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[bookmark: _Toc121839700]Project Aim
The aim of this report is to apply a learned set of systems engineering tools to the re-design of a household device or service that has fallen short of a user’s expectations. This report will explain how the toolset has been used to develop an effective and targeted solution through the identification of key parts of the design process and “left-shifting” design issues.
In this instance the chosen household device is a bedside alarm clock.
[bookmark: _Toc121839701]Why an Alarm Clock?
The object of interest for this report is an analogue bedside alarm clock which has failed to delight the author. The alarm clock has failed in the eyes of the author in the following capacities:
· The alarm clock is not visible in the dark
· The alarm is too easy to ignore and thus does not always wake the author in time
· The setting of the alarm is neither accurate nor precise
· The clock’s timekeeping is poor
Thus, the author should like to improve the performance of this object by employing the use of some systems engineering tools.
[bookmark: _Toc121839702]Systems Engineering Toolset
[bookmark: _Toc121839703]What is Systems Engineering?
“Systems Engineering is a transdisciplinary and integrative approach to enable the successful realization, use, and retirement of engineered systems, using systems principles and concepts, and scientific, technological, and management methods.” [1]
What systems engineering aims to achieve is the efficient design and manufacture of an object or process that is a targeted and effective solution to the problem at hand. This is typically done through carefully considering each stage of the design to manufacture process, trying to find and encounter problems as early as possible so that they are easier and less costly to deal with. It is a proactive approach to problem solving, rather than reactive.
[bookmark: _Toc121839704]Systems Engineering Tools
The various tools used by systems engineers will all have the same main goals. These will be to identify:
· 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
Once these factors are identified, improvements and solutions can be implemented. Many methodologies exist for identifying these factors. They may range from in-person discussions, brainstorming, visits, and interviews, to digital models, statistical analyses, testing and evaluation, and computer algorithms. [2]
While the methodologies may differ, the principles remain the same and they can all work in achieving their goals. The guiding principles are to always take a multi-disciplinary approach, involving people from all aspects of the process, to optimize the overall system design, showing no bias towards a particular sub-system/discipline, and to always validate that the goals and requirements of the system are being met. [3]
[bookmark: _Toc121839705]Application of the Toolset
A systems approach shall now be applied to the re-design of the bedside alarm clock that the author has been so displeased by.
[bookmark: _Toc121839706]Requirements
The first thing to establish is the operational requirement(s) of the system. In the case of the alarm clock, an operational requirement may read as follows:
	To wake the user effectively with an accurate and precisely configurable alarm, while being readable in the dark and keeping the time accurately.
This outlines the overall goal of the system, providing limitations and focus. The operational requirement(s) remains simple and concise to avoid confusion and the addition of unnecessary function. It should be noted that operational requirements exist at every level of the system, therefore the operational requirement of importance to the systems engineer(s) should be targeted at the appropriate system level and level of detail.
The next step is creating sets of functional and non-functional requirements. Functional requirements will state what the system must do to satisfy the operational requirement, while non-functional requirements will specify how the system will do something and to what extent. The non-functional requirements add constraints to the functional requirements.
An example of a functional requirement:
	Illuminate time display
Non-functional requirements can be separated further into three categories: non-functional system, non-functional performance, and non-functional implementation requirements. Examples are as follows:
· Non-functional system – affects whole system characteristics
· E.g. alarm clock must be no bigger than 200mm x 100mm x 100mm (W x H x D)
· Non-functional performance – how well a particular function performs
· E.g. display must be 250 cd/m2
· Non-functional implementation – how the system will be built using specific equipment, typically specified by the customer or are solution-dependent requirements
· E.g. clock must be powered by AA batteries
These requirements can then be synthesised and used to develop a Quality Function Deployment diagram.
[bookmark: _Toc121839707]Quality Function Deployment
A Quality Function Deployment diagram (QFD) is a tool for organizing requirements and helps the systems engineer develop the customer’s requirements into actionable organisation requirements. The QFD is a matrix that assesses the relationship between two sets of requirements, assisting the evaluation of the sets so that the most important functions and requirements can be identified. Thus, a customer-centric solution can be implemented.
The primary benefit of a QFD is the fact that the customer is carefully considered and catered for.  By analysing and comparing requirements and functions, the solution shall be suitable and meet the customers’ and stakeholders’ expectations. However, QFDs are not without fault. The strict customer focus of the QFD limits how much care can be paid to the interests of the company itself, and the time it takes to produce a QFD limits the adaptability and agility of the company. Still, when combined with other systems design tools (as will be seen later), QFDs remain very effective.
The first QFD conducted compares the functional requirements with the non-functional system requirements. This is known as QFD 1 (See Appendix A for an example QFD 1). The goal of QFD 1 is to highlight the most necessary functions and requirements and focus the design process. The importance of requirements can be adjusted based on the input from the customer to assist with the weighting and evaluation process. Another key output is a set of measurable, technical design requirements that can then inform the next stage of the design process, which is a Function Means Analysis.
[bookmark: _Toc121839708]Function Means Analysis (FMA)
The next stage of the design process is to start considering whole system concept solutions for the functional requirements. This is completed through a function means analysis, the aim of which is to devise a reasonable whole system solution to the requirements. This works by considering all the required functions and brainstorming ideas of meeting those requirements. They may be futuristic, realistic, or impractical, the goal is to collect as many ideas as possible to best establish a good solution that can capably meet all requirements. As always, collaboration is key. [4]
The means for each function are worked through, and just one selected per function for each solution. The output is then one or more competing whole system solutions which can be evaluated and compared further to establish a clearer design goal, focussing the system design and manufacture process. See Appendix B for an example FMA table, which presents two competing solutions. 
