
The hardware requirements for this system are:
· The rover must move effectively in sand
· The rover must be able to move around or over hazards, depending on instructions from the software
· The rover must not fall apart whilst in operation
· Must be connected to a Lego Mindstorms EV3 block and sensors (including ultrasound)
[bookmark: _Toc512827347]4.1.5 Evaluation
Within the desired timeframe, the system architecture diagram and system requirements are completed, and the initial Lego rover design was built and tested. The system architecture diagram had to be redrawn several times to achieve the desired result, and the system requirements took longer than expected, thus only the initial rover design was built and tested. This feature will be included in the next timebox, with the aim of completing it.
[bookmark: _Toc512827348]4.1.6 Aims Completed
· Outlined the system architecture
· Completed the system requirements
· Initial rover design and testing is completed


[bookmark: _Toc512827349]4.2 Timebox 2
Start date: 7/12/2017
Duration: 5 weeks
Completion date: 10/01/2018
[bookmark: _Toc512827350]4.2.1 Timebox Aims
· Finalise Lego Mindstorms rover design
· Start web services and communication design between the operation and control PC’s and the control PC to the rover
[bookmark: _Toc512827351]4.2.2 Lego Mindstorms Robot Design 2 – Rocker-Boogie Design
This rover was an adaptation of the existing rover design. The main section of the rover was extended to accommodate the additional two motors to allow the four wheels to be independently connected to the motors, as it is based upon a rocker-boogie EV3 design. This allows for individual adjustments to be made by the rover’s code, which can reduce the chance of the rover overturning. The design can be seen below, with its inspiration from the following references [116]–[119]:
[image: ]
[bookmark: _Toc512827424]Figure 14: Rocker-boogie Lego Mindstorms EV3 Rover Design
It was built and tested using the rover sandbox testing method, using code adapted from testing the initial design, with the addition of the two additional motors and the code required to operate them. This followed the same testing conditions as the initial design, and was conducted indoors due to inclement weather, using items of clothing to represent rocks, and carpet to simulate the sandy terrain of a planet/ moon’s surface. Ideally, this would be conducted on a beach, using rocks for a more authentic testing environment, but inclement weather prevented this from occurring. The testing schedule can be seen below:
	Test Description
	Results
	Recommendations

	Move around without issues on a flat surface
	Passed with ease
	None

	Navigate successfully over an obstacle 2cm high
	Passed with ease
	None

	Navigate successfully over an obstacle 5cm high
	Passed but struggled slightly at 75% power
	Just increase the power when going over larger objects, or larger wheels


[bookmark: _Toc512983824]Table 3: Rocker-boogie Rover Design Testing Schedule
This is the final design of the Lego Mindstorms EV3 rover for use on this project. The sensors will be added at a later stage once the code has commenced, and the sensors have been decided upon.
[bookmark: _Toc512827352]4.2.3 Web Application
The web application will be created using the Java programming language, using leJOS EV3 as the firmware [120] and Eclipse Java IDE [92] as the IDE. The hardware used is the Lego Mindstorms EV3 robots, whilst its accompanying software (downloaded from the website [96]) will provide the necessary drivers to operate the robots. The aim is to replicate the Lunokhod project as a simulation, incorporating AI into the rover code. The code will be version controlled using Bitbucket (Git) to demonstrate the progression throughout the timeboxes. 
[bookmark: _Toc512827353]4.2.4 Web Services
The web services will be built using the Java API for XML Web Services (JAX-WS), a combination of Java and XML. It is a categorised as a ‘big’ web service, which allows for the flexibility needed to build the application quickly within the short time frame.  JAX-WS hides the complexity of SOAP messages, with the server-side methods and classes written in Java, with the client running a proxy, with a series of methods to interpret it. This will be coded using the latest version of the NetBeans IDE as it aids the build, compilation (package) and running of the web service [121]. The image below shows how the JAX-WS communication works:
[image: Diagram showing a client and web service communicating through a SOAP message.]
[bookmark: _Toc512827425]Figure 15: JAX-WS Communication Diagram [121]
Below is the setting up of the Web service in NetBeans 8.2, using the web services option:
[image: ]
[bookmark: _Toc512827426]Figure 16: Setting up the Web Service in NetBeans 8.2
[bookmark: _Toc512827354]4.2.5 Evaluation
Within the desired timeframe, the Lego Mindstorms rover design was finalised and tested. Additional research was conducted upon web services to gain a better understanding of how they operate, and to determine which type of web service was needed. This was more difficult than expected, with the development of the web services underway. Web services was difficult to set-up due to unfamiliarity with the IDE, especially the wide range of options and menus to navigate through. This caused the estimated time for set up to exceed expectations. Additional research was performed, which resulted in help guides to reduce the time required. The rover code should be completed first, to help with the web services side, such as variables and information sent between the rover and web services. This will be started in the next timebox, with the aim of completion within 2-3 weeks.
[bookmark: _Toc512827355]4.2.6 Aims Completed
· Finalised Lego Mindstorms rover design
· Finished the web services and communication design between the operation and control PC’s and the control PC to the rover
· Started the implementation of the web services


