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[bookmark: _Toc228545702]Abstract 
This report presents a systems engineering focused analysis of the creation of a remote mine clearance concept for operation within a desert environment. Within the design team, roles including Research and Development Lead, Test and Evaluation Lead, Manufacturing and Procurement Lead, Safety and Legislation Lead as well as Waste Management and Disposal Lead were assigned to team members to facilitate the generation of an operationally safe, feasible and legally compliant design.
The report focuses on how systems engineering tools including requirement analysis, functional analysis and failure mode and effect analysis were used to ensure safety was incorporated throughout system architecture. The application of these tools facilitated the production of a traceable and justifiable concept that satisfies stakeholder requirements.
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[bookmark: _Toc228545706]1 Introduction
Systems engineering provides a structured approach to the design of complex systems by integrating performance quantification, human factors, risk management and legislative compliance throughout the product life cycle. The holistic design approach implemented facilitates safety to be embedded within the system architecture at the earliest design stages rather than becoming a secondary concern addressed solely through procedural controls. 
This report presents the analysis of system engineering tools used to design the Rapid Explosive Detection and Path Harmonisation (REDPATH) concept. This concept is a semi-autonomous unmanned aerial platform intended to detect, locate and neutralise landmines within a desert environment to enable the safe passage of a civilian convoy. The report is written from the perspective of the Safety Lead and focuses on how system engineering tools including requirements analysis, Failure Modes and Effects Analysis (FMEA) and human factors tools were applied to ensure the final concept was legally compliant, operationally viable and safe to use.
This report also evaluates the influence of the systems engineering tools applied on key design decisions, identification and mitigation of risks as well as alignment with legal and ethical requirements.



[bookmark: _Toc228545707]2 Stakeholder Requirements
[bookmark: _Toc228545708]2.1 Stakeholder Mapping
To generate a concept capable of meeting the specifications presented in the design brief, a clear understanding of the stakeholders who dictate, constrain and are affected by the use of the system was required. To achieve this, a stakeholder influence map denoting the interdependent relationships and interests was developed as shown in Figure 1. 
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[bookmark: _Toc228544630]Figure 1 - Stakeholder Map of REDPATH System
Figure 1 illustrates that the REDPATH concept was shaped by a network of interdependent influences, including regulatory control, operational feedback, manufacturing capability, assurance evidence, lifecycle support and societal impact, rather than by a linear flow of requirements.
Developing this stakeholder map enabled the creation of a requirement set that reflected the wider stakeholder community rather than focusing solely on end‑user operational convenience. This community encompassed operational, legal, organisational and environmental interests, capturing stakeholders whose needs are often overlooked, such as logistics, local communities and future route users, the supply chain and through‑life support providers.
The process also enabled differentiation between operationally desirable requirements and those that were legally or organisationally mandatory. This provided a reasoned basis for requirement weighting in subsequent analyses, improving design traceability and reducing the likelihood of omission. As a result, requirements relating to dangerous goods handling and transport, unmanned aerial operation and environmental protection were incorporated into the primary requirement set.
[bookmark: _Toc228545709]2.2 Requirement Set 
The primary requirement set generated by considering the perspectives of each stakeholder is shown below in Figure 2. Other methods of requirement capture including talking to subject matter experts (SMEs) and current end users were also implemented by the Safety, Research and Development (Drone) and Test and Evaluation leads. 
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[bookmark: _Toc228544631]Figure 2 - Final Requirement Set Generated for the Concept
[bookmark: _Toc228545710]2.3 Requirement Analysis 
Upon establishing the stakeholder relationships and associated requirement set, the team translated the competing set of expectations into a structured basis for design by implementing a Pairwise Comparison.
To minimise the risk of all requirements being considered to be of equal weight, a Pairwise Comparison was used to establish the relative importance of each requirement within the set [1]. By comparing each requirement directly rather than an informal weighting process based on individual judgment, a justifiable prioritised set of requirements was developed [2]. This allowed the team to focus design effort on the most critical requirements which were identified as reliable identification of mine threats, accurate communication of threat location, safe clearance, legal conformity and resilience to the operational environment. 
The outcome of the Pairwise Comparison is shown below in Figure 3.
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[bookmark: _Toc228544632]Figure 3 - Results of the Pairwise Comparison conducted on the concept, highlighting the most important requirements
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[bookmark: _Toc228545712]3.1 Functional Decomposition
Functional Decomposition was used to define and break down the required functionality of REDPATH into manageable parts prior to deciding the way in which they would be performed [3]. Completing this analysis also facilitated the identification of overlap between functions to aid in the determination of functionality critical to the safe operation of the system [4].  
Forming abstract, high-level descriptions of functions reduced the risk of premature commitment to a solution prior to consideration of the range of options. 
	Primary System Functions
	Functional Decomposition

