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[bookmark: _Toc97578234]Introduction
This report is going to explore the various systems engineering tools that can be used throughout a design process. Particularly, this task is to design an autonomous lawn mower for a golf course, using systems engineering to guide the process and identify the key areas for consideration. 
Systems engineering is a methodology surrounding the design process, how to get from a given set of requirements, usually from the customer or the user, and turning them into an effective solution.  Our human nature is to immediately solve a problem as soon as it’s given to us, we like to outline an answer based on prior experience [1]. Systems engineering challenges that behaviour, it ‘left shifts’ the design process so any emergence and design problems are caught early in the process, thus saving time and money in the long run. A systems engineer recognises the importance of understanding subjects related to their specialist field, some engineers are well rounded across multiple disciplines, and some are extremely knowledgeable in a certain area. You could compare systems engineering to an orchestra, the musicians apply the science of music, following the process of translating notes on a page to play their instruments. However, the maestro must lead them to connect the process of playing into the art of creating great music. The engineers (musicians) are all great at their job, however a systems engineer (maestro) has the skills and the tools to lead the team to meet the system requirements [2].
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[bookmark: _Toc97578223]Figure 1 Attributes of a good Systems Engineer


[bookmark: _Toc97578235]Case Study
The project in hand is initially described by a capability statement or statement of need, in this case, it has been developed by the golf club internally. The statement below has been bullet pointed and as is common with new projects, does not contain all the information we need to effectively design the autonomous lawn mower.
[bookmark: _Toc97578236]Capability Statement
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[bookmark: _Toc97578224]Figure 2 Capability Statement
The first point given does not add any value to the project, whilst the next point gives the key aims of the project, the final bullet point gives us a boundary, the golf club has suggested the solution of an automated grass management system, and this will be the basis for the rest of the project.
[bookmark: _Toc97578237]Initial Requirements
‘A requirement is a need and/or expectation expressed by the customer’ [3]. Without any requirements, designing what the customer wants is simply impossible, the simple requirement of ‘an automated grass management system’ is at least a starting point. However, while that is a starting point that’s been given in the Capability statement, it’s not enough to design a ‘good’ solution. To design a good solution, we must first fully understand the problem, this is where the systems engineering comes in, spending a longer time up front understanding the problem.
	Requirement
	Person

	The effect on the environment, including the carbon footprint of the club should be minimized
	Environmental Lead

	The must reduce manpower and payback over three-year period
	Secretary

	Enhance the playing experience
	Captain

	Must not interfere with golf matches
	Captain

	Must not look unsightly
	Greens Committee

	Must not disturb the neighbours
	Lady Captain


[4]


[bookmark: _Toc97578238]Stakeholder map
The requirements above have been provided by the golf club, and we have been told who has specified them, this would make them stakeholders. The first tool in the systems toolkit to be used on this project is a stakeholder map, the table above tells us there are 5 stakeholders, however realistically there will be many more. To design an effective solution, we first need to understand who the stakeholders are these are people that are affected by or are in some way accountable for the outcome of this undertaking [5].
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[bookmark: _Toc97578225]Figure 3 Stakeholder Map with Prioritisation [3]
The initial stakeholders supplied by the golf club mostly fall into the category of ‘Greens Committee’. From a systems engineering point of view, we need to prioritise who to get requirements from, in the real world, it’s unlikely to either have the time or resources to gather requirements from each stakeholder. The numbers above show in which priority the systems engineer should gather requirements. The highest priority is the Groundsman, this may seem unusual as they have not expressed a requirement in the capability statement, however as they will be the user of the product and will currently have the most knowledge of the requirements for the golf course, it’s the best place to start. Whilst the greens committee has not been prioritised, there is a pathway of communication for ‘Course ‘Requirements’ to the groundsman, so he will understand their requirements and put them forward as well. Priorities 2, 3, 4 and 6 are crucial to the design of the lawn mower. Without the manufacturer, there will be no lawn mower, so they are essential, the service providers are directly related to critical functions, mapping, and power. Priority 5 isn’t part of the ‘physical’ manufacturing structure but is essential to the product. Without gathering requirements from the product safety group, it’s likely an unsafe lawn mower will be manufactured that doesn’t meet legal regulations, this is supported by the line of communication from the legal stakeholder.