[bookmark: _Toc512827356]4.3 Timebox 3
Start date: 11/01/2018
Duration: 2 weeks
Completion date: 25/01/2018
[bookmark: _Toc512827357]4.3.1 Timebox Aims
· Complete the web services and communication implementation
· Complete the web application design
· Start the software design e.g. system sequence diagrams, class diagrams
[bookmark: _Toc512827358]4.3.2 Web Application Design
The web application user interface (UI) is what the user will see and interface with. The chosen design is simple and easy to use, with easy to identify information, such as the controls. Colour will be added at the end of the implementation stage, in addition to any new controls. This is shown below:
[image: ]
[bookmark: _Toc512827427]Figure 17: Web Application User Interface Design
This will be written in HTML5, using the template created as part of the web services application (in NetBeans 8.2). The styling is done on a separate CSS style sheet for improved code design. The boxes around each section will change height dimensions based upon the size of the contents. The HTML code can be seen below, with support from the following references [122], [123]:
[image: ]
[bookmark: _Toc512827428]Figure 18: HTML & CSS to Implement User Interface
[image: ]
[bookmark: _Toc512827429]Figure 19: Web Application User Interface Implementation in Browser
[bookmark: _Toc512827359]4.3.3 Communications
The application communicates with the rover using Bluetooth connectivity, because of the short-range connectivity that is required. If a longer communication range is required, or there is guaranteed Wi-Fi connectivity, then Wi-Fi could be used, with the aid of a Wi-Fi adapter. Commands from the application are sent to the rover, whilst data gathered from the sensors attached to the rover are sent back to the operator for decision making and monitoring purposes. Research was conducted into the use of a camera on the rover to allow the operator to visually see the rovers’ surroundings. However, the materials to achieve this are not currently available, therefore video is not possible. Instead, there will be a visual representation, with a visual trail of its progress (distance travelled) and the feedback from the sensors will be displayed on the application. The delay will be handled within the web services and will be implemented within the communications between the operator and the rover in the code.
[bookmark: _Toc512827360]4.3.4 Application Development
No further progress can be made on the web services, due to the need to develop the application first, as to determine the information to be sent to the server. Therefore, this will be postponed to a later timebox, to be completed after the application, when the changes can be made to the web service.
[bookmark: _Toc512827361]3.4.5 System Sequence Diagram
A system sequence diagram shows the processes involved within a system or application. For this project, the diagram is shown below:
[image: ]
[bookmark: _Toc512827430]Figure 20: System Sequence Diagram
[bookmark: _Toc512827362]3.4.6 Application UML Class Diagram
The UML class diagram is a structural diagram which displays the classes within a system, the relationships between them, and the methods and attributes within them [115, Ch. 5.3], [124], [125]. Below is the initial UML class diagram, which will be improved with further research and implementation of this diagram over the next few timeboxes:
[image: ]
[bookmark: _Toc512827431]Figure 21: UML Class Diagram for Timebox 3
[bookmark: _Toc512827363]4.3.7 Evaluation
The web application design was completed within the desired timeframe. Colour schemes will be investigated in a later timebox, due to the need to focus upon the layout/ design within this timebox. Any additions, or changes, to this design will be documented. In addition, the design was implemented using HTML5, and the application will be added after its completion. In addition, communication methods have been decided after research was conducted as to how Bluetooth technology can be implemented between the operator PC and the rover. The system sequence diagram was completed, and the UML class diagram began.
[bookmark: _Toc512827364]4.3.8 Aims Completed
· Web application design finalised and coded in HTML5 (with the application added upon completion)
· Communication methods have been decided
· System sequence diagram and the initial UML class diagram is completed
[bookmark: _Toc512827365]4.4 Timebox 4
Start date: 26/01/2018
Duration: 2 weeks
Completion date: 09/02/2018
[bookmark: _Toc512827366]4.4.1 Timebox Aims
· Set up the rover implementation
· Complete the movement for the rover
· Implement the UML class diagrams
[bookmark: _Toc512827367]4.4.2 Application Development
Creating the project for the rover application required additional research, especially on how to use the IDE to create the correct project type and the commands to program the rover. A series of videos were found on YouTube by Fischer [126]–[129], which explains how to create the application project, and a collection of commands which can be used to program the robot. Sensor and feedback methods are achieved using methods within classes. These are individual to the sensor, with feedback sent to the operator via the application. The code for this will be implemented within the next few timeboxes.
The communications delay was implemented within the Java code as a timer function using threading. This is because the function must be implemented throughout the application to implement rover movement and the communications delay. The parameter was added for increased flexibility within the application. Threading was chosen as all tasks are executed using threads, and the simplicity, elegance and ease of implementing threads over other concurrent utility libraries. The Thread.sleep() method is conducted in milliseconds, hence the reason for the multiplication by 1000 to allow for seconds in the delay function. 
[image: ]
[bookmark: _Toc512827432]Figure 22: Timer Function in Java Code
[bookmark: _Toc512827368]4.4.3 Rover Movement
The rover has forwards, and backwards movement capabilities, in addition to turning capabilities. The movement functions incorporate the timer function, which can be seen below:
[image: ]
[bookmark: _Toc512827433]Figure 23: Forwards & Backwards Movement Java Code
[bookmark: _Toc512827369]4.4.4 Evaluation
The rover setup on Eclipse was initially difficult. The IDE caused issues in creating the workspace, and its associated files. The implementation became easier over time, as the commands became familiar with additional research into their implementation. The code was originally implemented serially, in the main, and was then moved into methods and classes for object-oriented programming later in the development stage.
[bookmark: _Toc512827370]4.4.5 Aims Completed
· The rover is successfully set-up
· The rover can move forwards and backwards, and turn left and right
· The application window is created, with a working button to disconnect the rover from the ports
[bookmark: _Toc512827371]4.5 Timebox 5
Start date: 10/02/2018
Duration: 2 weeks
Completion date: 24/02/2018
[bookmark: _Toc512827372]4.5.1 Timebox Aims
· Rover code implementation – movement and research the implementation of sensors
· Add in controls to operator-controlled movement
· Start implementing the Bluetooth connection
· New rover superstructure design to hold sensors
[bookmark: _Toc512827373]4.5.2 Web Application Development
The code was cleaned up, with a few changes and enhancements, especially to inform the operator of successful commands/ actions such as movement, through the addition of a JEditorPane, which allows for colour coded messages and text-based information. Enhancements included restructuring the code, so more of the error messages were handled by the buttons, and not within the methods themselves, where possible, thus minimising the code and enhancing readability. The web application now reads user input using the scanner utility [130], and the key pressed corresponds to a case on the switch statement [131]. The code is now fully object-orientated in design, with minor changes to the code structure to fix issues associated with this. There is very little support for Bluetooth connections with the EV3 regarding tutorials and guides. The LeJOS website has been down for the past several weeks and the offline documentation is insufficient. The first attempt used the LocalBTDevice and Bluetooth classes, which did not work. This could be looked at again if the next attempt fails.
[image: ]
[bookmark: _Toc512827434]Figure 24: JEditorPane & Code Enhancements Implementation
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[bookmark: _Toc512827435]Figure 25: Implemented Application
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[bookmark: _Toc512827436]Figure 26: Bluetooth Connection First Attempt
[bookmark: _Toc512827374]4.5.3 Rover Code
A new file was created to separate the rover code from the application code. This is mainly due to slight changes in code design that are required for the rover implementation. Currently, there is a basic movement program, where the rover will turn to the right. This is due to the positioning of the sensors. This will be used as part of the AI implementation to turn the rover away from any hazards.
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[bookmark: _Toc512827437]Figure 27: Basic Movement Rover Implementation Code
[bookmark: _Toc512827375]4.5.4 Rover Superstructure Design
[image: ]
[bookmark: _Toc512827438]Figure 28: Rover Superstructure Design
This design is using the existing design and reinforcing it to accommodate the additional weight and positions for the sensors. The gyro sensor is directly attached to the brick, and the two ultrasound sensors are connected to the main structural frame.
[bookmark: _Toc512827376]4.5.5 Improved System Sequence Diagram
[image: ]
[bookmark: _Toc512827439]Figure 29: Timebox 5 System Sequence Diagram Using MARTE Features
This system sequence diagram has been improved using MARTE (Modeling and Analysis of Real-Time and Embedded systems), a real-time UML profile tool, which annotates existing UML models with the required information for analysis, especially for performance and schedulability [132, Ch. 1]. This diagram now includes the communication delays, although it could also be used to apply the timer method to other methods.
[bookmark: _Toc512827377]4.5.6 Improved Application Class Diagram
[image: ]
[bookmark: _Toc512827440]Figure 30: UML Class Diagram for Timebox 5
This is the improved UML class diagram from Timebox 3 based upon additional research and implementation. This was reworked prior to the sensor research, which will continue alongside the implementation in the next timebox. This has been significantly changed, with the implementation of two separate applications, one for the rover itself, which will feed data back to the application, and the second sending commands to the rover, although this is not clearly shown in this diagram.
[bookmark: _Toc512827378]4.5.7 Evaluation
There were minor issues with staging and committing with Git (Bitbucket), causing a minor inconvenience. This was resolved by creating a new repository in a different location and moving across the existing files. The Bluetooth connection has been extensively researched, with very little success. A new approach will be attempted using sockets in the next timebox, although this will require significant code changes regarding commands.
The class diagram was updated, although it was not scheduled into this timebox. This was necessary towards the end of this timebox to demonstrate the progression of the development through the last two timeboxes, and the code changes made.
[bookmark: _Toc512827379]4.5.8 Aims Completed
· Rover code implementation – movement is completed
· Added in controls to operator-controlled movement
· Improved the existing class and system sequence diagrams
· Updated the rover design to include the sensors