	Be Deployed – Enable the system to enter the operational area in a controlled and safe manner
	Transition from transport / storage state to operational state

	
	Maintain structural integrity during handling and deployment

	
	Prevent unsafe action during deployment

	Survive Desert Environment – Maintain system functionality under expected environmental conditions
	Operate across diurnal temperature extremes

	
	Resist dust and sand ingress

	
	Maintain performance in high solar radiation and low humidity

	Resist Kinetic Attack – Continue to function or fail safely when exposed to ballistic or fragment threat 
	Maintain structural integrity

	
	Protect critical sub systems

	
	Prevent hazardous secondary effects

	Interface with an Energy Source – Provide and manage energy required for system operation
	Accept energy safely

	
	Distribute energy to sub systems

	
	Prevent uncontrolled energy release

	Receive Command – Accept and interpret authorised commands
	Validate command source

	
	Interpret command intent

	
	Reject unsafe or invalid commands

	Move Across Minefield – Traverse hazardous area while maintaining safety conditions
	Maintain positional awareness

	
	Control speed, stability and trajectory

	
	Avoid initiating explosive threats

	Detect Mine – Identify indicators of explosive threat presence
	Sense anomalies

	
	Maintain detection performance

	
	Manage false positives and negatives

	Communicate Location of Mine – Provide accurate and traceable threat information
	Record threat location

	
	Preserve data 

	
	Reliably transmit information

	Clear Mine – Enable safe mitigation or management of the identified threat
	Prevent unintended activation

	
	Constrain effect

	
	Ensure action is authorised

	Be Recoverable – Allow the system to be retrieved or rendered safe if operations are aborted
	Enter a safe state

	
	Enable a controlled shutdown

	
	Avoid creating additional hazard during recovery

	Be Disposable – Allow the system to be safely removed from service
	Segregate hazardous elements

	
	Enable compliant disposal routes

	
	Prevent Environmental Contamination



[bookmark: _Toc228544648]Table 1 - Results of the Functional Analysis Conducted on the Operational Scenario
[bookmark: _Toc228545713]3.2 Function Means Analysis (FMA)
After establishing the critical functions of the system, an FMA was used to explore the range of methods available to perform them. This process allowed both divergent and convergent thinking to ultimately decide the most suitable design feature while reducing the risk of solution focused problem solving. In doing so, the FMA ensured concept development remained routed in functional need rather than a preference for a specific platform or technology.
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[bookmark: _Toc228544633]Figure 4 - FMA Conducted on the Concept with Selected Design Features Highlighted in Gold
The analysis demonstrated that reliable mine detection was unlikely to be achieved through a single sensing approach, leading to the implementation of a dual sensor concept. From a safety perspective, this analysis aided in the identification of areas where single-point dependencies would be unacceptable, as well as highlighting the importance of building redundancy into the design [5]. Similarly, this process highlighted the need for operating procedures that preserved human authority while constraining unsafe actions to ensure both legal accountability and human factors considerations.
Completing this FMA also supported the identification of design features responsible for ensuring the safe operation of the system including geofencing, independent safe-and-arming controls and an interlocked control interface.




