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[bookmark: _Toc235962155]Abstract
This report summarises the systems engineering tools used to develop a mine detection, clearance and marking system for a constrained desert route. It explains how requirements analysis, functional decomposition, QFD, Function Means Analysis, Pugh selection, robustness tools and process considerations supported traceable design decisions. It also highlights the importance of designing for recovery, safe state behaviour, redeployment and disposal from the outset, supporting a safer and more defensible system solution.

[bookmark: _Toc235962156]Introduction
[bookmark: _Toc522271446]Systems engineering is a structured, multidisciplinary approach used to develop and manage complex systems across their full lifecycle, from early requirements capture through design, manufacture, operation, support and disposal [1]. Its importance lies in ensuring that stakeholder needs, constraints, risks and interfaces are considered together rather than in isolation, so that design decisions remain traceable to the original requirement and the final solution is fit for purpose. In this design task, systems engineering provides the disciplined framework needed to translate an operational problem into clear requirements, prioritised functions, viable concepts and evidence-based design choices. This is particularly important where safety, reliability, environmental impact, manufacturability and end-of-life disposal all influence whether the system can deliver the required capability in a controlled and defensible manner [2].
This report details the systems engineering tools and methods used to develop a design response to the mine detection, clearance and marking task. The design brief required a portable system, transportable by Land Rover, Hi-Lux or equivalent light vehicle, to detect, clear and mark a mined route through desert terrain so that medical supplies and subsequent civilian convoys could pass safely. The route was constrained by a steep-walled pass, with go-around difficult or impossible, helicopter use made too risky by a persistent ground to air MANPAD threat, and heavy vehicle support limited by low-loader availability and reliability issues. 
The assessment required the team to apply established systems engineering tools to identify customer requirements, critical system functionality, concept choices, potential failure modes, critical design features, manufacturing processes, process controls, and waste/end-of-life disposal considerations. The author’s role within the group was focused on the Breakdown and Disposal phase; therefore, this report gives particular weight to how disposal, recovery, post-use safety, environmental impact and end of life considerations were incorporated into the design logic from the outset rather than treated as late-stage add-ons.
[bookmark: _Toc235962157]Design Brief and Systems Engineering Context
The operational problem was not simply to destroy mines, but to produce a usable cleared route under time pressure, with minimum burden on the convoy and with a credible route remaining available for later users. The design therefore had to consider detection, neutralisation or removal, route marking, verification, recovery and redeployment. The brief also made clear that Python was not available as a direct solution because of concerns over bullet or fragment vulnerability and the risk that misfires or captured explosive resources could benefit hostile forces. 
This made the problem suitable for a systems engineering approach because the design could not be optimised around a single function. A system that detected mines but could not verify clearance, or neutralised mines but left the route unsafe or environmentally unacceptable, would not satisfy the stakeholder need. The toolset therefore helped translate an ambiguous operational problem into structured requirements, functions, candidate concepts and design controls.
[bookmark: _Toc235962158]Requirements Capture and Prioritisation 
The first tool used was the requirements set. The workbook identified key requirements including detecting buried or surface laid mines, rendering mines safe by removal, destruction or permanent disabling, transportability by light vehicle, marking cleared lanes, functioning in dust, sand, heat and vibration, clearing the route within the time window required for urgent medical convoy movement, limiting blast and fragmentation, defaulting to a safe condition in the event of malfunction and be designed to enable safe, compliant breakdown and disposal of all system components, including explosive payloads, electronic subsystems and structural elements, in accordance with applicable environmental, explosive safety and hazardous waste regulations at end of life.
This requirements activity was important because it prevented the design team from moving immediately to a preferred mechanism. From a Breakdown and Disposal perspective, the most important value of the requirements set was that disposal and post-use safety were embedded as system concerns. The workbook explicitly included minimal environmental impact during disposal as part of the logistics/environment requirement set. This ensured that the design could be assessed across the lifecycle: deployment, operation, recovery, redeployment and final disposal. 
