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ABSTRACT

Autonomous vehicles operating in complex, GNSS-denied environments such as underground mines face chal-
lenges beyond standard navigation tasks. We present a context-sensitive Guidance, Navigation and Control
(GNC) framework, first applied in an underground mining scenario, with the potential to generalize across other
mission-critical domains.

The system integrates multiple spatial reasoning layers, e.g., a high-level site layout map, administrator-
defined maps of forbidden and preferred areas, a communication topology map indicating connectivity to fixed
relay nodes, and a SLAM-based local map for real-time perception. These maps are generated using different
information sources and are dynamically combined into context-sensitive cost maps based on the vehicle’s current
objectives and system-level constraints.

All processing is performed at the far edge, enabling real-time operation without reliance on external cloud
infrastructure. This setup ensures resilience in communication-degraded environments, supporting fast, onboard
decision-making. Moreover, as connectivity permits, the entire fleet is connected to a centralized map database,
enabling consistent, shared situational awareness.

A key component is a decision-making layer that governs when and how each map should be used based
on available data’s uncertainty, reliability, and mission relevance. For instance, if SLAM-based local mapping
becomes unreliable due to dust or featureless tunnel walls, the system may revert to a high-level site layout map
combined with odometry and relay node signal strength to estimate position.

Shared situational awareness enables vehicles to act not only on their own sensory inputs but also on the
collective knowledge of the fleet. If a vehicle enters a low-connectivity zone, nearby vehicles with stronger
communication links to the network can act as mobile relays, forwarding its data and updates to maintain
mission coordination.

This modular and adaptive approach to multi-map fusion for GNC enhances situational awareness and oper-
ational robustness, making it particularly suitable for mining, defense and security applications in subterranean
or similarly constrained environments.
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1. INTRODUCTION

Underground autonomous navigation presents fundamental challenges that conventional surface-based methods
cannot adequately address. The absence of Global Navigation Satellite System (GNSS) signals, combined with
environmental factors such as dust accumulation, high humidity, and repetitive tunnel geometries, creates opera-
tional conditions where traditional navigation approaches frequently fail. These constraints necessitate Guidance,
Navigation, and Control (GNC) systems that can adapt dynamically to varying environmental uncertainty and
system reliability.

Contemporary autonomous navigation systems in structured environments typically rely on single-source
mapping approaches coupled with static control strategies. While these methods demonstrate effectiveness in
controlled settings, they lack the flexibility required for dynamic underground environments characterized by
sensor degradation, intermittent communication, and rapidly changing operational conditions. The conventional
separation between perception, planning, and control layers further restricts the system’s ability to respond
effectively when individual components experience degraded performance.

This paper introduces a context-sensitive GNC framework that addresses these limitations through multi-
layered spatial reasoning and adaptive decision-making mechanisms inspired by meta-control principles. The
framework integrates diverse map representations spanning multiple spatial and temporal scales, from high-level
site layouts to real-time SLAM-based local maps. Rather than treating these data sources independently, the
system dynamically fuses them based on operational context, sensor reliability assessments, and evolving mission
objectives.

The implementation emphasizes far-edge processing capabilities that enable real-time decision-making with-
out external infrastructure dependencies. This design philosophy ensures operational continuity in communication-
degraded environments while maintaining fleet coordination capabilities when connectivity permits.

The framework incorporates meta-control principles through a supervisory mechanism that monitors and
adapts lower-level control processes to improve overall system performance. Unlike purely learning-based ap-
proaches, the system maintains explicit safety constraints and decision boundaries that can be formally analyzed
and verified for defined operating scenarios, ensuring compliance with industrial safety requirements.

2. RELATED WORK
2.1 SLAM in Underground Environments

Recent advancements in autonomous navigation for GNSS-denied environments, particularly underground, have
explored multi-modal sensor fusion and edge computing. Complementary sensor fusion for robust pose estimation
in subterranean settings, integrating LiDAR and visual data, enhances localization accuracy in challenging
conditions like dust.® Graph-based adaptive weighted fusion SLAM, leveraging multimodal data for complex
underground spaces, improves mapping consistency over traditional methods.?

