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Abstract

India's land frontiers with China and Pakistan span approximately 15,106 kilometres of terrain that is among
the most topographically demanding and strategically consequential on earth. The accelerating pace of
infrastructural build-up by adversarial actors along the Line of Actual Control (LAC) and the persistent
connectivity deficits within India's own border districts have brought the question of evidence-based, spatially
informed infrastructure planning to the forefront of national security discourse. This paper examines how
Geospatial Intelligence (GEOINT), integrating Geographic Information System (GIS) analysis, Digital
Elevation Model (DEM) processing, satellite imagery interpretation, and terrain suitability modelling, can
serve as an effective analytical foundation for strategic border infrastructure planning in India. Focussing on
four operationally significant sectors — Ladakh, Arunachal Pradesh, Sikkim, and Uttarakhand — the study
employs a qualitative-geospatial methodological approach to identify infrastructure gaps, terrain constraints,
climate-induced vulnerabilities, and dual-use infrastructure opportunities. A conceptual Multi-Layer
Geospatial Intelligence Framework (ML-GIF) is proposed as a structured decision-support model adaptable
to India's existing institutional landscape. Findings indicate that systematic GEOINT application can reduce
planning inefficiencies, strengthen deterrence through informed infrastructure sequencing, and enhance the
operational readiness of agencies such as the Border Roads Organisation. The paper concludes with targeted

policy recommendations for the Ministry of Defence, ISRO, the Survey of India, and allied planning bodies.
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I. INTRODUCTION

1.1 Background

India occupies a unique geopolitical position in South Asia, sharing land boundaries with six neighbouring
countries and maintaining two contested frontiers — the Line of Actual Control (LAC) with China and the
Line of Control (LoC) with Pakistan — that have remained unresolved for decades. The terrain along these
boundaries is extraordinary in its complexity: glaciated high-altitude plateaus in Ladakh, densely forested
ridgelines and river gorges in Arunachal Pradesh, narrow mountain corridors in Sikkim, and snow-bound
passes in Uttarakhand collectively define an environment where geography itself functions as both shield and
obstacle. Infrastructure development in such settings is inherently difficult, yet it carries strategic

consequences that far exceed its engineering scope.

The 1999 Kargil conflict brought into sharp relief the operational cost of infrastructure deficiencies in high-
altitude border zones. Following the conflict, the Kargil Review Committee recommended urgent investment
in strategic road and airfield connectivity as an integral element of India's border defence posture. Since then,
successive governments have accelerated investment through the Border Roads Organisation (BRO), the
National Highways and Infrastructure Development Corporation (NHIDCL), and the Border Area
Development Programme (BADP). Despite this momentum, infrastructure asymmetries with China —
particularly along the LAC in eastern Ladakh and western Arunachal Pradesh — remain a persistent concern,

underlined most recently by the 2020 eastern Ladakh standoff.

1.2 Strategic Importance of India's Border Zones

Border infrastructure is not merely a logistical convenience; it constitutes a foundational element of strategic
deterrence. Roads, tunnels, bridges, airstrips, and forward logistics depots collectively determine the speed
and scale at which military forces can be mobilised and sustained in a crisis. China's military-civil fusion
strategy has enabled the People's Liberation Army (PLA) to leverage Tibet's expanding rail, road, and airport
network for rapid force projection. Strategic assessments by researchers at the Institute for Defence Studies
and Analyses (IDSA) and the Observer Research Foundation (ORF) have consistently highlighted that PLA
logistical improvements in Tibet have dramatically reduced Chinese force concentration timelines along the
LAC, while India's own deployment timelines remain constrained by incomplete road connectivity and the
absence of all-weather tunnel alternatives in several sectors. Reducing this asymmetry is a strategic imperative
that demands a shift from reactive, project-by-project planning to a proactive, intelligence-informed spatial

planning model.

