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[bookmark: _Toc121165318]Introduction
The purpose of this paper is to explore the use of systems engineering through a case study of the design of a household object that has not lived up to the expectations of the author. 
The paper shall explain how the various tool in the toolset of systems engineering were used to propose a solution to the case study and assist the design process via the identification of:
•	Key customer requirements
•	Critical system functionality
•	Concept derivation and design choices
•	Potential failure modes
•	Critical design features
•	The manufacturing processes
•	Critical process steps
•	Process control measures. [1]
This paper shall start by giving a brief history and introduction into the concepts of systems engineering. 
Then the paper shall go through the full process in order showing examples of the tools used, giving explanations as to why the tools are used and the output of the tools, what the tool tells you. For this report the case study shall be a central heating system
Finally the paper shall conclude with how systems engineering process could be applied in the working life of the author.
[bookmark: _Toc121165319]Systems Engineering Concepts & Purpose
NASA defines systems engineering as “a methodical, multi-disciplinary approach for the design, realization, technical management, operations, and retirement of a system. A “system” is the combination of elements that function together to produce the capability required to meet a need. The elements include all hardware, software, equipment, facilities, personnel, processes, and procedures needed for this purpose; that is, all things required to produce system-level results.” [2]
A layman’s explanation for the above is “from sperm to worm” or “cradle to grave” That is, thinking about the system from its first conceptualisation to its retirement. As the NASA definition states, the system is an arrangement of parts or elements that together exhibit behaviour or meaning that the individual constituents do not. [3] The parts do not have to be physical, they can be conceptual as well, for example a physical part would be something like a gear  and a conceptual component would be the relationships between people.
Systems Engineering is not a new concept, the first recorded term of systems engineering dates to Bell Telephone Laboratories in the early 1940s, with the first attempt at teaching systems engineering as it exists today was in 1950 at MIT [4].
The purpose of systems engineering is to attempt to “left-shift” the work which typically occurs later on in a systems lifecycle, by identifying problem areas, ensuring requirements will be met and that the system shall actually deliver what it is supposed to do, rather than finding out late into the process that the system is not fit for purpose. Thereby reducing cost as work does not have to be re-done if you do it right first time. Systems Engineering provides the means to identify all of this before it becomes a problem, in theory anayway…
With that, the author shall now attempt to demonstrate the process of systems engineering, from sperm to worm, using a central heating system as the desired system. Examples of the tools being used shall be provided in each section but shall be kept small for ease of reading. In reality, the various maps, diagrams and tables would be much larger and have more information on, but for the purpose of the demonstration, the examples shall just give a flavour of what would be on the real thing.
[bookmark: _Toc121165320]Requirements Gathering
The first and arguably most important stage of the systems engineering process is the gathering of requirements. Requirements are required (amazing I know) because they tell you what your system has to do, therefore informing design choices. They also allow you to confirm that what has been designed is right, if the design fits the requirements then it is good. There are 4 types of requirement: 
Operational Requirements: These are concise statements of requirement with key constraints.
Non-Functional System Requirements: These are what the whole system has to do. Generally, these are what the customer tell the designer but they are incomplete and must be built upon. Usually by the designer putting themselves in the customers shoes, conducting Gemba visits or analysing customers complaints.
Non-Functional Performance Requirements: These tell you how well the system has to perform its job. Customers rarely specify these in any detail, and it is the job of the designer to identify them.
Functional Requirements: What the system has to do. Again, rarely given by the customer and have to be determined by the designer. Functional requirements can be found by examining existing designs, completing a use case or a functional flow diagram.
There are several tools to help the systems engineer in their quest for requirements, some of which shall be briefly explored.
The key stakeholders in the system can be identified and placed into a stakeholder map with their interactions noted, a small example for the central heating system is shown in figure 1. 
[image: ]
[bookmark: _Toc121163842]Figure 1 – Stakeholder Map
The stakeholder map shall inform the engineer of requirements that were not necessarily apparent at first glance, for the heating system for example the requirements the end user would say would be a heating system that heats the home to ‘x’°C, at ‘y’ o’clock, for a period of ‘z’ hours. But completing the stakeholder map informs the designer that the heating system must be compliant with legal requirements, as must be the plumber who installs the system. The system must be compatible with the type of fuel that must be used (gas, oil, etc.).
Another way of drawing out more requirements would be a Gemba visit or listening to customer complaints. An example from the case study would be simplicity of use. The old central heating systems which require manipulation of 3 buttons to programme temperature, run times etc. is a nause. A more user friendly and intuitive system is desired.
A third option is to ask the key stakeholder (end user) to describe in a story how they expect to use the system, the result is a use case, which is a set of interactions between the systems to achieve the goal. An example use case is shown in figure 2.
[image: ]
[bookmark: _Toc121163843]Figure 2 – Use Case
The output from these various methods of gathering requirements are then populated into the 1st iteration of a quality function deployment, or QFD 1.