One such tool that can be used to evaluate and compare solutions is the Pugh Analysis, which scores the solutions’ performances for each requirement on a relative scale. The output is a quantitative value which indicates the best-performing novel (or pre-existing) solution. Again, a drawback is that this approach is very customer-centric and has the potential to not pick the best option for the company.
The limitations of the FMA arise from the group of individuals selected to carry out the means analysis. Analyses succeed when a breadth of options from a breadth of disciplines are considered. Any bias in the personnel selection or within the group itself may lead to a less effective, although still structured and transparent design process.
[bookmark: _Toc121839709]Quality Function Deployment 2
With a robust set of requirements and an appropriate design solution, the QFD process can be run through again with the goal of translating the design requirements from QFD 1 to a set of concrete solution requirements. This is achieved through comparing the key functions (left side of QFD 2) with the solutions (top side of QFD 2) chosen in the FMA. Solution-function relationships are graphed, with potential sub-systems and critical solutions easily identifiable.
Like QFD 1, QFD 2 can be a very useful tool in the right hands and situation. It excels in ensuring there are no conflicts between design and solution requirements, identifying potential areas of critical system interactions – good and bad, identifying key design features, and ensuring an organised, complete, and correct flow-through of requirements. Also like QFD 1 though, QFD 2s take a considerable amount of time to complete properly, limiting the agility of the design process.
[bookmark: _Toc121839710]Noise Variables
The next step is to figure out which design features are susceptible to which noise factors. This is accomplished using a Parameter (P-) Diagram (Appendix C) – a simple diagrammatic tool that helps designers improve the robustness of their system. P-Diagrams show clearly what noise factors may affect the output of the system which is essential because a non-robust system sensitive to failure would be unacceptable to any customer.
Noise can come in several ways: external, unit-to-unit, and deterioration. Each noise factor can also be direct or indirect noise.
· Indirect noise: variation in the control factors
· Direct noise: noise factors that have an immediate effect on the output
· External variation: environment and system load cause unwanted system performance
· Unit-to-Unit: variation in a manufacturing process/measurement system
· Deterioration: system characteristics change over time
The output of this stage of the design process is a set of control factors. This allows the design to be refined and made more robust through the implementation of appropriate control measures. A matrix approach similar to the QFDs can also be employed to prioritise noise and control factors; this is known as a What-Why table. A What-Why table is particularly good at seeing what sources of variation will have the most effect on the performance of the design and what are the most influential control factors. 
Like other tools mentioned, the P-Diagram and What-Why table may suffer where they are left entirely to the opinions of one group that is itself subject to bias. While quantitative data is seemingly collected, the values are based on (albeit collective) feelings so in an ideal world a robust test and trials programme should be devised to further investigate any noise-performance relationships.
[bookmark: _Toc121839711]Further Steps
With the QFD 2 and a noise factors assessment complete, the design team will have a set of solution requirements and a set of control measures. This is a good foundation and will certainly assist in the making of an effective solution but could be taken further if chosen to do so. Having designed a solution there will be more emergent functionality that arises, where functions may be dictated to the design team by legislation or physical limitations of how the device can be assembled. These additional functions can be added to QFD 1 and distilled further into QFD 2 as has been seen previously.
The whole design process can also be taken further still; considering the manufacture of the item will present yet more issues and failure modes. Working through the design process again but for the manufacturing system instead will yield potential manufacturing solutions. Comparing these with the design solutions from the first QFD 2 will yield the most important manufacturing solutions, allowing the control measures to be devised and appropriately targeted.
For the sake of brevity these exercises have not been carried out in this project.
[bookmark: _Toc121839712]Final Design Analysis
After the design process has been completed, the design team is left with the following:
· Operational requirements
· Functional requirements
· Non-functional requirements
· Possible solutions
· Control factors
· Noise factors
QFD 1 helps to prioritise the functional requirements, then QFD 2 helps to identify the most critical solutions. The addition of a P-Diagram establishes control factors, which are then compared to the noise factors in a What-Why table to assist in creating control measures.
In the case of the alarm clock, the use of these tools has led to an idea for a device that will meet the user’s expectations. The failures of the clock mentioned earlier have been addressed through the more careful consideration of what exactly those failures are and implementing a more deliberate and robust solution. The radio-controlled nature of the timekeeping is accurate, a dial allows for fine adjustment to the alarm setting, the display is LED illuminated, and the inclusion of a light in addition to an alarm should mean the user is reliably awoken. The wake-up light feature was however included too early as this is a solution to a function and should not have been required functionality in the first place. The fact remains that its design was still carefully considered, though.
The use of these systems tools has allowed for the creation of this tailored solution before even a prototype has been made. In the real world, this saves on costs because problems are discovered and worked on before expensive and time-consuming manufacturing processes are begun, or products must be recalled and re-engineered. However, it may not always be the most time-sensitive approach. For example, when designing a new variant of a tactical missile, it is vital to think of the munitions compatibility requirements with the platform(s) it will serve on. The manufacturer may be inclined to take an older design and update and requalify it to save time engineering a new munition. This may not always be the most economical solution because taking short cuts often causes more issues later in the product’s lifecycle.
[bookmark: _Toc121839713]Conclusion
In conclusion, systems thinking should, where possible, be implemented in a design process. The tools explored have proven useful in flagging up critical functionality and potential issues long before any costly commitments would, in the real world, have been made. A more customer-centric solution is delivered that is more robust to potential sources of failure and noise.
The alarm clock solution is an example of an item that has been engineered to better meet the needs of the user and provide a clear design direction, making the task easier for all interested parties.
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Alarm is set wrong Variation in display brightness Batteries discharging
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How

