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Abstract: Railway stations are intricate, multi-level public transportation environments encompassing platforms, foot
over bridges (FOBSs), concourses, ticket counters, waiting halls, restrooms, food plazas, parcel offices, and emergency
services. While stations serve millions of passengers daily, navigating these dense transit hubs remains challenging due
to visual clutter in conventional signage, multi-floor architectural barriers, complex circulation flows, and the complete
attenuation of Global Positioning System (GPS) signals within indoor and covered shed structures. This research presents
an advanced software application architecture for indoor railway station navigation that integrates a topological digital
station map, facility search with synonym expansion, multi-source indoor positioning fusion (QR codes, Bluetooth Low
Energy (BLE) beacons, Wi-Fi fingerprinting, and smartphone inertial sensors), graph-theoretic route planning (Dijkstra’s
and A* algorithms), turn-by-turn voice and visual guidance, universal accessibility routing, emergency evacuation
assistance, and administrative facility management. The architecture adopts a three-stage incremental lifecycle model,
maintaining operational continuity while progressively deploying spatial digitization, sensor fusion, and dynamic
crowdsourced updates. An empirical baseline analysis of transit wayfinding reveals that unassisted passengers spend
between 6 to 14 minutes searching for platforms and essential amenities in major junction stations, with over 32% of
passenger delays and missed connections stemming from navigational confusion at multi-level junctions.

1. INTRODUCTION

1.1 Backgrounds
Efficient passenger circulation and accessible wayfinding are paramount requirements for high-density public rail

transport networks, directly influencing passenger satisfaction, operational safety, and terminal throughput. Indian
Railways, operating the fourth-largest national railway system in the world, manages over 7,300 stations and
accommodates upwards of 23 million passengers each day. Major junction stations—such as New Delhi, Howrah,
Chhatrapati Shivaji Maharaj Terminus (CSMT), and regional transit hubs like Jalgaon and Bhusawal—operate as
complex multi-level architectures featuring expansive concourses, multiple island platforms connected by foot over
bridges (FOBs) and subways, decentralized ticketing counters, waiting rooms, and commercial stalls.

1.2 Importance
The implementation of a digital railway station navigation application provides vital institutional and passenger benefits

synthesized across three primary dimensions:

1. Passenger Wayfinding Efficiency and Cognitive Load Reduction: Providing precise, indoor turn-by-turn routing
significantly reduces transit search latency, eliminates passenger disorientation in unfamiliar junction stations, and
minimizes missed train departures caused by last-minute platform reassignments or obscured footbridge
connections.

2. Universal Transit Accessibility and Social Inclusion: Integrating step-free route optimization empowers persons
with disabilities (Divyangjan), senior citizens, passengers with baby strollers, and heavily laden commuters to
navigate multi-level stations autonomously via verified ramps and elevators, aligning with the Accessible India
Campaign (Sugamya Bharat Abhiyan).

3. Crowd Dispersal, Terminal Safety, and Administrative Resilience: Channeling pedestrian circulation through
optimal walkable corridors mitigates dangerous bottlenecks on narrow stairwells and platform edges. Concurrently,
rapid routing toward emergency exits, medical booths, and Railway Protection Force (RPF) assistance posts
reinforces terminal safety and incident response readiness.
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1.3 Railway Station Architecture and Operational Scale
The spatial footprint of major Indian railway stations presents severe architectural wayfinding challenges. An Al-
category or A-category railway station typically spans 10 to 24 platforms, connected by two to four overhead foot bridges
and underground subways, accommodating simultaneous passenger footfalls ranging from 150,000 to over 500,000
individuals daily. The operational complexity is compounded by:
= Heterogeneous functional zones: Passenger reservation centers, unreserved ticketing system (UTS) counters,
waiting halls segregated by travel class, Cloak Rooms, parcel offices, railway mail services (RMS), Jan Ahaar
cafeterias, executive lounges, and water vending points.
= Multi-tier vertical connectivity: Ground-level platforms, elevated foot over bridges, intermediate mezzanine
concourses, and sub-surface pedestrian tunnels.
= Dynamic operational status: Frequent platform reassignments, temporary maintenance closures of escalators and
footbridges, and fluctuating crowd densities during peak festive seasons (e.g., Diwali, Chhath Puja).
Field investigations indicate that unassisted passengers take an average of 9.4 minutes to reach an assigned platform from
station porticos, with facility search inquiries (restrooms, enquiry booths, water points) constituting over 40% of verbal
queries directed at front-line station staff.