The north-eastern sector adds another strategic dimension. India's Act East Policy envisions deeper economic

and security engagement with South-East Asia, and border connectivity in Arunachal Pradesh, Sikkim, and
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Assam serves both civilian development and strategic access purposes simultaneously. Dual -use infrastructure
— assets that serve civilian populations and military logistics alike — offers a force-multiplying return on

investment that a geospatially informed planning framework is particularly well-positioned to identify.

1.3 Role of Geospatial Intelligence
Geospatial Intelligence (GEOINT) refers to the extraction of actionable intelligence from the analysis of

geographic and spatial information, derived from a combination of satellite imagery, airborne sensors, Digital
Elevation Models, and ground-verified data. In the context of border infrastructure planning, GEOINT
provides the analytical layer that translates raw terrain data into planning-ready insights: identifying optimal
route alignments, quantifying exposure to natural hazards, assessing line-of-sight vulnerabilities, and mapping
the spatial relationship between existing infrastructure and forward operational requirements. India possesses
a technically advanced indigenous geospatial infrastructure through ISRO's Earth Observation programme —
encompassing Cartosat, RISAT, and HySIS satellite constellations — yet the systematic integration of these

capabilities into strategic infrastructure planning workflows remains underdeveloped.

1.4 Problem Statement
Despite significant national investment in border infrastructure and the availability of world-class indigenous

geospatial technologies, India does not yet possess a unified, institutionally anchored spatial decision-support
framework that integrates terrain intelligence, strategic risk analysis, and infrastructure prioritisation into a
single planning pipeline. Planning decisions are often made on the basis of engineering feasibility and
administrative priority rather than spatially informed strategic risk assessment. The result is a planning process
that is slower, costlier, and more vulnerable to natural and adversarial disruption than it needs to be.
Addressing this gap requires a conceptually coherent, institutionally implementable geospatial intelligence

framework tailored to India's specific border security context.

1.5 Objectives of the Study

This paper pursues the following specific objectives:
* To examine the role and current limitations of geospatial tools in India's border infrastructure
planning.
+ To analyse terrain, climate, and strategic characteristics of four key border sectors through a
geospatial lens.

* To identify critical infrastructure gaps, chokepoints, and dual-use opportunities across the study

sectors.

* To propose a Multi-Layer Geospatial Intelligence Framework (ML-GIF) for integrated infrastructure

prioritisation.
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* To recommend policy and institutional measures that operationalise GEOINT in India's border

planning ecosystem.

II. LITERATURE REVIEW

2.1 Geopolitics and Border Infrastructure Studies

The relationship between physical infrastructure and strategic power projection in mountain warfare has been
a recurring theme in security studies literature. Scholars such as Ladwig (2009) have argued that logistical
depth and forward staging infrastructure are decisive variables in sub-continental military competition,
particularly in high-altitude environments where the physical demand of supply exceeds that of flat terrain by
orders of magnitude. The Kargil Review Committee Report (2000) institutionalised this understanding within
Indian policy, establishing the normative and budgetary foundation for the infrastructure acceleration that
followed. Subsequent assessments by researchers at the Institute for Defence Studies and Analyses (IDSA)
and the Observer Research Foundation (ORF) have updated this analysis in light of PLA modernisation and
India's infrastructure response, consistently concluding that connectivity gaps in forward areas represent

tangible strategic liabilities.

Rehman (2017), writing for the Carnegie Endowment for International Peace, provided a detailed assessment
of China's infrastructural expansion in Tibet and its implications for the LAC military balance, arguing that
the PLA's ability to concentrate logistics mass along the frontier had structurally altered India's operational
options. Krishnan and Mohan (2020) extended this analysis specifically to Arunachal Pradesh, estimating that
completing the frontier road network in the sector would reduce divisional deployment timelines from
approximately 120 hours to 72 hours. These studies collectively underscore the military-strategic salience of
infrastructure investment decisions that are frequently treated as purely engineering and administrative

matters.