A pairwise comparison was then used to rank the relative importance of the requirements. The scoring used a preference scale where requirements were compared against one another and normalised to produce a weighted importance. The output shows that detection, rendering mines safe, route marking, transportability and environmental robustness all remained closely weighted, with no single requirement dominating the whole design (Figure 1). 
The systems engineering relevance of the pairwise comparison is that it converts team judgement into a transparent decision record. It does not remove judgement, but it makes assumptions visible and enables challenge. For Breakdown and Disposal, this was useful because disposal related concerns could be traced back to stakeholder needs rather than presented as personal preference, demonstrating that disposal was treated as a material contributor to the design rather than a marginal consideration.
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[bookmark: _Ref235947152][bookmark: _Toc235962175]Figure 1 – Requirements and Pairwais Comparison
[bookmark: _Toc235962159]Functional Analysis and Functional Decomposition
The next stage translated requirements into what the system must do. The workbook’s required functionality included deploying the clearance capability, loading off to a light vehicle, moving to the clearance start point, bringing systems and sensors online, detecting explosive hazards, assessing and deciding, neutralising or removing mines, verifying clearance, marking the cleared route, enabling convoy transit, recovering/redeploying the system and render safe or dispose of system.
This was a key systems engineering step because functions were described before committing to a physical solution. That distinction is important. “Neutralise or remove” is a function; an explosive charge, mechanical disturbance, controlled detonation or extraction method are possible means. Similarly, “recover and redeploy” is a function that forces the design to address post-use equipment condition, safe stowage, residual hazards and onward movement.
For Breakdown and Disposal, the most relevant functions are “Recover and Redeploy” and “Render Safe or Dispose of System”. If the system cannot be made safe after use, cannot be stowed without creating a transport hazard, or leaves contaminated or hazardous components in the cleared lane, the operational mission is only partly successful. Functional decomposition therefore helped expose lifecycle functions that are often overlooked when teams concentrate on the dramatic clearance event, such as Breakdown and Disposal being decomposed into deactivation and neutralisation, isolation and containment, dismantling and disassembly, and documentation and certification (Table 1). This functional decomposition helps ensure that the system is not only effective during use, but can also be handled safely after use, after failure or at end of life.
[bookmark: _Toc235962160][image: ]
[bookmark: _Ref235959367][bookmark: _Toc235962171]Table 1 – Required Functionality
[bookmark: _Toc235962161]Quality Function Deployment 1: Linking Requirements to Functions
Quality Function Deployment (QFD) 1 was used to relate the weighted requirements to system functions. The output gave a functional importance score, with “Enable Convoy Transit” scoring highest, followed by “Neutralise or Removal” and “Detect Explosive Hazard” (Figure 2). 
[image: ]
[bookmark: _Ref235947111][bookmark: _Toc235962176]Figure 2 – QFD 1 Functional Importances
The result is important because it confirms that the purpose of the system is not simply mine defeat; it is to enable safe convoy movement. It also shows that recovery and disposal are measurable system functions with defined importance.
[bookmark: _Toc235962162]Function Means Analysis and Concept Generation
Function Means Analysis (FMA) was used to identify alternative ways of achieving each function. The team considered possible means for deployment, detection, assessment, neutralisation/removal, verification, route marking, convoy transit and recovery/redeployment. Examples included drones, unmanned ground vehicles, vehicle-mounted systems, magnetometers, LiDAR, ground penetrating radar, AI, trained personnel/EOD, explosive effectors, repeat scans, flags/reflective markers, ploughs, spare parts, tow bars/trailers and return-to-home systems (Table 2). 
The value of FMA was that it opened the design space before down selection. It encouraged the team to consider multiple ways of achieving each function and to identify combinations that could form complete system concepts. It also helped identify unworkable or unsafe ideas early, particularly where a means would conflict with the requirement to minimise personnel exposure, avoid creating additional hazards, or enable safe recovery.