[bookmark: _Toc97578239]Gathering requirements 
This can be done in a variety of ways, using the stakeholder map as the basis for where we get requirements from, you could use interviews, questionnaires, affinity diagrams or a use case to gather requirements. 
	Technique
	Explanation

	Use Case
	A use case is essentially a short story of the problem and what’s required from the point of view of the stakeholder, these can be easier to get an accurate view of the problem as it has more of a boundary, such as ‘explain to me how you are going to use this system’, instead of an open ended ‘what do you require’. From the use case then you can start to draw out some more requirements. The use case for this project can be seen in Appendix A.  

The ‘flow’ sections are particularly useful as they not only describe what the lawn mower should do, but the alternative and exception flows start to give a representation of potential emergence, this is the first point that resonates with ‘left shifting’ the design process, thinking about what could potentially stop the lawn mower from completing the task, the information from the exception flow can be taken forward into a P-diagram to investigate noise factors.


	Affinity Diagram
	Another method of gathering requirements could be an affinity diagram. In groups, requirements can be written down at random, as many as can be thought of, and then once that’s done, sorted into general groups such as ‘good performance, low cost, low noise etc..’ the key here is that the group headings should not be neutral such as ‘performance, cost, noise. They should have a descriptor to show that you want ‘low’ noise.

Affinity diagrams can be a useful way of generating several ideas in an organised manner, while they may not be detailed or easy to understand to someone that wasn’t involved, it can be a useful visualisation tool to carry forward some basic level requirements.

	GEMBA Visit
	A GEMBA visit is another option for gathering requirements, one that proves useful in existing manufacturing environments, if the purpose was to bring in a new variation on a product that’s in manufacture, then visiting the production line to ask the operators about any positives or negatives about the product and/or the manufacturing process. Doing this creates a direct link to the people who manufacture the product as they know better than anyone if there’s any issues that need addressing. 


[bookmark: _Toc97578226]Figure 4 Requirement Gathering Techniques
[bookmark: _Toc97578240]Functional Analysis
Once a satisfactory group of requirements has been drawn out using the various tools mentioned above, they should be analysed before any design takes place, as a systems engineer, it’s key to keep analysing each step to ensure you truly fully understand the problem. A common method of validating the requirements is a simple review, a team of subject matter experts can review the requirements to ensure they are true, and a correct reflection of the stakeholders needs and expectations [5]. Validation is key at this stage, if the requirements can be signed off as correct, it puts the project in a good position to move forward to the next stage of analysis. [6]
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[bookmark: _Toc97578227]Figure 5 Requirements
In the first column, these are the requirements that have been drawn out of the tools used so far, the second column expands in detail and makes it more readable. The holistic requirements model can be used to determine whether we have a complete set of requirements, labelling them into categories as follows: 
	Operational Requirements
	This should explain what the systems’ main purpose is together with some overarching constraints in a clear and concise manner.

	Functional Requirement
	This should define what the system must actually do, using a verb-noun format.

	Non-Functional System Requirement
	A non-specific constraint on the system as a whole. 

	Non-functional Performance Requirement
	Constraints that correspond to a particular functional requirement, typically they comprise an attribute or property with an associated target value

	Non-functional Implementation Requirement 
	Solution based constraints on how the system should be built, usually provided by the customer or a piece of legislation.