Hierarchical graph-based navigation for ground-aerial exploration utilizes multi-modal data to improve terrain
awareness in mining environments.® For object detection in mining, a lightweight edge-computing solution
addresses real-time processing in communication-constrained settings.*

SLAM advancements for extreme underground environments emphasize challenges in real-time processing
due to computational constraints.® A comparison of LiDAR-based SLAM systems for UAV control demonstrates
that the choice of algorithm impacts robustness under dynamic maneuvers and benefits from IMU integration.®
CompSLAM, developed and deployed by Team CERBERUS in the DARPA Subterranean Challenge, provides
robust odometry and mapping in GPS-denied, perception-degraded underground environments through a hi-
erarchical fusion of complementary sensor modalities.” LOFF, fusing LiDAR and optical flow for odometry,
demonstrates robustness in low-light and degeneracy tunnel-line environments.®



2.2 Commercial Mining Automation Systems

Current commercial autonomous haulage systems employ various approaches to address navigation challenges
in mining environments. Surface mining operations have successfully deployed systems from Caterpillar* and
Komatsu' that primarily utilize reactive navigation strategies combined with magnetic guidance or high-precision
GPS for open-pit operations. However, these approaches are limited when applied to underground environments
where GNSS signals are unavailable.

Underground commercial systems have adopted infrastructure-based localization approaches, employing tech-
nologies such as RFID tags or leaky feeder cables to maintain positioning accuracy in GNSS-denied environ-
ments.? While effective within their designed operational parameters, these systems require substantial infras-
tructure investment and maintenance, limiting their flexibility in rapidly changing mining environments.

Sandvik’s AutoMine * system represents a more sophisticated approach, integrating laser scanning capabilities
with pre-surveyed tunnel models to enable precise navigation. However, this approach requires manual updates
toaccommodate environmental changes resulting from ongoing excavation activities, limiting its adaptability to
dynamic operational conditions.

Epiroc’s Mobilaris Mining Intelligence® system enhances fleet coordination through the combination of real-
time positioning with digital mine models. While this approach improves adaptability compared to purely
infrastructure-based solutions, it still relies heavily on pre-defined environmental models that may not accurately
reflect rapidly changing underground conditions.

2.3 Meta-Control and Context-Sensitive Decision Making

Context-sensitive control builds on both formal verification and adaptive learning paradigms. Formal specifica-
tion of safety monitors has been demonstrated through hazard analysis combined with model-checking, enabling
scalable derivation of safety rules from invariants while explicitly modeling the trade-off between safety and
permissiveness. However, practical deployment on full systems remains an open challenge.©

In contrast, rapid adaptation has been demonstrated through model-agnostic meta-learning, in which model
parameters are optimized to enable effective transfer across new tasks after only a few gradient updates.!? This
technique has shown the potential of meta-learning to support flexible behavior without requiring explicit scenario
enumeration. The limitation, however, lies in the absence of formal guarantees, which restricts the direct use of
such methods in safety-critical domains.

The integration of explicit safety constraints with adaptive behavior represents a promising direction that
balances industrial requirements with operational flexibility. Unlike purely learning-based approaches, hybrid
systems can maintain explicit safety boundaries while enabling bounded adaptation within verified operational
envelopes.

2.4 Distributed Coordination in Communication-Constrained Environments

Distributed coordination strategies for communication-constrained environments have received significant atten-
tion in recent robotics research.

The DDF-SAM framework was proposed for decentralized data fusion, enabling consistent map merging when
robots intermittently establish communication.’? This approach addresses the critical challenge of maintaining
global consistency while operating with limited and intermittent communication links.

Recent surveys highlight that distributed relative localization remains a central challenge for multi-robot sys-
tems. A comprehensive classification of distributed algorithms was presented based on measurement modalities

*https://www.cat.com/en_US/by-industry/mining/surface-mining/surface-technology/command/command-
hauling

Thttps://www.komatsu.com/en-us/technology/smart-mining

*https://www.mining.sandvik/en/news-and-media/news-archive/2023/11/sandvik-introduces-automine-for-
underground-drills-bringing-mining-automation-under-single-system

Shttps://im-mining.com/2023/12/18/epiroc-brings-its-mobilaris-mining-intelligence-safety-tech-to-
surface-mining/
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