Importance

Illuminate time display

Sound alarm Display time

Adjust alarm

Keep time

Emit wake-up light

Power device

Know time

Store alarm setting

Adjust wake-up light timing

Adjust wake-up light brightness

Requirements

The user requires that the device shall have a legibile time 

display even in the dark 5 9 0 3 1 3 1 3 3 0 3 0

Brightness of > 250 cd/m^2

The user requires that the device shall know the time 5 3 9 9 9 9 3 3 9 1 9 To within 1 in every 1000000 seconds

The user requires that the device shall display the time 5 9 3 9 9 9 0 3 9 0 3 0 At all times

The user requires that the device shall sound an alarm 5 0 9 0 3 3 0 3 3 9 1 0 Louder than 50dB

The user requires that the timing of the alarm shall be 

adjustable 5 1 3 3 9 3 1 3 9 9 1 0

To within 1 second

The user requires that the device shall be able to emit a wake-

up light 5 0 0 1 0 1 9 3 3 1 3 3

> 200 lumens

The user requires that the brightness and timing of the wake-

up light are adjustable 5 0 0 3 0 3 3 1 9 9 9 9

To within 10 lumens and 1 second

The user requires that the device shall function in the event of 

a powercut 5 3 3 3 3 9 3 9 9 9 3 3

For > 8 hours
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How Much??? Derive target values for each function. 

This will determine how well the existing design 

performs and how well our modified version will perform

Brightness of > 250 cd/m^2
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At all times

In down to 1 second increments

To within 1 second in every 1000000 > 200 lumes Deliver 10W To within 1 second Deviates less than 1 second every year In down to 1 second increments In down to 10 lumen increments
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Illuminate time display

LED Candle Halogen Bulb Filament Bulb Phosphorescence

Sound alarm

Bells Cymbals Clappers Electronic Sounder Air Horn

Display time

LCD OLED Segment Display Flip Binary Projector

Adjust alarm

Dial Buttons up/down Keypad

Keep time

Quartz Movement
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Movement

AC Oscillator Quartz Oscillator Radio-Controlled

Emit wake-up light

LED Halogen Bulb Flare Filament Bulb Neon

Power device

Battery (/-ies) Mains Solar

Know time

Radio-Controlled User-Set

Store alarm setting

Flash Storage Solid State Hard Disk Floppy Disk RAM CD/ROM

Adjust wake-up light timing

Dial Buttons up/down Keypad Voice Control App Control Wi-Fi

Adjust wake-up light 

brightness

Dial Buttons up/down Keypad Voice Control App Control Wi-Fi

Light-Dependent 

Resistor
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