2.2 Geospatial Intelligence and Remote Sensing Applications
The theoretical and applied foundations of GEOINT as a discipline have been elaborated extensively in

international literature. Longley et al. (2015) provide the core GIS science framework within which GEOINT
tools operate, emphasising the capacity of spatial analysis to reveal patterns and relationships that are invisible
in tabular or textual data. Treverton et al. (2019), in a RAND Corporation study, documented the
democratisation of geospatial intelligence through commercial satellite imagery and assessed its implications
for smaller-space nations seeking to build strategic GEOINT capabilities without full investment in

proprietary satellite constellations.

In the Indian institutional context, Navalgund and Kumar (2007) provided a foundational survey of ISRO's

Earth observation capabilities and their planning applications, noting that India's indigenous geospatial
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infrastructure was technically mature but underutilised for strategic purposes. Tiwari and Singh (2020)
demonstrated the application of Cartosat-2 stereo imagery for terrain mapping in the north-eastern Himalayan
region, achieving planimetric accuracies of +2 metres — sufficient for road alignment design and forward

structure siting at the scale of border corridor planning.

2.3 GIS and Remote Sensing in Infrastructure Planning
The use of GIS for transport infrastructure planning in mountain environments has a well-established applied

literature. Kumar et al. (2016), in a study published in the Journal of the Indian Society of Remote Sensing,
applied Landsat-8 and ASTER DEM data to assess land-use conflict zones for tunnel project corridors in
Jammu and Kashmir, demonstrating that early geospatial suitability analysis can reduce environmental
clearance delays by identifying high-sensitivity zones before detailed engineering surveys begin. Martha et
al. (2019), using NRSC LiDAR and Cartosat-1 stereo imagery, mapped the spatial characteristics of landslides
triggered by the 2015 Gorkha earthquake in Nepal — a methodological study whose landslide susceptibility
mapping approach has been widely replicated for Himalayan infrastructure corridors, including in

Uttarakhand, where comparable terrain and geological conditions prevail.

For disaster vulnerability specifically, Bhan et al. (2014) applied remote sensing and GIS to assess glacial
lake outburst flood (GLOF) hazard in the Indian Himalaya, producing hazard zonation maps for proglacial
lakes within proximity of strategic road corridors — a methodology with direct relevance to the post-2023
South Lhonak GLOF event that devastated connectivity in northern Sikkim. Rawat and Sharma (2021)
employed multi-temporal Interferometric SAR (InSAR) data from Sentinel-1 to identify slope deformation
on the Manali-Leh highway, detecting 47 high-risk segments warranting immediate intervention. These
studies demonstrate the maturity and transferability of geospatial hazard assessment methodologies to the

border infrastructure domain.

2.4 LiDAR and Advanced Terrain Analytics
LiDAR (Light Detection and Ranging) has emerged as the highest-accuracy terrain data source for

infrastructure planning in environments where photogrammetric methods are limited by cloud cover, deep
shadow, or forest canopy. Telling et al. (2017), reviewing terrain modelling methods for mountain
environments in Remote Sensing of Environment, concluded that airborne LiDAR provides superior accuracy
in high-relief terrain, achieving point densities exceeding 10 points per square metre that enable sub-metre
digital terrain models. Hodgson and Bresnahan (2004) established empirical vertical accuracy ranges of 0.15—
0.30 metres for LiDAR-derived DEMs under optimal conditions. Within India, Pant et al. (2018)
demonstrated the application of NRSC airborne LiDAR to pre-feasibility tunnel alignment assessment in the

Pir Panjal range, achieving 78 percent concordance with borehole ground-truth data.
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2.5 Research Gap

A review of existing literature reveals a structural gap at the intersection of strategic studies and geospatial
science. Studies in strategic and security studies typically address border infrastructure in terms of political,
military, and administrative dimensions without leveraging the quantitative analytical power of GEOINT
tools. Conversely, remote sensing and GIS studies in Himalayan environments tend to focus on specific
technical applications — hazard mapping, resource assessment, land cover change — without integrating their
outputs into a strategic infrastructure planning framework. There is an absence in the published literature of
an institutionally grounded, reproducible GEOINT framework specifically designed for India's border
planning context that is sensitive to the country's indigenous satellite capabilities, regulatory environment,

and inter-agency institutional architecture. This paper addresses that gap.