The “Render Safe or Dispose of System” function identifies modular design, legislative compliance, non-hazardous materials and safe shutdown as possible means. This directly supports the Breakdown and Disposal role by connecting disposal outcomes to early design decisions. Modularity, safe shutdown and appropriate material selection can reduce end of life handling demands and simplify the segregation of damaged, hazardous, electronic and recoverable components.
[image: ]
[bookmark: _Toc235962172]Table 2 - FMA
[bookmark: _Toc235962163]System Pugh Matrix and Concept Solution
A System Pugh Matrix was used to compare candidate concepts against weighted customer requirements. Python was used as a baseline, animals, drone and metal detector options. The weighted scores showed the drone concept as the strongest of the listed alternatives, with the workbook giving weighted outputs for the options and ranking them against the baseline (Table 3). 
The systems engineering relevance of the Pugh Matrix is that it provides a structured comparison, making trade-offs visible. It does not prove that a concept is correct, but it helps explain why one concept is preferred based on known requirements. In this case, the drone concept provided a credible means to detect, mark and potentially support neutralisation while reducing direct personnel exposure in uncleared areas.
From a Breakdown and Disposal perspective, this is useful because it allows disposal concerns to influence concept selection rather than being raised after the concept has already been fixed. The selected drone/UGV-supported approach still creates disposal challenges, especially where explosive payloads, electronic subsystems and potentially damaged platforms are involved, but those challenges are now visible in the requirements and function structure.
[bookmark: _Toc235962164][image: ]
[bookmark: _Ref235960348][bookmark: _Toc235962173]Table 3 – System Pugh Matrix
[bookmark: _Toc235962165]QFD 2: Design Features and Criticality
QFD 2 was then used to connect system functions to design features (Table 4). The workbook assessed design features including drone, UGV, 4x4-mounted system, split assembly, ground penetrating radar, AI, visual means, trained personnel/EOD, aide memoire, explosive effector, repeat scans, flags/reflective markers, sandbags, plough, spare/replaceable parts, tow bar/trailer and return-to-home system, modular design, compliance with legislation, non-hazardous materials and safe shutdown. The output showed high importance scores for features such as ground penetrating radar, trained personnel/EOD, repeat scans, aide memoire, flags/reflective markers and drone related features (Figure 3). 
The relevance of QFD 2 is that it identifies which design features most strongly influence the system functions. This helps focus detailed design attention and avoids spending effort on features that do not materially improve stakeholder outcomes.
QFD 2 shows where disposal led design attention should be focused. Spare and replaceable parts support repair and redeployment. Modular design supports dismantling and segregation. Compliance with legislation supports defensible disposal planning. Non-hazardous materials reduce end-of-life burden. Safe shutdown helps prevent a failed or partially used system from becoming an uncontrolled hazard.
From the Breakdown and Disposal viewpoint, QFD 2 shows where disposal led design attention should be focused. Spare and replaceable parts support repair and redeployment. Modular design supports dismantling and segregation. Compliance with legislation supports defensible disposal planning. Non-hazardous materials reduce end-of-life burden. Safe shutdown helps prevent a failed or partially used system from becoming an uncontrolled hazard.
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[bookmark: _Ref235960746][bookmark: _Toc235962174]Table 4 – QFD 2
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[bookmark: _Ref235960866][bookmark: _Toc235962177]Figure 3 – System Feature Importances 
[bookmark: _Toc235962166]Noise Factors, Control and Robustness
Parameter Diagrams and “What-Why” matrices were undertaken to identify the noise factors and control factors for the Ground Penetrating Radar (GPR) and EOD Personnel, with noise factors such as dust, sand, grit, salt, mine depth, mine type, mine age, condition of mines, buried debris, terrain and operator influence being identified for the GPR and climatic influences, training, time since last using EOD skills, stress, medical conditions, distractions, experience, team working skills, equipment condition and operator health for EOD personnel (Figure 4, Figure 5, Figure 6 and Figure 7). 