[bookmark: _Toc228545714]4 Quality Function Deployment (QFD)
[bookmark: _Toc228545715]4.1 QFD 1
The prioritised requirements were then carried forward into QFD 1 (Figure 5), where they were mapped against required system functions to assess the strength of their relationships. This analysis supported the transition from stakeholder requirements to a functional architecture by identifying the functions with the greatest influence on the system’s ability to meet those requirements [6][7].
QFD 1 showed that functions such as platform movement, threat detection, command reception and communication of mine location carried the highest importance when requirement weighting was applied. This demonstrated that core operational functions, including detection, movement and control, were also critical contributors to safe system behaviour.
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[bookmark: _Toc228544634]Figure 5 – Results of the QFD 1 completed on the concept, highlighting the most important functions
[bookmark: _Toc228545716]4.2 QFD 2
To further develop a functional system architecture, QFD 2 was applied to map prioritised functions to design features. This process clarified which system characteristics were most critical to achieving the required functionality and demonstrated that not all features contributed equally to functions identified as high importance in QFD 1. This enabled further focus of design effort on the most influential areas.
QFD 2 identified sensing technologies, robust command links, appropriate energy interfaces, standoff distance, georeferenced location mapping, environmental protection and modularity as key contributors to functional performance. The analysis also highlighted commonly overlooked features, such as environmental sealing and command architecture, as central to safe operation, regulatory compliance and through‑life management.
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[bookmark: _Toc228544635]Figure 6 - Results of the QFD2 conducted on the concept, highlighting the most important design features
Applying both QFD 1 and QFD 2 created a traceable link from design features to system functions and back to stakeholder requirements [8]. This clear relationship strengthened the justification for design decisions by reducing reliance on subjective opinions of team members [9].
 


[bookmark: _Toc228545717]5 Concept Derivation and Evaluation
[bookmark: _Toc228545718]5.1 Proposed Solution Evaluation
Using the defined requirements and supporting functions, multiple system concepts were developed independently by area leads and then reviewed by the wider project team. This approach encouraged diverse perspectives spanning the range of specialist roles.
Three principal concepts were identified, the first of which being traditional manual demining using handheld detectors. This technique benefits from established procedures but requires prolonged human presence in the hazard area. From a safety and human‑factors perspective, direct exposure to energetic threat and reliance on sustained human performance in extreme conditions resulted in a high residual risk that could not be reduced through procedural controls alone.
The second concept used unmanned ground vehicles (UGVs), reducing immediate personnel exposure but introducing new risks. These included vehicle immobilisation in difficult terrain, potentially requiring hazardous recovery operations, and increased likelihood of unintended initiation through physical interaction with pressure or tilt activated mines.
The third concept, an aerial drone‑based system forming the basis of REDPATH, fundamentally changed the risk profile by removing ground contact and personnel presence, thereby eliminating exposure rather than mitigating it [10]. This approach introduced new risks, including airworthiness, loss‑of‑command scenarios, payload integration, and the carriage of dangerous goods on an aerial platform [11].
A system‑level Pugh matrix was used to compare the concepts against weighted customer requirements, reducing bias toward familiar technologies. The analysis showed that the key discriminator was not detection performance alone, but the degree to which each concept reduced personnel exposure to explosive threat [12].
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[bookmark: _Toc228544636]Figure 7 - System Pugh conducted on the concept to determine the most appropriate solution
Traditional manual clearance performed poorly against safety criteria, while the UGV concept offered only partial improvement. The aerial concept achieved the highest overall assessment due to the elimination of ground contact and remote operation. Importantly, the Pugh matrix also highlighted areas where the aerial solution performed less favourably, providing early visibility of risks requiring architectural control. This structured comparison enabled concept selection based on risk distribution and controllability rather than operational performance alone [13].
[bookmark: _Toc228545719]5.2 Failure Mode and Effect Analysis (FMEA)
FMEA was then implemented to examine how the selected concept could fail, the consequences of those failures and where mitigations would be most effective [14]. This allowed risk mitigation measures to be incorporated into system architecture rather than into process constraints and operating procedures.  
At a system level, FMEA was used to examine how each critical function could deviate from its intended behaviour to understand the potential effect, causes and mitigations that could be implemented [15]. An example of an FMEA conducted by the Safety Lead is shown below in Table 2. 