[bookmark: _Toc121165321]QFD 1
QFD 1 takes the various types of requirements, tabulates them and gives the engineer a priority ranking. Table 1 demonstrates the concept and table 2 provides an example pertinent to the central heating system.
[bookmark: _Toc120982735]Table 1 – QFD 1 Concept
	[bookmark: _Hlk121067136]
	
	This must be performed
↓
	
	

	
	
	Functional Requirements
	
	

	In order to meet this requirement  ↓
	Requirements NF System
	Relationships between the requirements go in a grid in here. 9 being strong, 3 medium, and 1 weak.
	Requirements NF Performance
	↑
This well

	
	
	Requirements NF Performance
	
	

	
	
	↑
To this level
	
	



[bookmark: _Toc120982736]Table 2 – QFD 1 For Heating System
[image: Table
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The numbers on the left of the table, under the column marked importance are the functions priority as assessed by the end user, in this case all of the requirements have the same level of importance. 
The numbers in the middle are how the requirements interact with the sub-systems on the top row. A red 9 denotes a strong interaction, orange 3 a middling interaction, yellow 1 a weak interaction and a blank space denotes the requirement is not dependent on the sub-system.
The figures at the bottom shows the engineer the priority of the functional requirements. They are the sum of the products of the priority ranking and the interaction score. To explain, the score for the temperature gauge (5x9)+ (5x9)+(5x3)+(5x3) = 120. Naturally, the higher the score, the more important the function and requirement are, and is where the engineer should focus their attention first.
[bookmark: _Toc121165322]Function Means Analysis 
The next step in the process is to develop potential solutions from the list of functional requirements. A functions means analysis documents different methods (the means) of delivering the requirements (functions). The function is on the leftmost column, and the means of achieving that function are tabulated in the same row. A (very) basic example is shown in Table 3.
[bookmark: _Toc120982737]Table 3 – FMA 
	Function
	Means

	Heat home
	Open log fire
	Log burner
	Gas fired central heating
	Oil fired central heating
	Pray to the sun god

	Program temperature
	Thermostat dial
	Mobile app
	3 button system
	Bimetallic strips
	Sacrifice a lamb to the sun god

	Program time
	Mechanical dial
	Digital system
	Mobile app
	Slave labour
	Give your firstborn to the sun god temple

	Simplicity of use 
	Mechanical 
	App
	
	
	



The best two solutions for each function are carried forward to the next stage of the process as Green System and Yellow System. In reality, this would take place as a meeting with lots of debate with the reasons for inclusion and rejection of each proposed idea recorded. To keep things brief, the authors house has no chimney or mains gas, the author despises archaic input systems for personal reasons, and the great sun god Helios/Ra/Sol etc. does not exist (or is ignorant to the authors prayers).
 The solutions can then be down-selected to the best proposed means. One way of doing this is to use a Pugh Matrix. A Pugh Matrix is a decision method that is used to compare and select the best option from a set of alternatives. It helps determining which alternative is more valuable than the others based on predefined criteria. [5] An example of a Pugh Matrix for the case study is in Table 4. A score of 0 in the matrix indicates the proposed system equals the current system in terms of performance, a 1 meaning it exceeds and -1 meaning it is inferior.