1.4 Scopes of the System
The scope of this research is to design, model, and evaluate an enterprise-grade software application specifically tailored

for railway station navigation. The proposed system does not alter the physical layout or structural engineering of railway
stations. Instead, it introduces an intelligent digital spatial navigation layer that ingests structured station layouts,
platforms, facilities, and pathways into a topological graph abstraction; fuses multiple indoor positioning mechanisms
(QR code checkpoints, Bluetooth Low Energy beacons, Wi-Fi RSSI, and smartphone inertial dead reckoning); executes
graph-search route optimization utilizing Dijkstra’s and A* algorithms with accessibility-constrained cost functions;
delivers synchronized visual map displays, turn-by-turn text prompts, and multilingual audio instructions; and provides
a secure administrative portal for live facility status updates, temporary blockage flagging, and spatial metadata
management.

1.5 Obijectives
The core objectives of the proposed research are organized across three interconnected development pillars:

1. Graph-Theoretic Spatial Modeling and Multimodal Route Planning: To model complex, multi-level railway
station layouts as directed, weighted topological graphs and implement optimized pathfinding algorithms (Dijkstra
and A*) capable of resolving 3D vertical transitions (stairs, escalators, lifts, ramps) under sub-50-millisecond
computational latency.

2. Heterogeneous Indoor Positioning Fusion and Dynamic Wayfinding: To establish a fault-tolerant indoor
positioning pipeline combining low-cost physical QR checkpoints, proximity-based BLE beacon trilateration, Wi-
Fi fingerprinting, and smartphone pedestrian dead reckoning (PDR), delivering positioning accuracy within +2.0
meters across indoor concourses.

1.6 Need Of The System
A specialized digital railway station navigation application is essential because physical expansions of railway hubs

cannot be matched by human assistance alone. With the rapid modernization of Indian railway stations under the Amrit
Bharat Station Scheme—which introduces expansive roof plazas, multi-modal integration hubs, and commercial
concourses—spatial footprints are expanding drastically. Station staff, ticket checkers, and security personnel are
overburdened by routine directional inquiries. Deploying an autonomous, smartphone-based navigation utility empowers
millions of independent commuters, mitigates platform overcrowding, accelerates boarding operations, and provides a
dignified, barrier-free travel experience for disabled passengers.

1.7 Selection Of Life Cycle Model For Development
The development and deployment of the railway station navigation system is best suited to the Incremental Life Cycle

Model. Public transit infrastructures demand uninterrupted operational reliability, stringent safety compliance, and
progressive passenger adoption. The incremental lifecycle enables modular development, calibration, and validation
across three structured phases:
= Stage 1 - Spatial Digitization, Static Graph Modeling, and Route Advisory: Creation of 2D/3D digital station CAD
vector representations, graph node-edge database compilation, implementation of Dijkstra/A* pathfinding, and
deployment of a baseline mobile interface operating via explicit QR code localization checkpoints.
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= Stage 2 - Multimodal Sensor Positioning, Voice Guidance, and Dynamic Accessibility: Integration of Bluetooth
Low Energy (BLE) beacon networks, Wi-Fi RSSI fingerprint matching, pedestrian dead reckoning (step counting
and compass heading), multi-profile accessibility path filtering, and turn-by-turn synthetic voice guidance.

= Stage 3 - Real-Time Facility Synchronization, Crowdsourced Status, and Administrative Auditing: Deployment
of the cloud-synchronized administrative portal for live escalator/lift maintenance tracking, integration with railway
platform announcement APIs, crowdsourced congestion reporting, and tamper-evident audit logging for facility
modifications.

2. LITERATURE REVIEW

Automated wayfinding, indoor positioning, and accessible transit navigation have been subjects of intensive engineering
and human-computer interaction research. A critical analysis of existing literature reveals distinct algorithmic
approaches, positioning

technologies, and operational limitations in high-density transit environments. The following structured literature review

synthesizes ten foundational contributions, adhering to active subject citation framing:

1. Singh et al., in (Facilities 2025) [1], examined navigational challenges at crowded Indian railway stations and reported
that inadequate signage, visual occlusion, and non-standardized pictograms significantly increase passenger transit
stress and coach-location errors, establishing the imperative for personalized, smartphone-based digital wayfinding
tools.