	Function
	Failure Mode
	Potential Effect
	Likely Causes
	Mitigation

	Detect Mine
	No Function (no detection)
	Threat remains undetected, convoy exposed to threat
	Sensor failure, power loss, communication fault, environmental conditions
	Dual sensing approach, system health monitoring, confirmation sweep

	Detect Mine
	Too Little (low sensitivity)
	Incomplete detection leading to false negatives, convoy exposed to threat
	Sensor drift, calibration inconsistency, environmental conditions
	Calibration schedule, defined operating environmental conditions, confidence mapping

	Detect Mine
	Too Much (over-sensitivity)
	False positives, unnecessary clearance actions
	Environmental noise, metallic debris, calibration inconsistency
	Calibration schedule, confidence mapping, human authorisation

	Detect Mine
	Intermittent
	Inconsistent threat picture, decreased situational awareness, increased operator load
	Vibration, electro-magnetic interference, thermal effects
	Stabilisation, operator alerts, human authorisation

	Detect Mine
	Unintended (mis-classification)
	Wrong object being treated as a mine, unnecessary clearance, convoy exposed to threat
	Algorithm error, metallic clutter
	Multi sensor confirmation, human verification



[bookmark: _Toc228544649]Table 2 - System Level FMEA conducted on the concept
System level FMEAs demonstrated that risks to personnel arose not only upon total system failures, but also when partial failures, intermittent outputs or unintended actions were performed [16]. This analysis aided in the creation of a concept with inbuilt redundancy as well as autonomous and operator constraints. 
Further to system level FMEA, System-Theoretic Process Analysis (STPA) was conducted to examine deviations and failures in command structure [17]. This analysis facilitated the prediction of human error under operational stress and ensured that the system created constrained the consequences of those errors [18]. An example STPA produced by the Safety Lead can be seen below in Table 3. 
	Human Action
	Failure Mode
	Potential Effect
	Likely Causes
	Mitigations

	Provide Clearance Command
	No Command Given
	Threat detected but not acted upon
	Cognitive Overload, Distraction
	Control interface alert, welfare schedule

	Provide Clearance Command
	Command Given too Late
	Increased platform exposure, platform destroyed upon accidental initiation
	Decision hesitation, cognitive overload
	Time based prompts, mission pace training

	Provide Clearance Command
	Command Given too Early
	Incomplete verification, unsafe action, charge dropped too early, mine not cleared
	Operator Over-confidence, mission pressure
	Interlocks requiring system state verification, georeferenced

	Provide Clearance Command
	Too much Command Input
	Mode confusion, loss of situational clarity
	Poor interface design
	Simplified command set, command limitation

	Provide Clearance Command
	Too little command input
	Inappropriate system default, task incomplete 
	Operator under engagement
	Clear role definition in operation procedure, operator prompts

	Provide Clearance Command
	Wrong command given
	Unsafe state entered, risk to personnel
	Mis-interpretation, fatigue
	Confirmation interlock, abort processes



