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[bookmark: _Toc218754851]Section 1: Introduction 
1.1 [bookmark: _Toc218754852]What is Systems Engineering
Systems engineering is one of the most important things to any engineering discipline, it is used in the development of complex systems [1]. The discipline systems engineering can lead to its own mindset, people who adopt this mindset are called systems thinkers [2]. A system can be anything with multiple parts, there may be subsystems to this system each with their own individual system and the system will also likely be part of a bigger system being a subsystem itself in that scenario. 
1.2 [bookmark: _Toc218754853]Importance of Systems Engineering
Without systems engineering simple design flaws may be overlooked in the beginning steps of making a product. For a company this could mean potentially large cost implications and reputational damage, both being possibly irreversible. Therefore, highlighting the importance of the systems thinkers in any engineering discipline in a company.
[bookmark: _Toc218754854]Section 2: Redesign of a Household Object 
[bookmark: _Toc218754855]2.1 Requirements 
The household object picked by the engineer to redesign was the oven. This choice was made due to the multiple challenges the family using it were facing every day. The first step the engineer needed to take was to learn the requirements of the system, this was achieved by interviewing the members of the family. 
The Operator requires that the machine shall detect when the oven door is open. The Operator also requires that the machine shall have a reliable means of cleaning itself. The next stakeholder to be interview was the Chef. The Chef requires to know when meat has reached an internal cooked temperature. Finally, the final member to be interviewed was the Leader. The Leader requires that the machine shall detect when the beige food is at the right level of crispiness. The Leader also requires that the machine makes an audible noise when up to the correct temperature. 
[bookmark: _Toc218754856]2.2 Analysis
The next step for a systems engineer is to figure out the most important of all the requirements. A useful tool to figure this out is pairwise, this tool allows the user to compare each requirement individually against each different requirement and give it a scoring. The scoring system works by numbering the requirements in comparison to each other. The numbers 1, 2, 5, 9, 0.5, 0.2 and 0.11 are used. The use of 1 shows no preference between two requirements, 2 showing slight preference, 5 being a preference, 9 being a strong preference and the reciprocals of these numbers (1, 0.5, 0.2, 0.11) being used when showing there is a preference for the other requirement. The engineer carried out this process and produced the below table:


[bookmark: _Toc218719371]Table 1 - Pairwise for Requirements
	 
	 
	1
	2
	3
	4
	5
	Calc
	 
	Calc

	 
	 
	The Operator requires that the machine shall detect when the oven door is open
	The Operator requires that the machine shall have a reliable means of cleaning itself
	The Chef requires to know when meat has reached an internal cooked temperature
	The Leader requires that the machine shall detect when beige food is at the right level of crispiness
	The Leader requires that the machine makes an audible noise when up to the correct temperature
	Raw Product
	nth root of row product
	Total Normalised

	1
	The Operator requires that the machine shall detect when the oven door is open
	1
	2
	0.11
	0.5
	1
	0.11
	0.78
	14

	2
	The Operator requires that the machine shall have a reliable means of cleaning itself
	0.5
	1
	0.11
	0.5
	0.5
	0.01
	0.62
	11

	3
	The Chef requires to know when meat has reached an internal cooked temperature
	9
	9
	1
	5
	5
	2025
	2.33
	41

	4
	The Leader requires that the machine shall detect when beige food is at the right level of crispiness
	2
	2
	0.2
	1
	5
	4
	1.17
	21

	5
	The Leader requires that the machine makes an audible noise when up to the correct temperature 
	1
	2
	0.2
	0.2
	1
	0.08
	0.76
	13



This table massively helped the engineer be able to highlight the importance of each requirement compared to the others. The information from the above table can then be turned into a graph to be able to visualise it further. The graph can be seen below:[bookmark: _Toc218719361]Figure 1 – The Importance of Each Requirement