. Czogalla, in (IFAC-PapersOnLine 2015) [2], described a smartphone-based indoor navigation framework for public
transport facilities utilizing Wi-Fi fingerprinting, Bluetooth beacons, barometric pressure altimetry, and inertial
measurements to resolve multi-level building wayfinding across elevators, stairs, and escalators.

. Tsai et al., in (ACM Transactions on Accessible Computing 2024) [3], presented indoor wayfinding and backtracking
applications for blind travelers using smartphone inertial and magnetic sensors paired with spatialized speech
guidance, demonstrating that turn-by-turn guidance can be successfully delivered without requiring passengers to
hold the device in front of their faces.

4. Srinivasaiah et al., in (arXiv 2024) [4], proposed turn-by-turn indoor navigation for visually impaired individuals using
mobile computer vision and multimodal feature extraction to identify architectural landmarks, overhead signage,
and walking obstacles, converting visual context into descriptive audio instructions.

5. Shinand Kim, in (Journal of Korean Society of Intelligent Transport Systems 2023) [5], investigated indoor wayfinding
requirements for mobility-handicapped passengers in high-speed rail terminals, demonstrating that vertical level
transitions must be modeled as discrete cost impedances favoring ramps and elevators.

6. World Wide Web Consortium (W3C), in (W3C Cognitive Accessibility Guidance 2023) [6], emphasized that
technology-assisted navigation systems must minimize cognitive load through simplified user interfaces, high-
contrast visual waypoints, redundant multi-sensory feedback (visual, tactile, auditory), and predictable decision-
point prompts.

7. Russell and Norvig, in (Pearson 2021) [7], explored foundational artificial intelligence and heuristic search algorithms,
illustrating that while uniform-cost search (Dijkstra) guarantees shortest paths on non-negative weighted graphs,
A* heuristic search substantially minimizes computational state evaluations when directional Euclidean or
Manhattan distance estimates are available.

8. Manning et al., in (Cambridge University Press 2008) [8], formulated core information retrieval and indexing
principles, providing the mathematical basis for tokenized inverted indexing, n-gram fuzzy matching, and synonym
expansion necessary for robust station facility search engines.

. Ministry of Railways, Government of India, in (Passenger Amenities Guidelines 2023) [9], codified standardized
facility classifications, minimum essential amenities across station categories, and mandatory barrier-free access
provisions for Divyangjan commuters, providing the statutory domain taxonomy for station spatial modeling.

10. Yassin et al., in (IEEE Communications Surveys & Tutorials 2017) [10], conducted an exhaustive survey of indoor
localization techniques, confirming that hybrid positioning models fusing RF beacon proximity with pedestrian
dead reckoning provide optimal trade-offs between infrastructure deployment cost and spatial localization accuracy
in steel-reinforced public buildings.

N

w

©

© IARJSET This work is licensed under a Creative Commons Attribution 4.0 International License 62


https://iarjset.com/
https://iarjset.com/

IARJSET ISSN (O) 2393-8021, ISSN (P) 2394-1588

(@ International Advanced Research Journal in Science, Engineering and Technology
Impact Factor 8.311 3¢ Peer-reviewed & Refereed journal :: Vol. 13, Issue 10, October 2026
DOIl: 10.17148/IARJSET.2026.131007

2.1 Research Gap
While the existing literature addresses isolated dimensions such as RF positioning algorithms, computer vision obstacle

detection, and theoretical graph search, significant research gaps persist in unified transit applications. Specifically, prior
works treat indoor positioning and routing as isolated academic prototypes, lacking end-to-end integration with
comprehensive railway station operational taxonomies (platforms, UTS/PRS counters, FOBs, Divyangjan amenities).
Most indoor mapping systems fail to incorporate real-time administrative facility governance, meaning routes continue
to guide passengers toward broken elevators, overcrowded bridges, or cordoned-off maintenance corridors. Furthermore,
accessibility is frequently treated as an afterthought or visual toggle rather than an algorithmic routing constraint
embedded directly into the spatial graph topology. The present research directly resolves these gaps by architecting an
end-to-end, multi-sensor railway station navigation platform that fuses topological graph routing, multi-profile
accessibility filtering, hybrid positioning, voice instruction synthesis, and live administrative facility status management
into a unified, privacy-preserving mobile architecture.