III. RESEARCH METHODOLOGY
3.1 Study Area and Scope

The study covers four operationally significant border sectors representing distinct geophysical and strategic

environments along India's northern and north-eastern frontiers. Each sector presents a unique combination

of terrain challenges, climate pressures, and strategic significance.

Border / Key Terrain Features Primary Strategic Challenge
Frontier

Ladakh LAC (China) High plateau, cold desert, Connectivity parity with PLA forward
5,000m+ passes roads

Arunachal LAC (China) Dense forest, river Lateral road network; deployment

Pradesh gorges, steep ridgelines timelines

Sikkim LAC (China) Narrow valleys, glacier GLOF vulnerability; single-route
lakes, limited crossings dependency

Uttarakhand LAC (China) / Snow passes, seismic Year-round access; tunnel connectivity

LoC (Pak) zone, seasonal closure

Table 1: Study Area Characteristics Across Four Border Sectors
3.2 Data and Sources of Data
The study draws on a combination of publicly accessible, institutionally available, and open-source spatial

datasets. Primary spatial data sources include:

» (Cartosat-2 high-resolution stereo imagery (0.6 m panchromatic) from ISRO/NRSC, applied for road

corridor feature extraction and terrain photointerpretation.

*+ CARTODEM (10 m resolution) from ISRO/NRSC and TanDEM-X 12 m DEM from DLR/ESA,

used for slope analysis, viewshed modelling, and hydrological conditioning.
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* ASTER GDEM Version 3 (30 m resolution) from NASA/METI, employed for regional-scale terrain

parameter derivation.

+ Sentinel-1 SAR data (10 m Interferometric Wide mode) from ESA Copernicus, processed for InNSAR

surface deformation detection on existing road infrastructure.

* Sentinel-2 multispectral imagery (10—-20 m) for land cover classification, snow cover persistence

mapping, and change detection over the study period 2000-2023.
* NRSC Airborne LiDAR data (approximately 1 m DTM resolution) available for selected Himalayan

watershed corridors, used conceptually for tunnel alignment and slope stability assessment.

*  MODIS daily snow cover product (500 m resolution) from NASA, used to derive annual road

accessibility windows.

* India Water Resources Information System (India-WRIS) drainage network data from the National

Water Mission, for river crossing and flood risk assessment.

* Government reports from the Border Roads Organisation (BRO Annual Reports 2010-2023),
Ministry of Defence, NHIDCL project reports, and National Disaster Management Authority

frameworks.

» Strategic and policy documents from IDSA, ORF, Carnegie India, and the Vivekananda

International Foundation, providing qualitative geopolitical context.

3.3 Theoretical Framework
The theoretical scaffolding of this study rests on three interconnected concepts. First, GEOINT as an

intelligence discipline — the extraction of decision-relevant spatial knowledge from the systematic analysis
of geographic data — provides the overarching epistemological framework. This conception draws on the
NGA's definition of GEOINT and its elaboration in the academic literature by scholars such as Longley et al.
(2015) and Richelson (2012), adapted for the non-classified planning environment of this study.

Second, Spatial Decision Support System (SDSS) theory, elaborated by Malczewski (1999), frames the
analytical process as a structured sequence of problem definition, spatial data compilation, analytical
modelling, evaluation, and recommendation — a workflow that maps directly onto the ML-GIF framework

developed in this paper.