The above graph clearly shows the most important requirement as being able to know when the meat has reached an internally cooked temperature. This is important to the systems engineer as this is something they should never lose sight of and will also help write the operational requirement. After further analysing the previous graph and table an operational requirement can be written. In this scenario it would be, provide the main users in the household with food cooked to each person’s specific taste with minimal human intervention. 
[bookmark: _Toc218754857]2.3 Required Functionality 
To be able to actually implement the requirements of the oven the systems engineer also would need to know how the system, which in this case is an oven, works. This can be done by writing down the steps usually taken whilst using the system. In this case the steps first identified were:
· Turn on the oven 
· Wait for the oven to reach temperature
· Place in the food
· Make sure the door is properly shut 
· Monitor how cooked the food is 
· Remove the food once cooked 
· Clean if any spills
Whilst this list is very useful there are potential flaws in it, when just thinking back on an activity completed potentially multiple times a day it is easy to go on autopilot and not even think about half of the things required to properly complete the activity. One way to combat this is to add in a Gemba walk. These originated from Japan [3] [4], it is understood to translate to a walk to understand [4] and are used as inspections to clarify what is actually going on in companies. The Gemba walk that subsequently took place revealed there were three steps missing, these were:
· Check the oven is empty 
· Turn the food if cooking unevenly
· Turn off the oven 
This then left the engineer with a list of 10 things which the users did whilst using the system, the completed list in order looked like:
1. Check the oven is empty
2. Turn on the oven 
3. Wait for the oven to reach temperature
4. Place in the food
5. Make sure the door is properly shut 
6. Monitor how cooked the food is 
7. Turn the food if cooking unevenly
8. Remove the food once cooked 
9. Turn off the oven 
10. Clean if any spills

[bookmark: _Toc218754858]2.4 QFD 1
QFD stands for Quality Function Deployment, it is where the required functionalities and customer requirements can be cross examined to see what is the most important. This table ranks the relationship between the customer requirements and the functional requirements. The scoring system is either a 0 (if so, the square is left blank for simplicity) this implies no relationship between the two, a 1 which implies a minor relationship, a 3 which is where there is a relationship between the two and finally a 9 where there is a strong relationship between the two requirements. This table is also colour coded with white, yellow, orange and red help enhance the visualisation of whether there are relationships between each requirement and if so, how strong it is. This was the next logical step for the systems engineer, the table created can be seen below:
[bookmark: _Toc218719372]Table 2 - QFD 1
	How
	Importance
	Check oven is empty
	Turn on oven
	Wait for it to reach temperature
	Place in food
	Make sure door is properly shut
	Monitor how cooked the food is
	Turn the food if cooking unevenly
	Remove food from oven
	Turn off the Oven
	Clean if any spills

	Requirements
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	The Operator requires that the machine shall detect when the oven door is open
	14
	 
	1
	3
	 
	9
	 
	 
	 
	3
	 

	The Operator requires that the machine shall have a reliable means of cleaning itself
	11
	3
	 
	 
	 
	 
	 
	 
	1
	 
	9

	The Chef requires to know when meat has reached an internal cooked temperature
	41
	 
	1
	3
	1
	3
	9
	9
	9
	 
	 

	The Leader requires that the machine shall detect when beige food is at the right level of crispiness
	21
	 
	1
	3
	1
	3
	9
	9
	9
	 
	 

	The Leader requires that the machine makes an audible noise when up to the correct temperature 
	13
	1
	3
	9
	 
	 
	 
	 
	 
	3
	 

	 
	 
	46
	115
	345
	62
	312
	558
	558
	569
	81
	99



This table is a very useful tool to be able to highlight the most important functional requirement which just highlights what the systems engineer needs to make sure either works better by the end of the improvement of the system or at least works to the same level if the customers were happy with the previous way it worked. In this case of the oven the most important functional requirement with a score of 569 was removing the food from the system, this was just above monitor the food inside the system and turn the food if it is cooking unevenly inside the system both with a score of 558. Whilst this table is brilliant for being able to clearly show an engineer’s thought process with ranking the order of importance of functional requirements it isn’t the easiest to be able to visualise the difference in importance between the different functional requirements, this is displayed better in the graph below:

[bookmark: _Toc218719362]Figure 2 - QFD 1 Results
The above graph is much better at helping to quickly represent the findings of the previous table. It shows how there are three functional requirements of high importance all to do with making sure the food doesn’t burn/ overcook. There are then two functional requirements of medium importance, with scores of 312 and 345, they are, making sure the door is properly shut and waiting for the oven to reach the correct temperature. The last 5 functional requirements are all of a similarly low level importance with their scores being approximately 90. Although these requirements are of a lower level than the others it is important for the engineer to not completely forget about them. 
[bookmark: _Toc218754859]2.5 Concept Generation and Evaluation
Using all the information gathered so far about the functions that are to be performed by the system the next logical step is to look at how to improve them. The systems engineer approached this by looking at all the functional requirements and how the customers currently achieve this requirement then how it could be changed to improve functionality. The table below shows the results for the oven:
[bookmark: _Toc218719373]Table 3 - Functional Means Analysis
	
	How it's dome now
	 
	 
	 

	Check oven is empty
	open door and look in 
	Detect from a scanner 
	 
	 

	Turn on oven
	Manual knob
	Manual buttons with digital screen
	 
	 

	Wait for it to reach temperature
	visual - light
	audible noise
	 
	 

	Place in food
	Manual 
	Automatic trays that slide out
	 
	 

	Make sure door is properly shut
	Visual 
	Manual
	Noise
	Warning on digital screen

	Monitor how cooked the food is
	Visual 
	laser thermometer
	 
	 

	Turn the food if cooking unevenly
	Manual
	Automatic
	camera - ai image detection
	 

	Remove food from oven
	Manual - with glove
	Automatic cooling mechanisms on dish
	Trays automatically slide back out once handles cool enough
	 

	Turn off the Oven
	Manual 
	Automatic, use of scanner
	 
	 

	Clean if any spills
	Automatic
	 
	 
	 



The yellow boxes in the above table show the potential new ways of doing each functional requirement and the red functional requirements are the requirements found by the Gemba walk. For the functional requirement, clean if there are any spills, there is no answer for how the system currently completes this, this is due to the current system not having a self clean option so it would be a completely new addition to the system rather than an adaptation to an original element.
The main ideology behind all the of the improved ways of achieving the functional requirements was to limit the need for human interference meaning using the system could be a more relaxing experience for all involved as stresses about when things are exactly ready would be significantly reduced with all the automatic checkers and automated movements of the system. 

[bookmark: _Toc218754860]2.6 QFD 2 
The QFD 2 is used to really investigate the relationship between the functionality requirements and the new design features that have been created in table 3. It rates how strong the relationship is between each functionality requirement and design feature. This tool is the same as QFD 1 but comparing the functional requirements with the design features rather than the customer requirements and it is also giving a score for the design feature with the most importance compared to the functional requirement with the most importance. This QFD uses the same scoring system as the previous QFD. The table can be seen below:
[bookmark: _Toc218719374]Table 4 - QFD 2
	Design feature
	Importance
	 
	Importance
	Scan oven
	Set oven to digital temperature
	oven beeps ready
	Place food on trays
	Warning for door being open
	Camera with ai imaging detection
	Turntable for even cooking
	laser thermometer
	Automatic turn off food is at the right temperature/ correct crispiness
	Locator for dish handles
	cold air jets aimed at handles 
	Tray extends out of oven
	Remove dish 
	Automatic clean if scanner detects any spills

	Functionality
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Check oven is empty 
	46
	10
	5
	9
	 
	 
	 
	 
	 
	 
	 
	9
	 
	 
	 
	 
	1

	Turn on oven 
	115
	10
	12
	 
	9
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Wait for it to reach temperature
	345
	10
	35
	 
	 
	9
	 
	3
	 
	 
	1
	1
	 
	1
	 
	 
	 

	Place in food
	62
	10
	6
	 
	 
	 
	9
	 
	3
	3
	3
	 
	9
	3
	1
	 
	 

	Make sure door is properly shut
	312
	10
	31
	1
	1
	3
	 
	9
	 
	 
	 
	 
	 
	 
	 