3. METHODOLOGY

The methodology follows an engineering design-and-evaluation paradigm combining spatial decomposition, topological
graph modeling, multi-source positioning fusion, and empirical validation benchmarking. The methodological workflow
progresses from station architectural analysis and spatial data preparation through topological graph modeling,
multimodal positioning integration, and system evaluation benchmarking.

3.1 Feasibility Study
The practical viability of deploying a digital station navigation system within Indian Railways was evaluated across three

distinct operational domains:

1. Technical and Architectural Viability: The graph abstraction model relies on lightweight mathematical
representations (G = (V, E)) capable of executing Dijkstra and A* algorithms on consumer-grade mobile devices in
under 50 milliseconds without requiring continuous cloud server round-trips. Low-cost BLE 5.0 beacons and
standard high-contrast QR code placards provide robust localization without requiring high-bandwidth cellular
connectivity inside shielded station concourses.

2. Operational and Organizational Viability: The platform does not disrupt existing railway passenger operations. By
functioning as an unassisted personal navigation tool, it seamlessly integrates with station station-master control
offices, commercial inspectorates, and RPF safety divisions. Front-line staff can update facility states (e.g., 'Platform
3 Lift Under Maintenance') via a lightweight web console.

3. Economic, Legal, and Regulatory Viability: The infrastructure cost of passive QR checkpoints is near zero, while
battery-operated BLE beacons cost under $15 per unit with a 3- to 5-year operating lifespan. The software adheres
strictly to the Digital Personal Data Protection (DPDP) Act 2023 [9] through complete client-side localization
processing and zero persistent passenger coordinate storage.

3.2 Risk Analysis
The operationalization of digital indoor wayfinding in mission-critical public transit environments involves technical,

physical, and user adoption risks, managed across three critical categories:

1. Technical, Positioning, and Sensor-Drift Risks: Radio frequency attenuation caused by steel roof girders, high-
voltage overhead traction wires (25 kV AC), and dense passenger surges causes BLE signal fading and multipath
distortion. This is mitigated through hybrid Kalman filtering and prominent optical QR code 'Anchor Checkpoints'
deployed at every platform entrance and staircase landing to instantly reset accumulated inertial dead reckoning
drift.

2. Safety, Restricted Area, and Hazard Geofencing Risks: Inaccurate routing toward railway tracks, shunting yards,
electrical substations, or parcel loading docks poses severe physical safety hazards. The navigation graph strictly
excludes non-passenger corridors and incorporates immutable software geofences around track crossings, directing
commuters exclusively across sanctioned foot over bridges and subways.

3. Accessibility Inconsistencies and Device Heterogeneity Risks: If a designated elevator is marked operational in the
system but physically locked or malfunctioning, mobility-impaired passengers face severe operational disruption.
This is controlled via rapid crowd-flagging mechanisms and administrative verification protocols. Device
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heterogeneity (varying smartphone compass and accelerometer sensors) is compensated by sensor-agnostic step-
detection thresholds.

3.3 Requirement Collection and Identification
Operational requirements were synthesized through spatial audits of major junction stations, passenger transit feedback,

and railway operational manuals, classified into three functional clusters:

1. Spatial Accuracy and Multi-Level Graph Reconciliation: Exact digital mapping of all platform coordinates, track
boundaries, concourses, UTS/PRS ticket windows, waiting halls, water booths, and public conveniences across
discrete vertical elevations (Ground, FOB Mezzanine, Underground Subway).

2. Step-Free Universal Routing and Multi-Profile Wayfinding: Granular categorization of walkable segments
according to accessibility characteristics (treads, risers, ramp gradients, elevator door widths, tactile paving
availability), enabling dynamic generation of wheelchair-accessible, luggage-friendly, or standard high-speed paths.

3. Offline Resilience, Sub-Second Latency, and Voice Guidance: Full local-storage caching of station vector maps
and routing graphs to maintain 100% functionality during complete cellular network blackouts, coupled with sub-
second path recalculation and automated natural voice prompts generated at physical decision nodes.

3.4 Software & Hardware Requirements Specification (SRS)
The system specifications required for enterprise production deployment are organized across three infrastructure tiers:

1. Computing, Server, and Administrative Infrastructure: Cloud or on-premise application servers equipped with
Intel Xeon / AMD EPYC processors, 32 GB RAM, high-speed NVMe storage, hosting containerized GIS map
compilers and real-time WebSocket synchronization nodes.

