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Research Roadmap
From Spatial Data Infrastructure to Geospatial Intelligence
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DGGS for spatial querying

Multi-Agent Querying System DGGS-Q
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DGGS-Grounded Multi-Agent System GridMind
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Project 1.
Multi-Agent Querying System DGGS-Q

A DGCGS-grounded multi-agent system that turns natural-language spatial
guestions into traceable query workflows over harmonized methane emission
inventories.



Motivation

Multi-source spatial data fragmentation

e Spatial data today are scattered across multiple platforms and standards.

* Inconsistent coordinate reference systems, file formats, spatial resolutions, etc.
« Data chaos slows decisions before/during/after events.

* Al models struggle to reason over such inconsistencies.
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Motivation

Discrete Global Grid Systems (DGGS) as a standardized reference system
e Spatial: Equal-area global grid unifies coordinate systems.
e Temporal: Enables consistent time-indexed snapshots for change analysis.
e Scale: Multi-resolution hierarchy supports zooming and aggregation.
« Semantic: Common feature schema & attribute alignment.
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Two-Part Work Structure

Part 1 - Data harmonization

. . 2 . . ' Original datasets i Raster conversion
« Convert 15 emission inventories onto rHEALPIX g ; +  Ne{CDF/CSV data points as pixel centers
DGGS using DGGAL (https//github.com/ecere/dggal). = - Resoluon preserved

' : DGGS processing

« Area-weighted intersection

« Raster-first approach

« Spatial indexing & pre-filtering
« Parallel processing

/

GeoTIFF
« |PCC 2006 sector mapping

e Standardize spatial structure, sectoral semantics (to + Removal of totals
IPCC 2006 scheme), and reporting units (to Mg a™).

Scaling & Standardization

« Unit conversion to Mg a™
« Country/variable scaling factors

inal outputs

* Apply Scallng faCtor (Close to One) to ensure « Wide-format tables (dggsiID, year, GID, sectors)
conservation of total emissions. S onzera et only
) ) . « Database-ready (PostgreSQL/PostGIS, SQLite,
e Store data in DGGS-indexed relational backend. . Sepatate DGGS geometries

» Li, M, & Liang, S. (2025). Harmonized Global to Regional Gridded Methane Inventories
on rHEALPix DGGS (V1.0) [Data set]. Zenodo. https://doi.org/10.5281/zenodo.17362125

>  https://doi.org/10.31223/X5F 48V


https://github.com/ecere/dggal

Part 2 - Multi-agent query system

Local Data Files

OpenAl API

GPT-40
All agents

Embeddings API
Pre-computes IPCC code

Legen
LangGraph Agent Node
OpenAl LLM Servi

Geo / DB Service

* Reasoner generates execution plan

Intent Parser
Extract intent, merge follow-ups,
IPCC RAG:; uses @tools

vectors (startup only)
Local Data File

IPCC code embeddings for

. ipcc_embeddings.npy
semantic search

e Creates a step-by-step JSON

Basin polygons for fuzzy intent_complete = True

basins.geojson
geographic name matching

e Replans using failure feedback

Reasoner
Generate step plan for agent execution

« Coordinator routes agents + manages
execution

step plan {JSON)

i WorkflowOrchestrator State
: (persisted across turns)
Coordinator y
Route steps to agents; replan on failure

e Sends each step to the right agent

agents return to Coordinator after each

e Manages state and recovery = —

Intent Finalize

e IntentParserAgent extracts task + | -
Va r i a b | eS ,E;lgse‘selemm Build SOL, execute,

posiprocess

Composer
NL answer from data

Geocode locafions,

Geo Resolver
convert to DGGS cells

‘ Response

Geocoding/DGGS Services

Nominatim (OSM)
Primary geocoding

e Human-in-the-loop

DGGAL CLI
rHEALPix DGGS cell ID
conversion

e [n-session memory

Answer Validator
Verify answer against data

Final Response
NL answer + Grid visualization




Part 2 - Intelligent query system

OpenAl API

GPT-40
All agents

ngGraph Agent Node

penAl LLM Service |

Embeddings API
Pre-computes IPCC code
vectors (startup only)

Local Data Files Geo / DB Service

« CeoResolverAgent maps text location -
DGGS IDs

e Nominatim API

e On-the-fly DGGS conversion by DGGAL

e DataQueryAgent generates SQL -
retrieves results

e SQL writing with @tool
 DGGS prefix matching

Intent Parser
Extract intent, merge follow-ups,
IPCC RAG:; uses @tools

ipcc_embeddings.npy Local Data File
IPCC code embeddings for
semantic search
( basins.geojson .
Basin polygons for fuzzy intent_complete = True
geographic n tchi