	 
	9

	Monitor how cooked the food is
	558
	10
	56
	 
	 
	 
	 
	 
	9
	9
	9
	 
	 
	 
	 
	 
	 

	Turn the food if cooking unevenly
	558
	10
	56
	 
	 
	 
	 
	 
	 
	9
	 
	 
	 
	 
	 
	 
	 

	Remove food from oven 
	569
	10
	57
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	9
	9
	 

	Turn off the Oven
	81
	10
	8
	 
	 
	 
	 
	 
	 
	 
	 
	9
	9
	9
	1
	3
	3

	Clean if any spills 
	99
	10
	10
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	9

	 
	 
	 
	 
	73
	135
	404
	56
	384
	521
	1023
	555
	149
	129
	126
	526
	536
	399



From the results of the above table there is one design feature that is significantly more important than the others, that is the turn table that will turn food when it is not cooking evenly. This is such a key feature due to the main requirement from the customers was for the food to be cooked to each person’s specific taste. The results can be more easily understood at a quick look by placing them in a graph like the one below:

[bookmark: _Toc218719363]Figure 3 - Importance of Design Features
This graph illustrates how important to do the design the turn table is and then highlights there are four more also very important design features with scores around 535 compared to the turntables 1023. These design features are removing the dish, trays that extend out of the oven, a laser thermometer and a camera with AI imaging detection. These design features all perfectly tie back into the requirement for the food to be cooked to everyone’s preferences. These five design requirements would stick out to a systems engineer as the most important features that must be included in the improved system. 
[bookmark: _Toc218754861]Section 3: Final Design 
The improved system will be an oven with a digital screen on the top of it. The digital screen will have many purposes; it will allow for an ease of selectin of temperature to irradicate the potential inaccuracy of a spinning knob, this screen will also come up with warnings and messages to the user. One of the messages will be about whether the oven is empty or have something in it, this will be known due to an internal scanner inside of the oven. This scanner will detect when there is something other than the oven trays inside the oven, this will irradicate the need to check the oven every time before turning it on. The next system improvement is it will make an audible three beeps once it has achieved the temperature it has been heating up to, this message will also be displayed on the digital screen. This improvement will significantly improve the leaders experience whilst using this system as they will no longer have to sit and watch for the light to turn off to signify the temperature inside is correct. Upon opening the door to the oven, the oven trays will side out to reduce back strain of all users and will slide back in whilst closing the door. If the door is now not properly closed a warning will come up on the digital screen to alert the user. Once the food is in the oven the laser thermometer, ai imaging camera, both placed on the ceiling of the oven, and turntable will be activated, the user will select the type of food they are cooking and how they would like it to be cooked on the digital screen. The laser thermometer will track the temperature of the food throughout the cooking process along with the ai imaging camera keeping an eye on whether the surface to the food is being burnt, both of these feed back to the digital screen and will have the authority to change the temperature to achieve the customers requirements for their food. If the ai imaging camera notices one side of the food becoming more cooked than the other it will turn on the turntable to spin the food 180 degrees. Once the food has finished cooking the oven will be turned off automatically. This will then activate the scanner to search for the tray handles, upon finding them it will blast cold air at them to reduce the temperature to one safe to be handled, the laser thermometer will track this temperature. Once the cooling of the handles has completed the oven will beep a further 5 times to alert any nearby customers the food is ready. Upon opening the oven door, the trays will slide out again and the food can be lifted out. As the door is shut again the internal scanner will check for any spills, if any are found an automatic self clean cycle will be started. 
[bookmark: _Toc218754862]Section: 4 Conclusion 
The processes a systems engineer undertakes to be able to highlight the importance of different components and subsystems of a system are highlighted in the above work. With the use of the systems engineering tools the oven for the family has been successfully redesigned to be able to suite all the customer requirements. The work put into this before construction of it has prevented significant financial loss if it hadn’t been thought through properly and would have had to have been taken apart and redone or even scrapped and started again midway through construction. This level of preparation ensures upon commencement of production that the product being manufactured is exactly the way it should be and there are no design flaws or requirements forgotten about.
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