[7]
Using this model shows that there are missing requirements. There are no operational requirements, a possible single functional requirement, a very small number of performance requirements, and the overwhelming majority are non-functional system requirements. This is common when gathering requirements, they are not specific enough to the task and is a generalisation of what it need to do as a whole system. As systems engineers, we need to analyse this further to extrapolate a full set of requirements.
An operational requirement is a good place to start. The operational requirement for this project will be ‘To autonomously cut the grass on Cosby Golf Course to the required length, in such a way that it does not adversely affect available tee times.’
The next step is to consider the generic system functionality, this will give us a list of functional requirements. The use case gives a starting point with the basic flow, sticking to the verb-noun rule of functional requirements, the method of operation should be described as simply as possible, without suggesting solutions, the functional requirements for the lawn mower are shown in QFD 1 below.
[bookmark: _Toc97578241]QFD 1
A QFD (Quality Function Deployment) diagram can be used as a tool to determine and analyse a set of requirements, it helps visualise the requirements against the functions and can highlight where any missing requirements may be. Each function should have a relationship with at least one of the requirements, if a column or row does not have any relationship then it’s likely that it’s missing the relevant requirement or function. The QFD 1 only needs to be used if we are not sure we have a full requirements set, if we were certain that there are no missing requirements, the QFD would be unnecessary. [8]
The QFD highlights key requirements, these are areas that have several relationships, particularly the stronger scoring relationships, the QFD below shows the relationships with weighted scoring between the function (verb-noun) and the requirements. The weighting allows us to determine the key functions of the system.
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[bookmark: _Toc97578228]Figure 6 QFD 1
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[bookmark: _Toc97578229]Figure 7 Functional Importance’s
This graph shows which functions are the most important in this system, with Programme System, Know Position, and Complete mission coming out as the top three key functions. This is helpful as a reassurance as well as an analysis tool, the outcome of this was expected, the three key functions the QFD has detected are essential to a successful design.
Once QFD 1 has been completed and the engineers are satisfied that they have a complete set of functions, these can be implemented into a Function Means Analysis (FMA).
[bookmark: _Toc97578242]FMA
Function Means Analysis is a highly structured approach to generating, selecting, and documenting system design concepts [9]. Performing a Function Means Analysis is the first stage used in this design process that represents the traditional design stage of the lawn mower. For each system function, the group gives design options that can perform each function. No matter how simple or futuristic the idea may be, it’s useful to write them all down and visualise the options available. A criterion can be chosen to select which solutions can be put forward to derive a concept.
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[bookmark: _Toc97578230]Figure 8 Function Means Analysis
The FMA above has been completed with 3 criteria to choose from, the boxes with the most ‘X’s in are the favourable options across the 3 criteria. From these, 2 potential solutions have been developed, highlighted on the right of the FMA. 
[bookmark: _Toc97578243]Pugh Matrix
The Pugh matrix is a tool that takes the output from the Functional Means Analysis and compares the concepts. A standard should be used as a base line, and a simple scoring system will highlight if each potential solution, is better or worse than the standard, the highest scoring design is the overall better solution, in theory. 
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[bookmark: _Toc97578231]Figure 9 Pugh Matrix
This Pugh Matrix has scored each concept against the groundsman using a mower, this tool was useful in the sense that it shows us which concept was an overall better choice, however the authors interpretation is that it could be best served in providing an input to create a third ‘hybrid’ concept, by comparing it back to the list of solutions in each concept and seeing which scored highest, it may produce a 3rd ‘ideal’ concept taking the best from both ideas. Research claims that Pugh matrices, despite being very useful in identifying losing alternatives, are not great for determining a winning design [10], therefore choosing the best performing solutions individually and creating one extra hybrid concept may be a useful exercise. The solutions chosen from the combination of the FMA, and Pugh matrix can be taken forward into QFD 2.
[bookmark: _Toc97578244]QFD 2
Once a potential solution has been designed, QFD 2 can be used to determine critical solutions of the design and ensuring that it meets the system requirements. The method of analysis is identical to QFD 1, but the inputs will be the functions and solutions this time. When the relationships are marked, it should highlight what the critical solutions and critical design features are. If one solution has several strong relationships in its column, this means that it’s likely to be a critical design feature. The QFD also helps as an extra layer of analysis to ensure the solutions that have been chosen, do in fact still meet the requirements, once again contributing to the avoidance of generating a poor design.
[bookmark: _Toc97578245]P-Diagrams
A P-Diagram is a useful tool in preventing unwanted behaviours from your design, it should identify the critical design parameters and dominant sources of variation that could result in a non-robust design. The robustness of a design is a concept from the teachings of Dr Genichi Taguchi, making the product insensitive to variation, without eliminating the causes of variation [11]. As you can see from the graph, while the point may be the highest performing product, the slightest variation could cause it to drop below the acceptable tolerance (green plane). The red plane shows a robust optimum for the design, even with some variation it should stay above the customers’ expectations.