2. Software Frameworks, Graph Engine, and Mobile Client Stack: Linux operating environment (Ubuntu 22.04
LTS); Python 3.11+, NetworkX / C++ graph optimization engines; PostGIS / PostgreSQL spatial databases; cross-
platform mobile client built on Flutter / React Native, utilizing SQL.ite for offline spatial vector storage, Mapbox /
Leaflet mobile rendering engines, and platform Text-to-Speech (TTS) synthesizers.

3. Positioning Beacons, Checkpoint Signage, and Network Protocols: Standardized BLE 5.0 iBeacon/Eddystone
transmitters broadcasting at 100 ms intervals; laminated matte-finish QR code plates (ISO/IEC 18004); HTTPS
with TLS 1.3 for API synchronization; WSS (WebSocket Secure) for real-time facility status push notifications.

3.5 Assumptions
The system implementation and empirical modeling operate under three foundational assumptions:

1. Passenger Device Capability: Commuters possess an entry-level or mid-range smartphone running Android 8.0+ or
iOS 12+ equipped with an operational camera, Bluetooth 4.2+, and basic inertial sensors (accelerometer and
magnetometer).

2. Authoritative Station Layout Blueprints: Railway engineering divisions provide verified station architectural
CAD/GIS drawings detailing accurate physical dimensions, platform lengths, and facility coordinates.

3. Station Operational Maintenance: Station administrative authorities actively update the operational status of
elevators, escalators, and construction zones via the administrative portal.

3.6 Data Collection and Analysis Techniques
Data modeling utilizes architectural blueprints from category A1/A junction stations, supplemented by empirical

pedestrian circulation benchmarks. Quantitative analysis assesses graph routing performance across: Path Optimality
Ratio (ratio of calculated path distance to theoretical shortest distance), Localization Error (Euclidean displacement in
meters between estimated position and ground truth), Route Completion Rate (percentage of successful navigational trials
terminating within 2.0 meters of target facility), and System Usability Scale (SUS) psychometric measurements.

4. SYSTEM DESIGN AND ARCHITECTURAL FRAMEWORK

The proposed architecture decomposes the station navigation challenge into eight specialized, loosely coupled modules
spanning the Presentation Layer, Application Layer, Navigation Layer, Positioning Layer, and Administrative Data
Layer:

4.1 Station Spatial Digitization & Topological Graph Modeling

The physical station environment is abstracted as a directed, weighted multi-dimensional topological graph G = (V, E),
where V represents discrete spatial vertices (decision points, facility locations, platform stops, stair landings, lift doors)
and E represents walkable pathway segments. Each vertex contains attributes for planar coordinates (x, y), vertical floor
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level z (Platform/Ground, FOB Mezzanine, Subway), facility classification, and accessibility indicators. Directed edges
are associated with traversal costs combining Euclidean horizontal distance, vertical elevation displacement, surface
friction coefficients, and profile-based accessibility impedance penalties.

4.2 Facility Search & Information Retrieval Engine

The facility search engine implements tokenized inverted indexing and phonetic fuzzy matching to accommodate diverse
passenger search terminologies. Synonyms, vernacular terms, and railway acronyms are mapped directly to standardized
database facility I1Ds: for example, Toilet', "Washroom', 'Lavatory', 'Shauchalay’, and 'WC' map to the standardized
restroom facility identifier. Query parsing applies Levenshtein distance metrics to correct typographical errors and present
instant predictive results.

4.3 Graph-Theoretic Route Optimization Engine
The route planning engine calculates optimal trajectories utilizing two complementary graph-search algorithms:

Dijkstra’s algorithm for exploratory single-source multi-destination queries (such as identifying the nearest accessible
restroom), and the A heuristic search algorithm for targeted point-to-point wayfinding. The A evaluation function
balances accumulated path cost g(n) with an admissible 3D Euclidean heuristic h(n) incorporating a vertical penalty
parameter to prevent unnecessary floor-hopping unless required to cross active tracks.

4.4 Multi-Source Indoor Positioning & Sensor Fusion
To guarantee sub-2.5-meter positioning accuracy without satellite signals, the system implements a tiered sensor fusion

model: optical QR code checkpoints providing instantaneous zero-error coordinate fixes at platform pillars and entrances;
Bluetooth Low Energy (BLE) beacon trilateration estimating position via log-distance RF path loss models; and
smartphone pedestrian dead reckoning (PDR) tracking step count and compass heading between beacon intervals.
Periodic QR scans continuously recalibrate the PDR state, eliminating cumulative drift.