[bookmark: _Toc512827380]4.6 Timebox 6
Start date: 25/02/2018
Duration: 10 days
Completion date: 07/03/2018
[bookmark: _Toc512827381]4.6.1 Timebox Aims
· Rover code implementation – AI and sensors
· Bluetooth connection
· Improve the existing UML class diagram
· Export the application for deployment onto the website and the EV3 brick
[bookmark: _Toc512827382]4.6.2 Web Application & Rover Development
The second attempt to create the connection is through the use of sockets, which was aided by looking at the source code by Andrew Dillon [133]. This code was inefficient with multiple if statements, but the code worked. This is due to finding a tutorial which aims to solve the issue of connection issues, and because of their versatility. According to Oracle, sockets are: “endpoints of a two-way communication link between two programs running on the network” [134]. They are bound to a port layer and given an address, to allow the TCP layer to identify the location the data is sent to using signals [134], [135, Ch. 10.5.2]. To achieve the socket connections, the code had to be rewritten on both the rover and application to accommodate the sockets, with the movement of the rover being delegated to the rover. This was achieved through sending a number, which is the basis of the switch statement, an enhanced and more elegant solution to the series of if statements seen in Dillon’s code, which then calls a method, or a series of function calls accordingly. This reduces the number of instructions sent through sockets, which increases flexibility, as sections of the code can be used within the AI.
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[bookmark: _Toc512827441]Figure 31: Socket Connection Attempt
[bookmark: _Toc512827383]4.6.3 Sensors Code
[image: ]
[bookmark: _Toc512827442]Figure 32: Sensor Method Code
The rover sensor code was adapted from [120], [136, Ch. 10] and required a significant amount of thinking and reworking to get the final result. Originally, the methods required the Sample Provider to be passed in for the ultrasonic, but later it was found that it was not needed if the code was redesigned. Additionally, an array was used to provide greater access to the data, and to allow it to be sent using the socket to the web application, to be displayed on the GUI using an additional JPanel [137]. The sensors are connected to the following ports:
Left side ultrasonic sensor – port 1
Front ultrasonic sensor – port 2
Gyroscopic sensor – port 3
[bookmark: _Toc512827384]4.6.4 Rover AI
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[bookmark: _Toc512827443]Figure 33: Rover AI Code
The AI element was simple to code, once the logic and planning was completed. This was conducted using comments, which were then coded into the program. The AI was only conducted on the option to move forward, as this is the most likely cause of collision. This could easily be modified for the addition of other options, if required.
[bookmark: _Toc512827385]4.6.5 Two Way Socket Connections & Final Changes
[image: ]
[bookmark: _Toc512827444]Figure 34: Socket Connections for AI Socket Transmissions
The final changes and socket connections were easy to implement because it utilised existing lines of code. This included an if…else… and while loops to achieve the required result. The final changes involved a loop within the robot class to allow for multiple commands to be received by the robot, more object orientation with the creation of the Sensors class and some minor code changes. There were also adjustments to the UI to allow for the sensor readings to be displayed correctly
[bookmark: _Toc512827386]4.6.6 Improved UML Class Diagram 
Below is the improved UML class diagram, which has been enhanced by the use of MARTE and UML features, such as stereotypes [138]–[140]. The relationships, methods, classes and variables have been updated according to changes during implementation.
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[bookmark: _Toc512827445]Figure 35: Timebox 6 Final UML Class Diagram Using MARTE Features
[bookmark: _Toc512827387]4.6.7 Testing & Deployment
[image: ]
[bookmark: _Toc512827446]Figure 36: Creating the JAR Executable & Uploading to EV3 via USB
The major issue that occurred during this timebox was the USB connection between the robot and the laptop used for the implementation. This took several days to solve, requiring additional research and experimentation until it was solved. The method used to solve this involved following this tutorial [141], which was followed after reinstalling LeJOS on both devices, and provided instructions to manually install/ update the driver software. Each of the two units (user application and rover code) has been the subject of user testing following the test schedule below:
	Test Description
	Results
	Recommendations

