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[bookmark: _Toc196939696]Introduction
The aim of this case study is for the learner to review the “Functionality and design in a household object” using System Engineering principles, tools and techniques. The household object the learner chose for this case study was a guitar tuner.
[bookmark: _Toc196939697]Understanding of Systems Engineering Rationale
Systems Engineering is defined as “The function of Systems Engineering is to guide the engineering of complex systems” With guide being further defined as to lead, manage or direct, usually based on the superior experience in pursuing a given course. Also, with engineering further defined as “The application of scientific principles to practical ends; as the design, construction and operation of efficient and economical structures, equipment and systems”. [1]
This translates to a right first time (or at least as little iterations as possible) or holistic approach to design, ensuring the correct requirements are gathered to produce the correct item, potentially saving on time and cost in the long run.
Many tools are available to carry out the systems engineering approach, but an important overarching approach is that of Quality Functional Deployment or QFD. This tool aids the transition of vague, imprecise customer requirements to clear measurable technical requirements using a sequence of matrix chars and phases numbered 1 to 4 covering definition, concept, realisation and delivery, which can be seen in figure 1.[2]
[image: ]
[bookmark: _Toc196939720]Figure 1 QFD Phases
For this case study the learn carried out QFD1 the definition phase and QFD2 the concept phase whilst using other tools and techniques including:
· Context diagrams.
· Affinity diagrams
· Pairwise analysis.
· Use case.
· Functional means analysis
· Pugh analysis
[bookmark: _Toc196939698]Requirement and context
The initial statement of need set by the leaner was that of an automatic bass guitar tuner and following the lectures delivered by D Holly, the learner realised that this statement was too precise and that it had already provided solutions for the household item. By the learner stripping back the statement of need to just being “the user requires a guitar tuner”, it enabled them to take the systems design approach for the household object.
From the statement of need the learner then reviewed the context of the requirement and what boundaries would be covered in this case study. Figure 2 shows the context diagram that the learner created showing the system boundaries from the tuner itself right out to the venue the tuner would be used in. The context diagram also provided indication of interactions between each system boundary with an example being the instrument input in the tuner subsystem system interacting with the output of the instrument subsystem.
For this case study the learner decided the system boundaries would be limited to the tuner system and the interaction guitar system
[image: A diagram of a sound system
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[bookmark: _Toc196939721]Figure 2 Context Diagram

[bookmark: _Toc196939699]Stakeholders 
Before any requirements setting or analysis can take place, a review of stakeholders must be undertaken to ensure that all or as many as possible of the requirements are captured at the initial design phase. Examples of stakeholders can include but not be limited to the following:
· Users.
· Designers – including subsystems.
· Supply chain.
· Financers
· Quality

If suitable and through stakeholder engagement is carried out early in the design phase it reduces the likelihood of unnecessary iterative design steps at a later stage.
Following on from the context diagram and the boundary setting of the tuner and interaction with the guitar, the learner had to decide that the stakeholder requirements would be that of the user/operator of the tuner.
[bookmark: _Toc196939700]Consumer Off the Shelf (COTS) Example
For this case study the learner found an example of a consumer off the shelf (COTS) tuner that was already available to purchase. The COTS tuner in question was the D'Addario Eclipse clip on headstock Guitar Tuner  as seen in figure 3.
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AI-generated content may be incorrect.]
[bookmark: _Toc196939722]Figure 3 COTS guitar tuner
This COTS tuner was chosen as it was the number 1 best selling tuner on amazon with a 4.5 star rating from 14,211 reviews and  over 600 purchases made in the past month.[3]
[bookmark: _Toc196939701]Requirements Analysis
[bookmark: _Toc196939702]Requirements gathering
The next step was for the learner to carry out requirements gathering from the user/operator stakeholders. The learner being a musician was able to provide some of the requirements, but others were gathered through stakeholder engagement with the learner’s musician friends and fellow band members. From this stakeholder engagement the learner was able to provide a list of initial requirements as seen in figure 4.
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[bookmark: _Toc196939723]Figure 4 Affinity Diagram - Requirements capture
Using the initial requirements gathered, the learner used the affinity diagramming process and arranged the requirements into groups that included multiple requirements that could be named under a single requirement name as seen in figure 5.
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[bookmark: _Toc196939724]Figure 5 Affinity Diagram - Requirements Grouping
This grouping process allowed to learner to condense the initial requirements gathered through stakeholder engagement and choose 8 defined requirements without losing any of the initial requirements. The final 8 user/operator requirements were:
· The user requires the tuner shall be used on different guitar types.
· The operator requires the tuner to detect multiple pitches
· The operator requires the tuner to display the pitch.
· The operator requires the tuner to connect to the guitar.
· The operator requires the tuner to be powered.
· The operator requires the tuner to be easy to use.
· The operator requires the tuner to be durable
· The operator requires the tuner to be compact.