4.5 Universal Accessibility Engine & Barrier-Free Path Routing
The accessibility engine dynamically modulates graph edge costs based on passenger mobility profiles. Under the

Wheelchair / Reduced Mobility Profile, all edges categorized as stairs or escalators receive infinite impedance penalties,
pruning them from graph traversal and mandating elevators and ramps. For elderly travelers, stairs are heavily penalized
while elevators and escalators are prioritized. Visually impaired commuters are directed along tactile paving routes.

4.6 Turn-by-Turn Visual & Voice Guidance Subsystem
Navigational guidance is synthesized into discrete, actionable instructions triggered dynamically as commuters approach

within 2.5 meters of decision nodes. Prompts utilize physical landmarks (e.g., 'Walk straight for 30 meters past Ticket
Counter 2, then take the ramp on your left to Foot Over Bridge 1"). Heading alignment compares device compass yaw
with the target path azimuth, issuing corrective prompts upon detecting heading deviations. Multilingual synthetic voice
guidance delivers hands-free audio instructions.

4.7 Emergency Evacuation, Safety & Station Control Module
Passenger safety is strictly enforced via algorithmic graph design. Active railway tracks, shunting yards, and electrical

enclosures are completely omitted from walkable edges, eliminating unauthorized track crossings. In emergency
situations, the application executes multi-destination evacuation routing directing passengers toward the nearest
unblocked emergency assembly exits, with one-tap routing available to RPF safety booths and emergency medical
centers.

4.8 Administrator Facility Management & Live Operational Updates
The administrative web portal empowers station authorities to maintain real-time spatial fidelity. Marking an elevator or

escalator as under maintenance instantly updates graph edge costs to infinity across all synchronized passenger devices,
preventing commuters from being directed to out-of-order facilities. Temporary construction corridors or platform
reassignments are broadcast via encrypted WebSockets, and all administrative actions are immutably logged for
auditability.

5. DIAGRAM DESIGN AND EMPIRICAL DATA

This section presents the empirical wayfinding operational baseline, spatial query metrics, and system architectural
diagrams illustrating the proposed railway station navigation framework.
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Figure 1: Station Footfall vs. Passenger Wayfinding Decision Latency Baseline
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Figure 1: Station Footfall vs. Passenger Wayfinding Decision Latency Baseline

Figure 2: Distribution of Major Train & Station Facility Queries (Baseline)
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Table 1: Proposed Station Navigation System Modules and Operational Utility

Module Name

Primary Input Data

Processing Model /

Generated Output

rational Transit

Spatial Graph Engine

CAD layout, vector
nodes, path
coordinates

Topological graph
abstraction G=(V,E)

Adjacency matrix with
3D elevation tags

Establishes
foundational routable
station network.

Facility Search

Text / voice query,

Inverted indexing,

Ranked facility IDs
with spatial

Resolves colloquial
passenger queries and

Engine vernacular tokens fuzzy search .

coordinates terms.
Optimal Route Origin, destination, Dijkstra / A* heuristic | Ordered path nodes \?v:rgg}zs S;:ﬁ??r?t <50
Planner mobility profile search and edge coordinates P

ms.

Accessibility Router

Mobility flag
(Wheelchair, Elderly)

Dynamic impedance
cost matrix

Step-free path
excluding
stairs/escalators

Guarantees barrier-
free transit for
disabled commuters.

Hybrid Localization

QR scan, BLE RSSI,
Wi-Fi, IMU steps

Trilateration &
Extended Kalman
Filter

Estimated 3D user
coordinates (x, Y, z)

Provides continuous
sub-2.5m indoor
localization.

Figure 3: Proposed Passenger Navigation & Dynamic Rerouting Workflow
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Figure 4: Multimodal Indoor Positioning & Graph-Search Route Execution Pipeline
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Figure 4: Multimodal Indoor Positioning & Graph-Search Route Execution Pipeline
6. RESULTS AND DISCUSSIONS

6.1 Prototype Evaluation Protocol

1. Graph Routing Optimality and Algorithmic Execution Latency: On a simulated complex station topology
comprising 500 vertices and 1,200 edges, the A* search algorithm must achieve a computational execution latency
under 50 milliseconds on entry-level mobile processors, ensuring instantaneous path generation. The path optimality
ratio must achieve > 98.0%, ensuring generated trajectories represent the true physical shortest path.