	Successful connection to rover from application using Bluetooth
	Fail
	See below for connection issues

	Rover can move forwards under user control
	Fail
	The Movement class works; however, it does not work under user control. This was further tested using a main method within the class (called unit testing), which was sent directly to the rover. This called each of these functions several times and were successful.

	Rover can reverse under user control
	Fail
	

	Rover can turn left under user control
	Fail
	

	Rover can turn right under user control
	Fail
	

	Rover detects objects within specified distance
	Fail – Incorrect sensor mode error message during runtime
	Research an alternative method to get sensor readings.

	User application receives sensor data
	Fail – Incorrect sensor mode error message during runtime
	Research an alternative method to get sensor readings.

	User application receives feedback about success/ failure of commands
	Failed
	See below for connection issues

	AI automatically takes control when sensor reading is within the designated zone
	Passed
	See above comment regarding movement for explanation.

	Connect the motor and sensor ports from brick
	Passed
	These worked as far as the tester could tell. This was further tested within the main method as part of the additional testing of the movement code.

	Disconnect motor and sensor ports from brick
	Passed
	

	Disconnected the brick from the application successfully
	Failed
	See below for connection issues


[bookmark: _Toc512983825]Table 4: Application Testing Schedule
After testing, some additional research was conducted from these sites: [142]–[145] to fix the errors found with the sensors. This resulted in the creation of separate classes for each of the sensors, each with their own method and structure. After these were re-tested, they have passed. During further testing regarding the connection, issues arose with ‘Request timed out’, ‘No route to host’, ‘Connection denied’ and ‘Failed to connect’, which can be traced back to the use of sockets. This was not resolved after several hours of individual research and attempts, which involved closing the firewall from the laptop, and disconnecting from all other networks, using a Windows 7 PC in case there are issues with either Windows 10, or other settings on the laptop. The developer spoke to several lecturers, the IT administrator and a network PhD student, and have concluded that the issue may lie with the server configuration settings. This is a networking issue that is not within the developer’s area of expertise and could not be solved within the time frame. This was exported onto the web application for deployment.
Deployment required some minor changes to the web application design. For example, providing the operator a set of instructions to correctly set up the application and connect it to the rover. This was an easy addition to make to the application, which will benefit the operators, and reduce the chance of connection issues if this application worked. This reduces the need to create a user guide, which may put off some users from using the site, and reduce the purpose of a simple site, which does not require training to use. Additionally, the application interface required changes as a JFrame is not suitable for the web. Therefore, a JApplet was used, and as this required inheritance, a subclass, called WebAppInt, was created inside of the newly created WebAppInterface class, which replaced the WebInterface class. The executable .jar file had to be digitally signed to upload to the site. The following script to access the application is below:
[image: ]
[bookmark: _Toc512827447]Figure 37: Deployment Script for Website [146]
[bookmark: _Toc512827388]4.6.8 Final Design
The final designs for the rover and web application are as follows:
[bookmark: _Toc512827389]4.6.8.1 Rover Design
Due to issues with stability during testing, the rover undertook a redesign, which reduced the length of the rover, thus reducing the need for additional structural support. It was kept to a similar design as the previous for simplicity.
[image: ]
[bookmark: _Toc512827448]Figure 38: Final Robot with Sensors
[bookmark: _Toc512827390]4.6.8.2 Web Application
The completed web application is now located on the server and is included on the website that was created alongside the web services. This can be seen below, although the Java plugin is unsupported in Google Chrome, the application resembles Figure 25:
[image: ]
[bookmark: _Toc512827449]Figure 39: Final Web Application
[bookmark: _Toc512827391]4.6.8.2 Final UML Class Diagram
Below is the final UML class diagram for the application, which has been improved to fix resolvable issues and to reduce coupling, by ensuring that the data is within each class as much as possible:
[image: ]
[bookmark: _Toc512827450]Figure 40: Final UML Class Diagram
[bookmark: _Toc512827392]4.6.9 Evaluation
The sockets are extremely tricky to implement because of the need to ensure the networking protocols are observed and the connections are not open for too long to avoid issues with receiving data at the other end. This allows for the transmission of data both ways. Sockets are good to use when working, however, it was decided that due to the almost constant stream of data, the ports would not open and close for each transmission of data, however, it would close once the close communication button is pressed. Although this utilises additional resources, the sockets are not constantly opening and closing, thus reducing problems. The network issue is still not resolved.
The sensor code was difficult to implement as there are several methods of implementation. The data collected will be sent to the operator, and utilised for the AI, which had to be taken into consideration, subsequently requiring the code to be rewritten several times. The data received was simple to display, using strings that will update when any new data is received from the rover. This required the additional panel to separate this from the movement feedback (the colour-coded display) and the buttons.
The major issue that occurred during this timebox was the connection between the robot and the laptop used for the implementation. This extended the timebox from its initial 2 weeks to 3 days before the deadline. This additional time was taken from the contingency time, from further testing and analysis, and the subsequent time for documentation and write-up.
[bookmark: _Toc512827393]4.6.10 Aims Completed
· All code has been completed, with no working connection – See testing for further explanation
· Final UML class diagrams
· Testing and deployment has been completed