[bookmark: _Toc228544650]Table 3 - STPA Conducted on the concept
Conducting STPAs reinforced the design decision to adopt a human in the loop but interlocked command structure to prevent full reliance on either the operator or autonomous processes. This facilitates system logic to prevent hazardous actions to be performed unless predefined safety conditions are met.   
Conducting both the system level FMEA and command structure STPA demonstrated that potential risk arises from interactions between sensing, control mechanisms, environmental conditions and human decision making [19]. Anticipating these interactions allowed suitable risk mitigations to be incorporated into safety critical systems building a safety led design process. 
[bookmark: _Toc228545720]5.3 Human Factors Analysis 
As REDPATH is not fully autonomous, it relies on human input for command decisions, output interpretation and function authorisation. Human factors were therefore embedded as a core element of the safety case from the outset, rather than addressed post‑development through interface or usability refinements [20]. 
Parameter diagrams (P‑Diagrams) were used to identify inputs, outputs, control factors and noise factors affecting system performance. This treated operator variability as a normal operating condition and accounted for environmental effects such as heat and dust on situational awareness, cognitive load and fatigue [21]. A What–Why analysis was also used to prioritise controls with the greatest impact on risk reduction.
These analyses directly informed the previously described control interface. This approach balanced accountability with protection against avoidable human error, avoiding both unbounded automation and unrestricted manual control.
[bookmark: _Toc228545721]5.4 Manufacturing Processes
The REDPATH system is built using commercial off‑the‑shelf (COTS) components, including the aerial platform, sensing payloads, communications hardware and control electronics. While each component is individually compliant with consumer requirements, their integration into a safety‑critical system introduces additional risks that must be addressed at the system level.
Safety‑critical process steps identified from the system process flow included mechanical payload integration, electrical interfacing between sensors and control electronics, and software configuration governing data flow and command logic. Key risks included reduced structural integrity, electrical incompatibility, electromagnetic interference, and unsafe system states resulting from incorrect configuration.
These risks were mitigated through the use of modular interfaces and defined mounting arrangements to reduce installation errors. Process controls included inspection and verification of mechanical attachment, electrical continuity testing, and software configuration validation.
For the manufacture of Thermite, manufacturing QFD 1 and 2 analysis was conducted to determine the critical process steps and the associated critical means of performing them. The outcomes of the respective methods are shown below in Figures 8 and 9.
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[bookmark: _Toc228544637]Figure 8 - Results of Manufacturing QFD 1 performed on the concept, highlighting the critical process steps in the production of thermite
Safety critical steps associated with the thermite neutralisation solution included traceable receipt of materials, controlled storage, mixture preparation prior to deployment, and integration with the delivery system. These stages posed risks to personnel if environmental conditions, handling discipline, or system state were inadequately controlled.
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[bookmark: _Toc228544638]Figure 9 - Results of Manufacturing QFD 2 conducted on the thermite production process, highlighting the critical methods of achieving process steps
Mitigations included separation of constituent materials until point of use to simplify storage and transport, environmental constraints on handling (e.g. wind and temperature limits), and the incorporation of an independent safe‑and‑arming mechanism with an interlocked command interface.
[bookmark: _Toc297555367][bookmark: _Toc228545722]5.5 Waste and End of Life Disposal 
A formal waste management plan was developed for both the neutralisation solution and the COTS equipment. Waste streams within the neutralisation subsystem were segregated into reacted and unreacted constituent materials. Reacted thermite was disposed of through controlled explosive ordnance disposal burns in accordance with AOP4518, while unreacted material was managed as hazardous waste to meet environmental regulations.
Disposal of COTS equipment focused on batteries, electronics and data bearing components. Identified hazards included chemical exposure, environmental contamination and data compromise. These risks were mitigated through segregation and disposal of electronic waste under the Waste Electrical and Electronic Equipment (WEEE) Regulations [22], handling of batteries in accordance with the Waste Batteries and Accumulators Regulations [23], and declassification and sanitisation of data bearing components. Where possible, components were routed through approved recycling pathways.

[bookmark: _Toc228545723]6 Conclusion
Concept development and selection were supported through functional analysis, FMA and a system‑level Pugh matrix, enabling options to be evaluated against their ability to meet requirements rather than technological preference. This process produced traceable evidence that the aerial concept provided the most robust balance between operational effectiveness and tolerable risk.
Potential failure modes were assessed using FMEA and STPA, demonstrating the need for mitigations to be embedded within the system architecture rather than applied through post design operating procedures. These analyses directly informed critical design features, including control interfaces and command structures.
Manufacturing, assembly, process control and end‑of‑life disposal were also treated as safety critical activities, ensuring risks were managed across the full system lifecycle rather than during operation alone.
Overall, the application of systems engineering tools supported justified design decisions, effective risk mitigation and compliance with regulatory requirements.
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