These final requirements where within the recommended 7 +/- 2 rule which allows the design process to be carried out without too many requirements to over complicate it.
[bookmark: _Toc196939703]Pairwise analysis
Using the final requirements the learner then carried out a pairwise comparison to rationalise the level of importance/preference of each of the requirements. This this process is carried out by comparing the level of importance/preference of each requirement against each other. This process scored the comparison with the following parameters:
· 1 = No preference, Reciprocal = 1
· 2 = Slight preference, reciprocal = 0.5
· 5 = Preference, Reciprocal = 0.2
· 9 = Strong preference, reciprocal = 0.11

For the comparison between the same requirement, it was automatically scored 1 with no preference, table 1 shows the pairwise comparison carried out by the learner.
[bookmark: _Toc194575192][bookmark: _Toc196939730]Table 1 Requirements Pairwise analysis
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From the pairwise analysis the leaner was able to determine and rank the level of importance/ preference of each of the requirements which can be seen in figure 6. The analysis showed that the highest ranked requirement was that of “The operator requires the tuner to detect the pitch”, followed by “The operator requires the tuner to connect to the guitar” and “The operator requires the tuner to shall be used on different guitar types.

[bookmark: _Toc196939725]Figure 6 Pairwise Analysis results
The ranking of importance/ preference of the requirements made sense to the learner as without these requirements then the tuner would not be able to carry out its job.
[bookmark: _Toc196939704]Functional importance of QFD1
[bookmark: _Toc196939705]Theory of QFD1
Quality Function Deployment (QFD) is structed and systematic approach to flowing requirements into measurable organized requirements using a visual matrix diagram to assess the relationship between two levels of requirements checking completeness and consistency. [4] 
For QFD1 this tool uses the matrix diagram to assess the relationship between the requirements and the functions. An example of the matrix diagram for QFD 1 can be seen in figure 7.
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[bookmark: _Toc196939726]Figure 7 QFD1 Matrix example
For the learner to properly carry out the QFD1 analysis the requirements and functions of the system had to be known.
[bookmark: _Toc196939706]Use case
To determine the functions of the guitar tuner, the learner created a use case which can be seen in table 2. The aim of the use case is to determine the steps required to carry out the use of the item by reviewing the actors, the pre/post conditions and the basic/ alternative/exceptional flow of the use. 
[bookmark: _Toc194575193][bookmark: _Toc196939731]Table 2 Tuner Use case
	Use Case: A clear verb/noun or actor/verb/noun that communicates the scope of the use Case
Use case for using a guitar tuner to tune string to desired pitch

	Author A Clarke
	Issue: Draft 1A
	Reviewed N/A
	Date March 2025

	Actors: - A list of actors who can engage in the activities described in the use case: -
1. Guitarist 
2. Bassist


	Pre-conditions: - Anything that can be assumed to be true when the use case begins: -
1. The guitarist or bassist has some musical understanding.


	Post-Conditions: - Anything that must be true when the use case is complete.
1. The guitar or bass is tuned.



	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. Connect the instrument to the tuner
2. Turn on tuner.
3. Decide what pitch to tune to string to.
4. Strum the string
5. Check the tuner
6. Turn the tuning peg to reach desired pitch.
7. Strum the string again
8. Confirm desired pitch reached.
9. Repeat for the remaining strings.


	Alternative Flow: - Captures alternative user/system interactions, such as what happens if data is entered incorrectly.
· String tuned to incorrect pitch.


	Exception Flow: - The things that can happen to prevent the user from reaching their goal.
1. String breaks: Remove broken string
		 Attach new string
		 Back to basic flow.




From the use case the learner was able to define the following function of the guitar tuner:
· Connect instrument to the tuner.
· Turn on the tuner.
· Decide pitch.
· Strum string
· Check display.
· Turn the tuning peg.
· Strum string.
[bookmark: _Toc196939707]QFD1
From the requirements gathering, pairwise comparison and use case tools the learner was able to carry out the QFD1 analysis to determine the relationship between the requirements and functions of the guitar tuner as seen in table 3. The scoring for the relationship between the requirements and functions was carried out with a score of 9 being high importance and a score of 3 being of lower importance.
[bookmark: _Toc194575194][bookmark: _Toc196939732]Table 3 QFD1
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[bookmark: _Toc196939708]Functional importance  
From carrying out QFD1 the learner was able to determine and rank the functional importance of each of the functions which can be seen in figure 8. The most important functions where that of deciding the pitch and connecting to the instrument.