[bookmark: _Toc512827394]5.0 Analysis
[bookmark: _Toc512827395]5.1 Data Analysis Introduction
The data collected will be analysed using statistics to prove or disprove the hypothesis. Quantitative data is categorised and analysed, using descriptive statistics, such as the mean average, allowing for the lower results to be identified and prioritised first for improvements. Qualitative data is also collected, and although this cannot be analysed in the same way, will be utilised for enhancing the user experience and to improve the application, such as unknown bugs/ issues that were missed during the software testing.
The null and alternative hypothesis for the testing are stated below:
H0: The use of AI has no effect on the number of collisions.
H1: The use of AI increases the number of collisions that occur.
H2: The use of AI decreases the number of collisions that occur.
The independent variable is the use of AI and the dependent variable is the number of collisions.
Due to communication issues between the rover and the application, this cannot be analysed within this project. However, section 5.3.3 below will explain how this data would be analysed.
[bookmark: _Toc512827396]5.2 Questionnaire Design & Piloting
The finalised questionnaire consisted of 5 questions from the system usability scale (SUS), and 5 which are pertinent to the application. The SUS was created by John Brooke in 1986 as a valid method to evaluate the usability of a product or service using 10 questions, with the results on a scale of strongly agree to strongly disagree. The results are analysed using a Likert scale [147]. The questions involve both quantitative and qualitative questions, allowing the participants to write comments that can easily be interpreted for feedback, such as software/ hardware problems that could easily be fixed, or to provide additional information on their experiences. The questionnaire, which can be seen in Appendix 1, will be handed out to 10 people, who will test and answer these questions. The questions that were excluded from this questionnaire from the SUS are as follows:
1. I found the various functions in this system were well integrated.
2. I would imagine that most people would learn to use this system very quickly.
3. I found the system very cumbersome to use.
4. I felt very confident using the system.
5. I needed to learn a lot of things before I could get going with this system [147].
These questions were not used in the questionnaire due to irrelevancy, such as question 1, where the two applications are connected, and question 2, where there are two buttons on the screen and four keyboard keys for navigation. Additionally, there was repetitiveness, by asking the same questions in a different manner, with the existing questions, such as questions 3 and 5. The questionnaire was designed to be as short as possible, also allowing for more qualitative data about their experiences, as this can often be more beneficial than quantitative data. The questions used from the SUS are the first five on the questionnaire, which are similar to the questions in the original proposal, which aims to assist with the objectives. Question 5 was reworded slightly to reduce its ambiguity, which was raised during the piloting of the questionnaire. The other five questions were designed to answer the functionality of the application, as well as their results and time taken to complete the course. This data is more valuable when solving issues with the application, as they identify the flaws that have been missed by the application testing, or when conducting data analysis.
[bookmark: _Toc512827397]5.3 Questionnaire Results & Analysis
The results of the questionnaire are split into the following three distinct sections: 
[bookmark: _Toc512827398]5.3.1 Questions 1-5 (SUS Questions)
	Participant
	Strongly Agree
	Agree
	Neither
	Disagree
	Strongly Disagree

	1
	4
	5
	1
	
	

	2
	
	
	
	3
	7

	3
	5
	4
	1
	
	

	4
	
	
	
	8
	2

	5
	
	1
	4
	3
	2


[bookmark: _Toc512983826]Table 5: SUS Questionnaire Data Results
Despite issues regarding the socket connection, ten people tested based upon the design and functionality of the application. These results are inputted into the above spreadsheet, and analysis performed on the collected data to calculate the mean for the first five questions. This can be used to calculate the SUS score and compare it to the success criteria for the application. These results are shown in the graph below:

[bookmark: _Toc512827451]Figure 41: SUS Question Analysis
The SUS score is 32.4 out of 50 (64.8%), which is not bad, considering the question that let this score down was the unreliability of the system, which can be traced to the current issues with the application.
[bookmark: _Toc512827399]5.3.2 Questions 6-11 (Software & Hardware Issues)
	Question No.
	Correctly/ Yes
	Incorrectly/ No

	6
	20
	5

	7
	1
	9

	8
	10
	0

	9
	8
	2


[bookmark: _Toc512983827]Table 6: Software & Hardware Issues Data Results
Due to time constraints, the feedback received will be recommendations for future improvement, and can be seen in section 7.2. The following feedback was received from questions 8, 9, 10 and 11:
· Likes: Simplicity of the design with easy to use interface (buttons/ messages), instructions to set up are on the same page (no need to look for them further)
· Dislikes: More colour could enhance the overall design
· Hardware issues: More structural support needed, especially when navigating over obstacles
· Software issues: Connection issues (see sections 4.6.7 and 4.6.9 for more details)
[bookmark: _Toc512827400]5.3.3 Operational Data
If the application worked as expected, operational data would also be collected, including the number of hazards the rover identifies to calculate the mean avoidance rates. The time taken to complete the testing would also be recorded and analysed using a two sampled t-test as there are two samples of data (with and without the AI), and the expected result, known as the t-value, to be as low as possible for a statistically significant difference to exist, which would disprove the null hypothesis and accept the alternative hypothesis [148]–[151]. This value can easily be calculated using the data analysis tool in Microsoft Excel. The table below would be used to analyse the time taken to complete the course against the number of avoided hazards, using an alpha value of 0.05:
	Participant
	Time taken without AI
	Time taken with AI
	Hazards avoided without AI
	Hazards avoided with AI