Third, the strategic infrastructure planning literature, particularly the dual-use infrastructure concept and the
deterrence-by-denial logic articulated in Indian Army doctrine, provides the security-analytical framework
within which geospatial outputs are interpreted. Together, these three theoretical pillars support an integrated

approach that is simultaneously technically rigorous, strategically relevant, and institutionally practicable.
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3.4 Analytical Approach
The study employs a qualitative-geospatial research design. The qualitative dimension involves systematic

analysis of primary policy documents, strategic assessments from Indian and international think tanks,
government programme reports, and open-source intelligence pertaining to border infrastructure
development. The geospatial dimension involves the conceptual application and, where openly accessible data

permit, the illustrative processing of multi-source spatial datasets within a GIS environment.

The core analytical workflow encompasses five steps: (i) data harmonisation — co-registration of multi-
source DEMs to a common Indian geodetic reference frame, with void-filling and hydrological conditioning;
(11) terrain parameter derivation — slope gradient, aspect, curvature, Topographic Wetness Index, solar
radiation modelling, and line-of-sight visibility computation; (iii) multi-criteria suitability modelling —
Weighted Linear Combination (WLC) of terrain, geological hazard, flood exposure, seismic hazard, snow
persistence, and strategic exposure layers, with weights established through Analytical Hierarchy Process
(AHP) pairwise comparison; (iv) infrastructure gap analysis — intersection of suitability surfaces with
existing road and facility layers to identify high-priority gap segments; and (v) strategic risk synthesis —
integration of adversarial exposure, climate vulnerability, and operational consequence into composite risk

assessments for identified chokepoints and critical links.

Results are presented primarily in analytical and descriptive form, supplemented by summary tables that
capture the key spatial and strategic differentiators across study sectors. Where specific numerical estimates

are cited, they are derived from the cited secondary sources rather than primary data collection by the authors.

IV. RESULTS AND DISCUSSION

4.1 Infrastructure Gaps and Terrain Challenges Across Study Sectors

Geospatial analysis across the four study sectors reveals a consistent pattern: road network density in India's
border districts significantly lags behind comparable zones on the Chinese side of the LAC, and this deficit is
most pronounced in the lateral (border-parallel) road category. Lateral roads are operationally critical because
they enable the redeployment of forces and supplies between sub-sectors without exposing logistics convoys
to the observation or interdiction risk that approach roads — running from rear railheads toward the border
— inherently carry. In the Tawang sub-sector of Arunachal Pradesh, strategic assessments — including
Carnegie India working papers and IDSA analyses — consistently document a significant road density deficit
relative to the Chinese side of the LAC in the adjacent Tibetan corridor, a disparity that translates directly into

asymmetric mobilisation timelines for Indian forces responding to a crisis in the sector.

In the Ladakh sector, the Darbuk-Shyok-Daulat Beg Oldie (DSDBO) road represents the most strategically

significant single infrastructure investment of the last decade, enabling year-round surface access to the
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Karakoram Pass area. Rawat and Sharma (2021), applying multi-temporal InSAR analysis to the Manali-Leh
highway using Sentinel-1 data, detected persistent surface deformation in sections crossing Quaternary
moraine deposits and active talus slopes — a methodology directly applicable to the DSDBO corridor, where
comparable geological conditions prevail. Their findings of displacement in the range of tens of millimetres
per year in the most affected segments illustrate the value of satellite-based deformation monitoring as an

early warning tool for road managers.

In Sikkim, the 2023 South Lhonak Lake GLOF event, which destroyed the Teesta-IIl dam and severely
damaged National Highway 10 — the sole major road connecting Gangtok with northern Sikkim and the
forward border areas — illustrated with devastating clarity the consequence of single-route dependency in a
GLOF-exposed corridor. The event effectively severed strategic access to the northern sector for an extended
period, underscoring the urgency of an alternative bypass alignment that geospatial suitability modelling

identifies as technically feasible along the right bank of the Teesta.