[bookmark: _Toc97578232]Figure 10 Taguchi Design Space, Design Parameters against System Performance
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[bookmark: _Toc97578233]Figure 11 P-Diagram, Mower Motor Sub-system
As a group, the motor mower system was chosen as the sub-system, and the control factors were discussed and listed. The P-diagram is a useful step as a pre-cursor to an FMEA, identifying where the noise will be in the sub-system or system can be carried over and related to the failure modes of the system. Whilst this P-diagram is specific to one sub-system, it would be useful to do several P-diagrams at different sub-system levels to break down the system into smaller sections. The deterioration noise factors were helpful as that pre-empts a failure of the system to perform its function. Taking this directly into a DFMEA will help prevent or eliminate these failures, ultimately saving cost further into the lifecycle of the product.
[bookmark: _Toc97578246]What Why
The what-why table is similar in its completion to a QFD, the control parameters down one side, and the noise factors in their separate categories along the top. Each control parameter is given a weighting in respect to its effect on the output chosen in the P-diagram, in this situation the output is ‘Cut grass to required height’. In short, the control parameter likely to have a high scoring would be the ‘connection type’ and a low scoring parameter could be ‘belt size’. The connection type for the mower motor system is crucial, if it’s made of an unsuitable material then it may fail quickly, and the mower would be unable to achieve the output. The other side is that the belt size that runs the motor, is irrelevant, if it’s an appropriate material, then size alone wouldn’t have much of an effect on cutting grass to the required height.
[bookmark: _Toc97578247]QFD 3
QFD 3 starts to look at the manufacturing process for the chosen concept solution, it may be useful to perform a full systems engineering approach to the manufacturing system, going back to stakeholder maps, affinity diagrams and the first QFD’s but from the point of view of the manufacturer. However, for this we can extract the information from the P-Diagram to create QFD 3. QFD 3 compares the process steps against the design features, producing a visual aid to see where there may be strong relationships, thus creating a critical process step. The P-diagram tells us where the variation is likely to be in our design features, and they may relate into what these critical process steps are. Performing the QFD is an essential part of the process to ensure that the work and effort put into the design and requirements so far, is carried forward into the manufacturing environment.
[bookmark: _Toc97578248]QFD 4
QFD 4 takes the output of QFD 3, the critical process steps, and compares them against the quality measures in place to ensure the product meets the requirements. Target values for the quality measures should be included at this stage as it helps to give a boundary to the system. Once this has been completed it will give you the critical process parameters. These critical process parameters should aim to be error tolerant systems, allowing errors to be observable within a certain time limit and reversable before unacceptable consequences occur [12].
[bookmark: _Toc97578249]FMEA
Identifying any potential failure modes early is key to a successful design, it helps to prevent unwanted emergence and failures later in the lifecycle of the product. A range of tools can be used to determine failure modes, the tool used here is an FMEA, Failure Mode Effect Analysis, in the authors experience this is used most at the design or process stage, making it a PFMEA or a DFMEA. As this lawn mower project is in the design stage it will be a DFMEA. The first thing to bear in mind and stick to is that there are only 5 failure modes, too much, too little, intermittent, unintended, and none. Whilst a failure mechanism may be different, each failure can be categorised into those 5 areas. This is particularly helpful in shortening the possible discussions on failure modes and splits it down into bite sized chunks rather than trying to think of every possible failure method with no boundary or structure. 
Conclusion
There are a range of tools that can be used when adopting a systems approach, and they can be interpreted as the engineer sees fit, less of strict rules and more of a guideline and structure that you can follow. As a result of this work, using the tools provided, a concept can be created with confidence that you fully understand the requirements, and it has helped left shift the design process while identifying key and critical parts in the design/manufacturing process. There are more systems engineering methodologies available in the wider engineering environment that could be considered in an extended report/project.
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	Use Case: A clear verb/noun or actor/verb/noun that communicates the scope of the use Case 
Use case for  “Supermow” green keeping system 