	1
	
	
	
	

	2
	
	
	
	

	3
	
	
	
	

	4
	
	
	
	

	5
	
	
	
	


[bookmark: _Toc512983828]Table 7: Time and Hazards Results Table





[bookmark: _Toc512827401]6.0 Evaluation
This system partially meets the aim and the objectives set out at the start of the project. This is due to the rover not successfully connecting to the application, and the application not being successfully implemented on the web page due to browser incompatibility. However, the desktop version can be used as an alternative to the web browser version until the compatibility issues have been solved.
Limited data can be obtained from the questionnaire results, due to the connection issues between the application and the rover. The SUS score of 64.8% is a moderate but reasonably expected score, but would be considerably higher with a working application, and perhaps with the full ten questions from the scale, although the questions that were not on the questionnaire were unsuitable for this application. It can be deduced from this score that this application has a reasonable level of usability. The system has a simple design, but the use of carefully selected colour could improve the overall application design.
The rover design structure is almost indistinguishable to the rovers used by the space agencies as much as possible with the Lego Mindstorms kits. Its structural integrity partially backs up the research conducted by the space agencies into the integrity of rover designs. Space agencies use a single sheet (or several welded sheets) of metal to ensure the integrity of the rover, whilst the rover for the project uses several small plastic pieces, joined together using connector pieces. This is due to differences in available resources. The testing exhibited the structure of the design will need reinforcing with another layer beneath the brick.
If this project was redone, perhaps a Wi-Fi connection, rather than a Bluetooth connection would be easier to implement, and would not cause as many issues, due to having a larger knowledge base of how Wi-Fi operates over ports, compared to Bluetooth. This would require a USB Wi-Fi adapter for the rover. Additionally, more research would be conducted into Java web applications and the known compatibility issues associated with exporting them for the web. If this was not possible, research will be needed into an alternative language that is compatible with modern web browsers.


[bookmark: _Toc512827402]7.0 Conclusion & Recommendations
[bookmark: _Toc512827403]7.1 Conclusion
The aim of this project was to create a web-based simulator to train operators to control a Lego Mindstorms robot using a wireless communication network, whilst applying a realistic delay to the communications. These were used to create the success criteria, one of the first tasks during the build process.
The literature review focused upon robotics and artificial intelligence, and how they can interlink for use in a wide range of scenarios, from healthcare and domestic use, to space exploration, marketing and web applications. Additionally, research was conducted into web services, simulators, IDE’s and programming languages that are compatible for the web and Lego Mindstorms robots, resulting in the use of LeJOS and Java, and programming using the Eclipse IDE. This completes two of the objectives of the project. 
The build process (design and implementation) was conducted using an agile methodology called feature driven development, using timeboxes to design and develop the application. The application does not connect to the rover, and the web application is not compatible with modern browsers. These must be fixed for a usable application, although the desktop application can be used as an alternative to the web application until this issue is fixed. This partially meets the aim, as it is not working as expected, and one of the objectives of the project, although another objective has been completed. The robot has been designed, built and tested to ensure it is stable to use alongside the application, thus fulfilling the last objective. 
To expand this project, there could be dual connectivity, such as Wi-Fi and Bluetooth, which could be useful for connection within a different scenario, or if the operator does not have Bluetooth connectivity on their device, they are operating outside the maximum range (100m), or if the connection failed to work. This application could also be configured for a smartphone or tablet, resembling the desktop application that was initially created. These additional tasks would require additional research. Additionally, the recommendations in the next section can be done to improve the current project. This would benefit the operators (the end users) for this application as they can use it to test designs before they are finalised for manufacture. This would reduce costs and time taken to redesign the rover. This may allow for faster exploration of Europa, analysing the terrain and atmosphere of Venus, and other moons and planets.
[bookmark: _Toc512827404]7.2 Recommendations for Future Work
Due to time and knowledge constraints, the recommendations below have been prioritised using the MoSCoW criteria if the application was deployed for use by rover operators.
Must solve the connection issues (see sections 4.6.7 and 4.6.9 for more details) in the software need to be resolved. This would require additional research into network/ server configurations or get additional support from knowledgeable people which understand the necessary server configurations to ensure it is set-up correctly.
More structural support for the rover should be added for when it navigates slopes – This would require the robot to be redesigned to add additional structural elements or add an additional layer for reinforcing the frame which supports the brick. Additionally, research should be undertaken for an alternative to the script tag to reduce browser incompatibility within the web application. Although, a working desktop application can be used as an alternative.
More colour could be added on the website background to enhance the overall design. This should be a light colour, as part of the CSS style sheet, as to not impact the visibility of the text. A colour palette could be used to ensure text visibility is not impacted. Additionally, a visual representation of the results could be added to the application. This could be a map with the sensor readings being displayed as points. This would require GPS positions, or additional calculations and the use of geographical information system (GIS) software to map this data.