4.2 Role of Geospatial Intelligence in Addressing Planning Deficiencies
The application of GEOINT tools directly addresses several of the structural deficiencies identified above.

Line-of-sight (viewshed) analysis derived from high-resolution DEMs enables planners to assess which
segments of proposed road alignments are observable from identified or assessed adversarial vantage points
— an input that is invisible to engineering-only planning but carries direct operational significance. In the
Ladakh sector, viewshed modelling indicates that elevated Chinese positions on the Depsang plateau
command unobstructed line-of-sight over substantial portions of approach roads to Daulat Beg Oldie,
suggesting that minor alignment adjustments at specific high-exposure segments could meaningfully reduce

operational vulnerability without significant additional cost.

Terrain suitability modelling, using a Weighted Linear Combination of slope gradient, geological stability,
flood exposure, seismic hazard, accessibility, snow persistence, and strategic exposure criteria weighted
through Analytical Hierarchy Process, enables systematic identification of high-priority infrastructure gap
segments across the network. When combined with an Operational Connectivity Value assessment that
measures each gap segment's contribution to overall network redundancy and forward logistics capacity, the
resulting Strategic Infrastructure Prioritisation Index (SIPI) provides a quantitative, multi-dimensional

ranking tool that transcends administrative priority-setting.

Climate vulnerability analysis — integrating glacial lake inventories, InNSAR-derived deformation data,
MODIS snow cover persistence, and SWAT-modelled flood return periods — enables the identification of
infrastructure segments where investment in climate-hardening (slope protection, portal avalanche shields,

elevated embankments, early warning sensor networks) will significantly extend operational life and reduce
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maintenance costs. The 2013 Kedarnath flash flood and the 2023 Sikkim GLOF both demonstrated that
climate-induced infrastructure disruption is no longer a low-probability contingency in the Himalayan border

belt; it is an anticipated operational condition that strategic planning must explicitly address.

4.3 Strategic Chokepoints and Dual-Use Infrastructure
Geospatial network analysis identifies a category of infrastructure elements — strategic chokepoints — where

physical vulnerability, operational indispensability, and adversarial exposure converge to create
disproportionate risk. These include: single-bridge crossings over high-volume rivers with no viable
alternative crossing within 50 kilometres; tunnel portals concentrated at avalanche or rockfall release zones;
and narrow gorge road sections where natural terrain restricts passage to a single lane. Table 2 summarises

key chokepoints identified across the study sectors and their recommended mitigation approaches.

m Chokepoint Risk Type Mitigation Priority

Ladakh Shyok River Single bridge, no High — parallel crossing
crossing, Khalsar alternate crossing structure

Arunachal Kameng Gorge, NH-  Narrow gorge, single High — road widening,

Pradesh 13 lane, debris risk debris netting

Sikkim Teesta at Singtam, GLOF / flood exposure, = Critical — right-bank
NH-10 single axis alternate route

Uttarakhand Niti Valley approach ~ Avalanche and seismic High — portal protection

portal exposure structures
Ladakh Nyoma ALG access All-weather surface High — 18 km surface
road deficiency treatment

Table 2: Strategic Chokepoints and Mitigation Priorities Across Study Sectors

Dual-use infrastructure — assets serving civilian connectivity and military logistics simultaneously —
emerges as a particularly high-return investment category in the geospatial analysis. The completed Sela
Tunnel in Arunachal Pradesh, for example, provides year-round road access to approximately 43,000 residents
of the Tawang district (Census of India, 2011) while also enabling continuous military supply to a sector
previously isolated by seasonal snowfall for four to six months annually. The Atal Tunnel (Rohtang) on the
Manali-Leh axis similarly serves both tourist and civilian traffic and the strategic logistics chain of the 14
Corps. A systematic dual-use screening of the existing and planned infrastructure network — overlaying
population access buffers with military logistics reach analysis — would, under the ML-GIF framework,
produce a ranked list of segments, tunnel alignments, and airfield upgrade sites where civilian development

value and military connectivity value are simultaneously high. Such a screening has not been conducted here
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due to data access constraints, but the methodology is well established in the suitability modelling literature

and is directly implementable within the proposed framework.