[bookmark: _Toc120982738]Table 4 – Pugh Matrix 
	Criteria
	Existing System
	Green System
	Yellow System

	Heat home
	0
	0
	0

	Program temperature
	0
	1
	-1

	Program time
	0
	1
	-1

	Simplicity
	0
	1
	0

	Score
	0
	3
	-2

	Rank
	2nd
	1st
	3rd



From the Pugh Matrix, the candidate solutions which score the most are taken forward into QFD 2.
[bookmark: _Toc121165323]QFD 2
QFD 2 takes a similar format to QFD 1, however a couple fo the the boxes have different inputs. See Table 2 for the changes.
Table 5 - QFD 2
	
	
	This solution must be used
↓
	
	

	
	
	Solutions
	
	

	In order to perform this function ↓
	Functional Requirements
	Relationships between the requirements go in a grid in here. 9 being strong, 3 medium, and 1 weak.
	Requirements NF Performance
	↑
This well

	
	
	Target Specification
	
	

	
	
	↑
To this specification
	
	



Like QFD 1, the output of QFD 2 is a level of importance associated with each solution. This is calculated in the same fashion that the score from QFD is calculated, the result of this is a plotted graph which shows feature importance, a (poor) example is produced in Figure 3.

[image: ]
[bookmark: _Toc121163844]Figure 3 - Feature Importances
[bookmark: _Toc121165324]Parameter Diagram
Now we know what solutions will be used and what level of importance are attributed to each, we need to identify what factors, or parameters, can influence the performance of the system, this can be captured in a parameter (P) Diagram. There are 5 factors which are included in the diagram:
1. The Output of the System.
2. The Signal Factors.
3. The Control Factors.
4. The Noise Factors.
5. The Side Effects.
The way in which all of these interact is shown in figure 4 and an example for the central heating system is shown in figure 5.
[image: Diagram
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[bookmark: _Toc121163845]Figure 4 - P Diagram Concept
[image: ]
[bookmark: _Toc121163846]Figure 5 - Central Heating P Diagram 
The P Diagram shows the engineer what pitfalls to watch out for with the design. It also generates more functions to manage which may not have been considered before. For example, the previous iterations of QFD and FMA did not highlight the noise factors of the boiler system, how to detect the temperature or what the human errors may be and how to mitigate them. 
The previous steps can then be repeated in an iterative process to further refine the design and identify potential failure modes. 
Potential Failure Mode & Effects Analysis
A PFMEA is conducted in order to find potential ways in which the system may fail. Using this tool can also identify functions which haven’t previously been identified. Table 6 shows a PFMEA for the central heating system, from this tool a new function has been identified. And that is the system being able to identify how much fuel is being used or how much is left in the oil tank and also to perform diagnostics on the boiler and remind the owner to get it serviced when required.
Table 6 – PFMEA 
[image: Table
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Conclusion
After going through all of these processes the engineer should have a pretty good idea of what the system and sub-systems that create it have to do. He will also be aware of potential issues that may crop up at the various stages of design and manufacture. The purpose of the systems engineering is to left shift the problems, so that they occur or are identified whilst it is still a paperwork exercise and not when you are trying to make something, it’s easier to sort out paperwork than a whole central heating system.
With all the information generated by the systems engineering process, the author bought a HIVE system, new valves and paid the plumber £600 for the privilege. At least the house is warm.
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Actors:-

The End User (George & Sarah)
The Plumber (Big Nick)

The heating oil supplier

Pre-conditions:- Anything that can be assumed to be true when the use case begins -
The new system must be compatible with an oil fired boiler.

Post-Conditions:- Anything that must be true when the use case is complete.
The new system must be able to operate alongside existing systems in the house.
The new system must not change any of the infrastructure in the house.

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.

1. Contract plumber to install system.

2. Plumber installs system.

3. End user programmes control unit to provide heat of 16°C between the hours of 1700 and
22007 days @ week, with the system not allowing the temperature to fall below 14°C at
any time.

4. Toasty warm house.

Alternative Flow:- Captures alternative user/system interactions, such as what happens if data is
entered incorrectly.

Should the system turn on when not required to be on, the end user must be informed so he can
switch it off remotely if required.

Exception Flow :- The things that can happen to prevent the user from reaching their goal.
The heating oil may run out.

The boiler may break.

The control unit may break.