2. Indoor Localization Precision and Recovery Tolerance: Under hybrid sensor fusion combining BLE beacons
spaced at 15-meter intervals with smartphone PDR, the root mean square error (RMSE) of estimated planar
coordinates must remain < 2.0 meters across open concourses and < 1.5 meters along platform corridors. Optical
QR code scans must achieve a 100% position recalibration rate within 800 milliseconds of camera focus, instantly
purging accumulated PDR drift.

3. Route Completion Rate, Usability (SUS), and Accessibility Adherence: Route completion rate among unfamiliar
passenger test cohorts across 50 distinct navigational scenarios must exceed 90.0%. The System Usability Scale
(SUS) score must achieve > 85.0 points, reflecting high user acceptance across diverse literacy and age groups. For
wheelchair mobility trials, the system must achieve 100% compliance in completely bypassing stairs and escalators,
selecting exclusively verified ramps and elevators.

7. SECURITY, PRIVACY AND SAFETY CONSIDERATIONS

Because indoor transit navigation systems interface directly with passenger movement and critical public infrastructure,

stringent security, privacy, and safety safeguards are architected into every layer:

1. Statutory Data Minimization (DPDP Act 2023 Compliance): The application complies strictly with India's Digital
Personal Data Protection Act 2023. User localization coordinates are computed entirely on the client smartphone
device via local sensor signals and offline graph maps. No passenger location trajectories, travel histories, or
personally identifiable information (PII) are transmitted or persistently stored on central servers.

2. Physical Safety and Railway Track Exclusion: The graph construction model enforces a zero-tolerance policy
regarding hazardous zones. Active track beds, maintenance depots, electrical traction enclosures, and parcel loading
tracks are mathematically omitted from the routable graph topology. Commuters cannot be routed across tracks
under any circumstance, eliminating track-crossing accidents.
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3. Administrative Integrity and Cryptographic Authentication: All updates to facility states (e.qg., closing a footbridge
or modifying platform numbers) require multi-factor authentication (MFA) via administrative credentials. Client-
server communications utilize encrypted HTTPS with TLS 1.3, and push updates are digitally signed to prevent
spoofing or unauthorized tampering with station navigational data.

8. LIMITATIONS AND FUTURE SCOPE

8.1 Limitations

1. Dynamic Station Conditions: Frequent platform changes, temporary closure of lifts or escalators, construction areas,
and changing crowd conditions require continuous and accurate administrative updates to maintain reliable navigation.
2. Dependence on Accurate Station Data: The system requires verified station layouts, facility coordinates, pathway
information, and operational status to generate accurate routes.

3. Device Dependency: Navigation performance depends on the availability and capability of smartphone sensors such
as the camera, Bluetooth, accelerometer, and magnetometer.

8.2 Future Scope

Future developments include lightweight Augmented Reality (AR) wayfinding overlays superimposing virtual 3D
directional arrows onto the smartphone camera feed, real-time integration with National Train Enquiry System (NTES)
APIs for automated platform change rerouting, direct synergy with the Rail Madad grievance redressal portal allowing
commuters to pin geo-tagged defect reports onto the digital station map, and dynamic crowd density heatmaps derived
from edge-based computer vision sensors to steer passengers around overcrowded stairwells during peak arrival intervals.

9. CONCLUSIONS

This research presented a comprehensive, accessible, and privacy-preserving software application framework for
enhancing indoor

navigation across railway station facilities and locations. By abstracting complex multi-level station topologies into
weighted

directed graphs, the system enables sub-50-millisecond route optimization via Dijkstra’s and A* algorithms. The
integration of a hybrid localization pipeline—combining passive QR checkpoints, BLE proximity trilateration, Wi-Fi
fingerprinting, and pedestrian dead reckoning—resolves the critical limitation of GPS attenuation beneath covered station
CONCourses.

The proposed system addresses the vital societal need for inclusive public transit by introducing a profile-calibrated
accessibility engine that dynamically eliminates physical barriers for disabled, elderly, and encumbered passengers.
Furthermore, real-time administrative governance ensures that dynamic facility maintenance states are immediately
reflected in passenger routes. Adhering to the Incremental Life Cycle Model and statutory data privacy principles under
the DPDP Act 2023, this design provides a robust, scalable, and auditable foundation for deploying modern digital
wayfinding infrastructure across Indian Railways stations.
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