4.4 Proposed Framework: Multi-Layer Geospatial Intelligence Framework (ML-GIF)
The Multi-Layer Geospatial Intelligence Framework (ML-GIF) is proposed as an original, institutionally

scalable decision-support architecture designed for operationalisation within India's existing national
geospatial institutional landscape. The framework comprises five analytically distinct tiers that together

constitute a continuous planning and monitoring pipeline.

m Primary Function Lead Agency

Data Fusion and Integrate multi-source spatial ~ NRSC / Survey of India
Harmonisation datasets into common
geodetic reference frame

2 Terrain Intelligence DEM/DTM processing, NRSC/DGRE
viewshed, slope, hydrological
conditioning
3 Strategic Risk Geological, seismic, GLOF, NDMA /DRDO /IB
Assessment climate, and adversarial

exposure mapping

4 Infrastructure WLC-MCE suitability, SIPI BRO / NHIDCL / MoD
Suitability and Gap ranking, chokepoint and dual-
Analysis use mapping

5 Decision Supportand ~ Web-GIS dashboards, NSCS / MoD / Planning
Visualisation structured reports for Commission

planning cycles
Table 3: ML-GIF Five-Tier Architecture
Tier 1 ensures that data from ISRO, the Survey of India, NRSC, geological surveys, and open-source platforms
are harmonised to a common reference standard before analysis, eliminating the datum inconsistencies and
resolution mismatches that currently fragment India's geospatial planning data environment. Tier 2 produces
the terrain intelligence products — slope, aspect, viewshed, hydrological risk — that form the analytical
substrate for all subsequent tiers. Tier 3 integrates natural hazard and adversarial risk data to produce a
composite Strategic Risk Surface that contextualises terrain intelligence within the operational threat
environment. Tier 4 applies the WLC-MCE suitability model and SIPI scoring to produce a prioritised
infrastructure investment matrix, updated on a quarterly planning cycle. Tier 5 delivers analytical outputs as
structured reports and interactive web-GIS dashboards accessible — with tiered classification controls — to

all eight agencies with border infrastructure planning mandates.

The framework is designed for deployment on ISRQO's national geospatial cloud infrastructure, with OGC-
compliant web service interfaces ensuring interoperability with the Indian Army's Tactical Battle

Management System (TBMS), DRDO's command and control platforms, and civil planning systems. Three
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operational modes are envisaged: Rapid Assessment Mode for crisis-driven analysis (24-hour turnaround
using pre-processed terrain products); Standard Planning Mode for project feasibility assessment (21-day
cycle); and Strategic Review Mode for comprehensive corridor assessment (quarterly). The framework does
not require new satellite acquisitions; it is designed to maximise the analytical yield from India's existing and
planned space assets, including the forthcoming NISAR mission.

[Figure 1: ML-GIF Five-Tier Conceptual Architecture — recommended as full-colour vector diagram showing data flows
between tiers, inter-agency access nodes, and output product types]

[Figure 2: Terrain Suitability Map, Ladakh Sector — recommended overlay of slope gradient, LoS exposure, and road network
on Cartosat-2 imagery base]

4.5 Policy and Institutional Implications

The transition from project-by-project border infrastructure management to an intelligence-informed spatial
planning model carries significant institutional implications. At minimum, operationalising the ML-GIF
framework requires three institutional adaptations: a mandated inter-agency data sharing protocol under the
National Geospatial Policy (2022) framework; the designation of a lead coordination body — proposed here
as a National Border Geospatial Intelligence Cell (NBGIC) under the National Security Council Secretariat
— with representation from ISRO, Survey of India, BRO, NHIDCL, DRDO, and NDMA; and the integration
of SIPI-derived prioritisation evidence into the BRO and NHIDCL capital budgeting processes for projects

above a defined threshold value.