[bookmark: _Toc512827405]8.0 Reflection
A great amount of knowledge was accumulated whilst completing this project, enhancing the existing time management, research, report writing, planning and programming skills. The learning of Java was required to program the robot and web application, mainly to sockets, Bluetooth connectivity and data transmission. The three main issues encountered were the sensors, connectivity and the browser incompatibility with the application. The sensor issues were solved with a few hours of additional research, but connectivity and browser incompatibility issues will need further research. This is where the time management and planning skills were utilised more, and the initial planned contingency time came into use. This was an excellent idea and is a crucial part of time management and project planning, especially when unexpected issues may occur, such as with programming and hardware, especially when a new programming language must be learnt, or when the hardware is unfamiliar.
On reflection, if this project was done again, the author build process would be planned ahead of time, with each timebox focusing on a new aspect, whether it is a new rover design, rover movement, AI, or user input. The research could be more focused on the range of communication options, rather than setting up Bluetooth without conducting research on how it works. The developer would start with the connections between the rover and the application, and build the two applications from the working connection, by adding in the user input and movement. This is because the key aspect is the communication between the two devices, and neither would operate successfully without the other.
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Appendix 1: Questionnaire
1. I think that I would like to use this system frequently.
Strongly agree          Agree          Neither agree or disagree	          Disagree          Strongly disagree
2. I found the system unnecessarily complex.
Strongly agree          Agree          Neither agree or disagree	          
Disagree          Strongly disagree
3. I thought the system was easy to use.
Strongly agree          Agree          Neither agree or disagree	          
Disagree          Strongly disagree
4. I think that I would need the support of a technical person to be able to use this system.
Strongly agree          Agree          Neither agree or disagree	          
Disagree          Strongly disagree
5. I thought this system was too unreliable.
Strongly agree          Agree          Neither agree or disagree	          
Disagree          Strongly disagree
6. How many hazards did the system identify correctly and incorrectly?
Correctly: ___________________			Incorrectly: ___________________
7. Did you encounter any issues with the rover? Please comment in the comments section below.
Yes				No

8. Did you encounter any problems using the application? Please comment in the comments section below.
Yes				No
9. Do you think it's easier with the AI? 
Yes				No
10. What do you like about the application?
_______________________________________________________________________________________________
_______________________________________________________________________________________________
_______________________________________________________________________________________________
_______________________________________________________________________________________________
11. What do you dislike about the application?
_______________________________________________________________________________________________
_______________________________________________________________________________________________
_______________________________________________________________________________________________
_______________________________________________________________________________________________
12. Any comments?
_______________________________________________________________________________________________
_______________________________________________________________________________________________
_______________________________________________________________________________________________
_______________________________________________________________________________________________
_______________________________________________________________________________________________
_______________________________________________________________________________________________
[bookmark: _Toc512827408]Appendix 2: Rover Build Instructions
Instructions for the construction of the robots are as follows:
[bookmark: _Toc512827409]2.1 Initial Rover
Step 1: Build 2 of the following for the end structure:
[image: ]
[image: ]
[image: ]


Step 2: Build the following for the middle section:
[image: ]
[image: ]
Step 3: Connect the sections as per the image below:
[image: ]

Step 4: Build the 2 front wheels as mirror images and connect them:
[image: ]
[image: ]
[image: ]
[image: ]
Step 5: Create the 2 motors:
[image: ]
[image: ]
Step 6: Attach the motors, front wheels and brick
[image: ]
[image: ]
Finally, connect the motors using the cables into ports B + C
[bookmark: _Toc512827410]2.2 Rocker-Boogie Design
Step 1: Build 2 of the following for the brick supports:
[image: ]
[image: ]
[image: ]
Step 2: Build 3 of the following for the middle section and both ends:
[image: ]
[image: ]
Step 3: Connect the sections as per the image below:
[image: ]



Step 4: Create the 4 motors:
[image: ]
[image: ]
Step 5: Assemble the robot by attaching the 4 motors and brick:
[image: ]
[image: ]
Finally, connect the motors using the cables into ports A + D for the front motors and B + C for the back motors.

SUS Score Analysis

Strongly agree	4	5	Agree	5	4	1	Neither	1	1	4	Disagree	3	8	3	Strongly disagree	7	2	2	Question Number


Frequency (Number of participants)
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// Timer - allow a delay of a set period of time
public static void Timer(int no0fSeconds)
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Thread. sLeep(1000*no0fSeconds) 5

1
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28 // Move the rover forward

995 public static void MoveForward() throws RemoteException
100

161 11 vove the rover forward for 1 second
102 motora. forward();

103 motors. forward() ;

104 motorC. forward() ;

105 motorD. forward() ;

106 Timer(1); //belay of 1 second

107 motora. stop(true);

108 motors. stop(true) ;

109 motorC.stop(true);

110 motorD. stop(true) ;

111 }

112

113 /1 vove the rover backward

1145 public static void MoveBackward() throus RemoteException
115 {

116 /1 vove the rover backward for 1 second
17 motora. backward() ;

118 motors.backward() ;

119 motorC.backward() ;

120 motorD.backward() ;

121 Timer(1); //belay of 1 second

122 motora. stop(true);

123 motors. stop(true) ;

124 motorC.stop(true);

125 motorD. stop(true) ;

126 }
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1/ Create the pane to inform the operator the last action performed
JEditorPane editor = new JEditorPane();
Frame.add(editor, BorderLayout.SOUTH)

// Create the open connection button
open = new JButton("Open Connection”);
open. addActionListener(new ActionListener() {
public void actionperformed(ActionEvent <) {
try
€
Commidi thRover..OpenConnectionRover(); // Invokes the method to open the connection to the rover
7/ Alert and inform the user the task is completed
Sound. beepsequence();
editor. setText("Connected to Rover");
editor. setackground (Color..GREEN) ;

1
catch (RemoteException | MalformedURLException | NotBoundException el)
{
e1.printstackTrace();
/1 Tnform the operator that the action failed
editor.setText("Failed to connect to Rover”);
editor. setBackground(Color.RED) ;
1

closedports = false; // Sets the closedports boolean varisble to false
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import lejos.remote.ev3.RemoteEV3;
//import 1gips-hardware . BIRSIORER