In systems engineering terms, these tools support robust design. They help identify what may cause the system to deviate from expected performance and which controls are most important in reducing that variability. 
For Breakdown and Disposal, the key benefit is that noise and control thinking can be extended beyond operation into recovery and disposal. The design should consider what happens if the system is damaged, contaminated, partially expended, thermally affected, electrically degraded or unable to return normally. Controls may include defined safe-state logic, recovery procedures, marking of failed components, segregated stowage, and disposal routes for damaged or contaminated items.
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[bookmark: _Toc235962167]Manufacturing, Process Controls and Disposal Implications 
The workbook included manufacturing requirements, process mapping, manufacturing QFD, process FMA, process Pugh and further QFD stages. These tools are relevant because a concept is not complete unless it can be manufactured, inspected, controlled and supported. The assessment criteria specifically required consideration of manufacturing processes, critical process steps, process control measures and waste/end of life disposal. 
For Breakdown and Disposal, manufacturing and disposal must be connected. Material choices, joining methods, modularity, energetic content, coating systems and inspection regimes all influence how easily an item can later be broken down, repaired, quarantined or disposed of. A design that is difficult to disassemble, or that mixes incompatible waste streams, may create avoidable end of life hazards.
The process mapping approach is therefore useful because it can be mirrored at end of life: receive damaged system, identify condition, isolate hazardous components, verify safe state, separate reusable parts, segregate waste streams, document disposal route, and confirm no residual hazard remains. This makes disposal a controlled process rather than an improvised activity.
[bookmark: _Toc235962168]Breakdown and Disposal Assessment
The systems engineering toolset, enabled the Breakdown and Disposal phase to be treated as a through life design driver. The system is deployed into an austere environment, used around explosive hazards, potentially exposed to blast, dust, shock and manual handling, and then expected to be recovered, redeployed or disposed of safely. Therefore, the design had to include the following disposal led principles:
Design for safe state: the system should default to a safe condition in the event of malfunction, consistent with the workbook requirement. 
Design for recovery: the system should include practical features such as tow points, modular replacement parts, return to home functionality or other recovery aids identified through QFD 2 and FMA. 
Design for verification: repeat scans and cleared-route marking support confidence that the route is genuinely usable and that residual hazards are identified before convoy movement. 
Design for segregated disposal: components should be separable into reusable, repairable, contaminated, damaged and hazardous waste categories.
Design for environmental control: disposal should minimise environmental impact, reflecting the workbook’s inclusion of minimal environmental impact during disposal as a requirement. 
This approach shows how the systems engineering toolset supported the author’s role. Requirements ensured disposal was recognised. Functional analysis identified recovery and redeployment as system functions. QFD linked those functions to stakeholder value. FMA generated potential means of achieving recovery and disposal. Pugh evaluation enabled unsafe or impractical options to be screened. QFD 2 highlighted design features needing detailed control. P-Diagrams and What-Why analysis helped consider variation, degradation and failure states.
[bookmark: _Toc235962169]Conclusion
This report has demonstrated how structured systems engineering methods supported the development of a traceable and defensible design for a mine detection, clearance and marking system. By applying requirements analysis, functional decomposition, QFD, FMA, Pugh selection and robustness tools, stakeholder needs were translated into informed design decisions throughout the system lifecycle.
From the perspective of Breakdown and Disposal, the analysis shows that end of life considerations should be treated as integral design requirements rather than activities undertaken after operational use. Designing for safe state behaviour, recovery, modularity, maintainability and environmentally responsible disposal improves both operational effectiveness and lifecycle performance.
While the systems engineering tools rely on engineering judgement, they provide a structured and transparent framework for evaluating alternatives, managing trade offs and maintaining traceability between requirements and design decisions. Overall, the report demonstrates that embedding breakdown and disposal considerations from the outset results in a safer, more maintainable and more sustainable system that better satisfies stakeholder requirements across its entire lifecycle.
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