The National Geospatial Policy (2022) provides a supportive legislative and regulatory environment for these
adaptations, liberalising geospatial data access for planning purposes while retaining a tiered classification
regime for sensitive border corridor data. The Defence Geoinformatics Research Establishment (DGRE)
under DRDO already develops indigenous terrain modelling tools for high-altitude applications and could
serve as the technical nucleus of the proposed NBGIC. Investment in geospatial analyst training — through
dedicated courses at NRSC, the National Defence College, and the Indian Military Academy — is an equally

necessary complement to the technical infrastructure investment.

The medium-term integration of Artificial Intelligence (AI) tools — specifically Convolutional Neural
Networks for automated road damage detection from satellite imagery, and reinforcement learning for route
optimisation under multi-constraint conditions — would substantially enhance the analytical throughput and
operational responsiveness of the ML-GIF system. Emerging research applying Convolutional Neural
Networks (CNNs) to post-event satellite imagery for infrastructure damage mapping has reported
substantially improved detection speeds relative to manual GIS workflows, with several studies demonstrating
promising accuracy levels in mountain terrain contexts — though performance varies significantly with image

resolution, training data quality, and terrain type, and no standardised benchmark yet exists specifically for
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Himalayan road infrastructure. Investing in this capability today positions India to transition from
retrospective infrastructure assessment to near-real-time operational monitoring of the entire border road

network.
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VI. CONCLUSION

This paper has demonstrated that Geospatial Intelligence constitutes a transformative analytical foundation
for strategic border infrastructure planning in India — one that is both technically achievable with India's
existing asset base and institutionally implementable within its current planning architecture. The four study
sectors examined — Ladakh, Arunachal Pradesh, Sikkim, and Uttarakhand — each present a distinct
configuration of terrain challenges, strategic vulnerabilities, and infrastructure investment opportunities that
a unified GEOINT framework is uniquely equipped to integrate into a coherent, evidence-based planning

picture.

The proposed Multi-Layer Geospatial Intelligence Framework (ML-GIF) provides a structured five-tier
decision-support architecture that moves border infrastructure planning from reactive, project-by-project
engineering management to proactive, intelligence-informed strategic sequencing. Its core output — the
Strategic Infrastructure Prioritisation Index (SIPI) — offers a quantitative, multi-dimensional ranking
instrument that incorporates terrain feasibility, operational connectivity value, strategic risk exposure, and
climate-disaster vulnerability into a single composite score, enabling more rational and defensible

prioritisation of the substantial but finite capital resources available to the BRO and NHIDCL.

Three overarching strategic insights emerge from the study. First, infrastructure vulnerability and strategic
deterrence are inseparable: road alignments observable from adversarial positions reduce India's crisis
management options regardless of whether those positions are actively used for interdiction. Second, climate-
driven infrastructure disruption — exemplified by the 2023 South Lhonak GLOF in Sikkim — has crossed a

threshold where it constitutes a recurring strategic risk, not a low-probability contingency, demanding explicit
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integration into infrastructure planning and investment decisions. Third, India possesses the technical
geospatial foundations for a world-class border GEOINT system through ISRO's Earth Observation
programme and NRSC's airborne and ground-based capabilities; the binding constraint is analytical

integration and institutional coordination, not sensor availability.

Future research should focus on three priority areas: empirical validation of the ML -GIF framework through
pilot deployment in a single border sector with full inter-agency data integration; development and testing of
Al-assisted analytical modules for automated damage detection and route optimisation; and assessment of the
institutional governance models that most effectively support inter-agency geospatial data sharing in sensitive
border zone contexts. India's strategic geography makes excellence in border GEOINT not a luxury but a

national security imperative.
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