	Author Dave H 
	Issue -1 
	Reviewed ?? 
	Date 28/04/20 

	Actors:- A list of actors who can engage in the activities described in the use case:- 
 
Manufacturer: - Delivers compliant packed articles into the logistic chain. 
 
Green Keeper: -  
Programmes “Supermow” to cut the required area of grass to the required level 
Maintains “Supermow” system 
Provides fuel to the “Supermow” system 
Operates “Supermow” in a safe and suitable manner 
 
Green Committee: - 
Provides the specification for the level of cut (Seasonal variations may apply). 
 
Service provider: - 
Provides power at the required rate and agreed cost to allow the “supermow” system to replenish supplies 
 
“Supermow” (Our System) : -. 
Programmed with topographical and data to instruct regions and cut heights to be achieved 
Performs cutting operation without human intervention. 
Avoids inanimate objects. 
Avoids interaction with living organisms and areas of protected fauna. 
Avoids areas of excessive “tilt”. 
Avoids Sand trap hazards. 
Avoids water hazards. 
Does not venture out of bounds.  
Returns after operation for reprogramming / replenishment of fuel 
 
 

	Pre-conditions:- Anything that can be assumed to be true when the use case begins :- 
 
“Supermow” is well maintained and fully operational. 
The ambient weather forecast is set fair with little anticipated precipitation. 
Programmes for each area are available and accurate. 
The operators of the system are suitably SQEP. 
The starting points and end points for each programme have been defined. 
No unauthorised person has tampered with the programmes. 


	Post-Conditions:- Anything that must be true when the use case is complete. 
“Supermow” has completed the cutting operation and has returned to the designated endpoint. 
Cutting have been collected or mulched. 
“Supermow” is upright and undamaged. 
Designated areas have been avoided 
There have been no fatalities, human or otherwise. 
 

	Basic Flow:- The set of steps the actors take to accomplish the goal of the Use Case. A clear description of what the system does in response to each user action. 
 
Replenish power supply > System is powered up and ready for use. 
Programme system > System has data on what, where, how much and when to begin cutting operation. 
Set system to programme start point > Item placed at operation start point 
Activate system> System ready to operate at the appointed time. 
Conduct diagnostic check > Ensure detection and operating systems functional before leaving device. 
Device starts operation > Platform begins prosecution of mission. 
Device in operation > programmed route followed and grass cut.  
Device completed operation > Cutting operation complete 
Device returns to designated end point > Device at designated endpoint ready for collection, refuelling and reprogramming. 
 
 
 

	Alternative Flow:- Captures alternative user/system interactions, such as what happens if data is entered incorrectly. 
 
Wrong Programme Loaded :- Wrong cut pattern achieved for designated area. Mission should abort. GPS system could give warning of starting in the wrong place. 
 

	Exception Flow :- The things that can happen to prevent the user from reaching their goal 
 
Insufficient fuel :- Warning should be given before the start of the operation but if the systems runs out mission aborted. 
Undetected object damages cutter / motion system.:- Shut down and mission abort. 
Strike with undetected object:  Seek to navigate round object. If critical systems damaged the abort mission 
Rain :- Cease operation. Could include a wait function until shower has passed. 
Excess Tilt :- Abort mission. 
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Capability Statement

Statement of need

- Cosby Golf club in Leicestershire has undergone a business review.

- The conclusions of the review are that the club needs to significantly
increase the available number of tee times whilst significantly
reducing the routine maintenance cost of the course.

- Asuggested means of doing this is to incorporate an automated
grass management system
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