[bookmark: _Toc196939727]Figure 8 QFD1 Functional Importances

[bookmark: _Toc196939709]Concept Generation
[bookmark: _Toc196939710]Functional means analysis
From QFD1 the learner then carried out a functional means analysis to determine means for each of the functions defined in the use case as seen in table 4. The aim of functional means analysis is to determine multiple ways for each of the function to be carried out and provide the user the ability to almost pick and choose what means can be used during the design concept phase.
[bookmark: _Toc194575195][bookmark: _Toc196939733]Table 4 Functional Means Analysis
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[bookmark: _Toc196939711]Design concepts
[bookmark: _Toc194575196]From the functional means analysis, the learner was able to pick and choose means for each of the functions and created two different design concepts. The first design concept was that of a foot pedal guitar tuner as seen in table 5. The second design concept was that of an automatic guitar tuner as seen in table 6.
[bookmark: _Toc196939734]Table 5 Foot pedal design concept
[image: A close-up of a table
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[bookmark: _Toc194575197][bookmark: _Toc196939735]Table 6 Automatic design concept
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[bookmark: _Toc196939712]Concept evaluation
[bookmark: _Toc196939713]System Pugh analysis.
Using the two design concepts the learner had created from the functional means analysis the next step was to carry out concept evaluation by the means of Pugh analysis. For the Pugh analysis a comparison was made between the COTS guitar tuner (as stated in section 1.4), the foot pedal guitar tuner concept and the automatic guitar tuner concept as seen in table 7. The COTS guitar tuner was the bassline for the scoring with each requirement, the development cost, purchase cost and availability being scored as 0. The scoring of the foot pedal and automatic design concepts was based on a plus or minus ranking. If the concept design was deemed to be better than the COTS guitar tuner it was given a plus scoring of 1 or 2. If the concept design was deemed to be worse than the COTS guitar tuner it was given a minus scoring of -1 or -2. If the concept was deemed to be equivalent to the COTS guitar tuner it was giving a scoring of 0. From the Pugh analysis the leaner determined that the foot pedal design concept was the best in the comparison between the both.
[bookmark: _Toc194575198][bookmark: _Toc196939736]Table 7 System Pugh Analysis
[image: A screenshot of a computer
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[bookmark: _Toc196939714]Component Criticality in QFD2
[bookmark: _Toc196939715]Theory of QFD2
For QFD2 this tool uses the matrix diagram to assess the relationship between the functionality and the design features. Using the functionality from QFD1 this is now moved from the top part of the matrix to the left-hand side. An example of the matrix diagram for QFD 1 can be seen in figure 9.
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[bookmark: _Toc196939728]Figure 9 QFD2 matrix diagram
[bookmark: _Toc196939716]QFD2
From the functional means analysis and Pugh comparison tools the learner was able to carry out the QFD analysis to determine the relationship between the functionality and the design features of the foot pedal guitar tuner design concept as seen in table 8. The scoring for the relationship between the requirements and functions was carried out with a score of 10 being high importance and a score of 3 being of lower importance.
[bookmark: _Toc194575199][bookmark: _Toc196939737]Table 8 Foot Pedal tuner QFD2
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[bookmark: _Toc196939717]Feature importance 
From the QFD2 analysis the learner was able to determine and rank the importance of each of the design features for the foot pedal guitar tuner concept, which can be seen in figure 10

[bookmark: _Toc196939729]Figure 10 Foot Pedal Tuner QFD2 feature importance
This analysis determined the most important features on the foot pedal design concept was tuning to a cromatic scale, and having a digital display with a Red/Amber/Green (RAG) scale for indication of how close the pitch was to being the correct chosen pitch.
QFD2 was the final stage of this case study providing the leaner with a design concept that would be ready to move forwards with remaining steps if required.
[bookmark: _Toc196939718]Conclusion
From carrying out this case study to design a guitar tuner using system engineering design tools, the learner determined that a foot pedal guitar tuner would be the most suitable concept to meet the original user requirements. The final design concept was very different than what the learner had originally solutioned with the “Automatic Bass guitar tuner” which shows that if the learner had stuck to this initial idea the users’ requirements would not have been met.
From this case study the learner learn how effective and logical the systems engineering approach to design can be by ensuring the correct requirements are gathered and defined, the correct functionality for the requirements is defined and the correct features are chosen for the design concept to ensure everything goes back to the originally set requirements.
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Requirements Comparison

The operator requires the tuner shall be used on different guitar types	The operator requires the tuner to detect multiple pitches	The operator requires the tuner to display the pitch	The operator requires the tuner to connect to the guitar	The operator requires the tuner to be powered	The operator requires the tuner to be easy to use.	The operator requires the tuner to be durable	The operator requires the tuner to be compact.	19.146651877142016	31.412343951687767	13.763021947368866	19.494099537115144	5.6354119920635091	5.9587226980562988	2.2948739982832049	2.2948739982832049	


QFD 1 Functional Importances
Connect instrument 	Turn on the tuner	Decide pitch	Strum string	Check display	Turn the tuning peg 	Strum string	Confirm desired pitch reached	495.63229886588442	64.487951918270809	517.64675300544241	340.15105119661598	177.49570180882648	340.15105119661598	340.15105119661598	336.3395998476966	#REF!	


QFD2 Feature Importance
Guitar output cable	Auto detect instrument connected	Cromatic scale	Fingers	Plectrum	Digital display	RAG scale	Manually turn	446.06906897929599	504.1082257057397	923.88174346945789	612.27189215390877	612.27189215390877	1030.3791645547537	1030.3791645547537	612.27189215390877	
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