//import 1gigs.hardware.Brick;
//import 1gigs.hardware.localsTDevice;

public class CommWithRover extends WebApplication

il
// Opens the ports and alerts the user upon completion
public static veid OpenConnectionRover() throws RemoteException, MalformedURLException, NotBoundException

ot
// cable connection
RemOTEEV3 ev3 = new RemoteEV3("10.0.1.17);

ev3.isLocal() ;

1 /%11 Blussegsh connection

LocalBIDevice ev3 = new LocalBTDevice (.
ev3.authencicate ("10.0.1.17, "12347);
*/
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static EV3 ev3;
static Motor motor;

public static void main(String[] args) throus RemoteException
SetRoverspeed(150) ;

TurnRight();
i

// Timer - allow 3 delay of 1 second
private static void Timer()

try [ Thread. sLeep(1000); }
catch (InterruptedException e) { e.printstackTrace(); }

i
private static void TurnRight()

// Turns right for 1 second
motor. A forward();

motor.D. backward();
Timer(); // Delay
motor.A.stop(true);
motor.D. stop(true);

i
private static void SetRoverSpeed(int speed) throus RemoteException

/1 set the rover speed
motor.A.setSpeed(speed) ;
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15 public class CommiithRover extends WebApplication
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36
37
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39

/1 Opens the ports and alerts the user upon completion
public static void OpenConnectionRover() throws NotBoundException, UnknownHc
{

// Create the input and output streams

DataOutputStream out = new DataOutputStream(commNet.getOutputstrean());

DatalInputStream in = new DataInputStream(commNet.getInputstrean());

// send option over the socket using a DataOutputStream
commet = new Socket(IP,PORTNUNBER) ;
out.writeInt(5);
commiiet.close();

i

// Closes any ports and alerts the user upon closing
public static void CloseConnectionRover() throws IOException
{

// send option over the socket using a DataOutputStream

commet = new Socket(IP,PORTNUNBER) ;

out.writeInt(6);

commiiet.close();

[@ Robotjava 32 | [1) Movementjava
23 public class Robot

2 {
25
2

27

static EV3 ev3;

static Motor motor;

static int inputhumber;

static ServerSocket robotServersocket;

public static void main(String[] args) throus IOException
{

Movenent . SetRoverSpeed(150) ;

robotserversocket = new ServerSocket(1111);

Socket socket = robotServerSocket.accept();
DatalInputsStream inputStream = new DataInputStream(socket.getInputstrean());

//Tn - 1:left, 2:8ack, 3:Right, 4:Forward,
inputhumber = inputStream.readInt();
suitch(inputhumber)
{
case 1:

Movement. TurnLef£();

break;
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public static void GetGyroSensorReading()

{
// Rover must stop before reading can take place
Movement . StopRover() ;
// Reset the gyroscope to reduce the risk of false samples and get data
gyrosensor.reset();
gyroSensor. fetchsample(gyroArray, @) // Set the gyroscope to angle and rate mode
i

public static void GetUltrasonicSensorReading(EVUltrasonicSensor sensor, float[] array)
{

// Get sensor reading and store it in the array

Movenent..StopRover() ;

sensor. fetchSample(array, 0);
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// If front sensor reading is less than 15cm, then move forward
if (frontsenarray[e] > 15)
{

Hovenent..HoveForward() ;

7/ else, the AT overrides the user input to turn the rover right until the condition is met
else

¥/ Inform the user here
while (FrontSenarray[e] < 15)
if (Leftsenarrayle] < 15)
t
Hovement . TurnRight(); // Turn right
else
€
Hovement . TurnLefe(); // Turn left
7/ Get new sensor readings
GetuLtrasonicSensorReading(frontul trasensor, Leftsenirray);
GetuLtrasonicsensorReading(LeftULtrasensor, frontsendrray);

T
7/ Tnform the user they are now in control

break;
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CommMWithRoverjava

[3) WebApplicationjava 53
cutcor LRy Turing i )
<ditor. setBackground (Color . CYAN)
break;

// send option over the socket using a DataOutputStream
commet = new Socket(IP,PORTNUNBER) ;

out.writeInt(4);

commiiet. close();

// Receive a number to determine option

Frontoption = in.readInt();

if(frontoption == @)

// Inform the operator the rover is moving forward
editor. setText("Moving foruard");
editor. setBackground(Color. CYAN);
b
else
€
// Inform the user the AT has taken over
while(frontoption == 1)
€
editor. setText("AI has taken over as there is a hazard ahead.”);
editor. setBackground(Color. ORANGE);
frontOption = in.readInt(); // To break out of the loop
3
7/ Inform the user they now have control
editor. setText("AI has conpleted. You now have control.”);
editor. setBackground(Color . ORANGE);
¥

CommiithRover. ReceiveSensorData() ;
break;

[3) Robotjava 52 | [J] Movementjava

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
11
115
116
17
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119
120
121
122
123
123
125
126
127
128
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130
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[3) Sensorsjava

case 4:
/1 Get sensor readings
Sensors. GetGyroSensorReading() ;
Sensors. GetUL trasonicSensorReading (frontUl trasensor, LeftSenArray);
Sensors.GetUL trasonicSensorReading(LeftUL traSensor, frontSenArray)
7/ AL: If front sensor reading is less than 15cm, then move forward anc
/1 operator of successful command
if (frontsenarray[e] > 15)

{
Hovenent..HoveForward() ;
Socket = new Socket(IP, PORTNUMBER);
outputStrean.writeInt(0);
socket.close();
T
7/ else, the AT overrides user input to turn the rover until the condit
11 met
else {

// Tnform the user here
Socket = new Socket(IP, PORTNUMBER);
outputStrean.writeInt(1);
socket.close();

while (frontsenarray[e] < 15)

€
if (Leftsenarraylo] < 15)
t
Povement. TurnRight(); // Turn right
b
else
€
Povenent. TurnLeft(); // Turn left
3

// Get new sensor readings
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