Reasoner
Generate step plan for agent execution

step plan {JSON)

i WorkflowOrchestrator State
. | i 55 turns)
Coordinator y
Route steps to agents; replan on failure

agents return to Coordinator after each

Intent Finalize

Dataset selection + Response

Composer
NL answer from data

Geocode locafions,

Build SQL, execuie,

convert to DGGS cells posiprocess

Geo Resolver ‘

Data Query ‘

» AnswerValidatorAgent checks answer o |
a g a i nst d ata —- —E—E‘— :.: L— - g ;QeocadlnngGGs SENICSSI

Nominatim (OSM)
Primary geocoding

e Detects numerical inconsistencies

rHEALPix DGGS cell ID
conversion

Answer Validator
Verify answer against data

e Flags unsupported claims
e Triggers replan when needed

Final Response
NL answer + Grid visualization




DGGS-Q Demo

Aggregation | Comparison | Trend | Extremum | Multi-round queries

= DGGS-Q: Methane Emissions Query System (0 Map Visualization
|
L
Omupbo:
Ask about methane emissions, anywhere, any sector, and any year between 1970 and 2022... > No data available for download

0 Alpnos € DpenSveeitdan improve i map
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Key contributions

. Introduces DGGS-Q as an explainable multi-agent framework for natural-language
querying over DGGS-indexed geospatial data.

‘ Uses DGGS prefix matching for spatial filtering, making query execution more
reproducible and auditable.

Agentic architecture through reasoner-coordinator orchestration, creating
Inspectable query workflows.

@ Produces traceable audit artifacts, including structured intent, execution plan,
DGGS cells, SQL, results, and validator verdict.

Improves robustness over single-agent reasoning, showing that structured multi-
agent design supports more trustworthy geospatial Al.
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Project 2 (ongoing):
DGGS-Grounded Multi-Agent System GridMind

A DGGS-grounded agent substrate where grid cells and spatial features reason
through hierarchy, adjacency, and containment.



Motivation: LLMs need spatial grounding

Spatial reasoning derives new spatial facts or decisions from known relations such as:
 Adjacency

: * ' ‘ 27
. Containment LLMs violate the first law ofcfeoqrophv. .
e Hierarchy Everything is related to everything else, but near

. things are more related than distant things.
 Proximity

LLMs are not reliable when these relations must be inferred from coordinates, maps, or text.

Which sensors are
adjacent to this leak?

>4 Q) 3za0s22°n, |=2
? 118.2437°' W
Which facilities are

nearby ?

contained in this = : adjacent ? parent/child ?
? i

How do local alerts D P R ————
roll up to a regional

pattern?
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Motivation: DGGS topology as an agent substrate

» Space is indexed with rHEALPix DGGS cells. Cell identifiers encode spatial structure.
e Spatial relations are derived from DGGS topology:

» Parent and child cells from hierarchy

* Neighboring cells from adjacency

e Features linked to containing cells (containment)

» The LLM explains behavior but does not invent/infer the spatial relationships.

DGGS topology

Which cell
ICh cells are grid-grounded reasoning

adjacent to this leak?

Hierarchy | Adjacency Containment

Which facilities are
contained in this cell?

How do local alerts o
roll up to a hotspot? ' ' facility 9 leak  ((+) sensor

grounded explanation
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GridMind - cells and features as agents

* Demonstrated in an oil and gas facility asset management scenario

» Grid-cell agents represent spatial units at
multiple resolutions and summarize local and
regional conditions

Resolution n

* Feature agents represent domain entities,
such as facilities, leaks, sensors, or repairs, and ' o
are bou nd ‘to the'r Conta|n|ng DGGS Ce”S Grid-Cell Agent Grid-Cell Agent Grid-Cell Agent

 Each agent has local memory and responds
to events that reach it. e inen

« Event-driven system where dormant
cells/features remain inactive until triggered
(e.g., a leak event, a sensor reading, a neighbor
message, or a user question).
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Topology-defined communication channels

* Demonstrated in an oil and gas facility asset management scenario

« Vertical - parent and child cells, supporting
cross-resolution reasoning

* Fine-level cells can roll up to coarse regional
summaries

Resolution n

e Coarse cells can drill down to local details —0

Grid-Cell Agent Grid-Cell Agent Grid-Cell Agent

» Lateral - neighboring cells at the same level,
supporting propagation and pattern detection |——_—_——

(finer)

* Inward - feature and containing cell,
supporting a facility or sensor to report its
status to the cell agent it belongs to
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GridMind Demo

GridMind: A DGGS-Grounded Multi-Agent Sandbox for Asset Management

1. Place sensors

Sensor 2

Sensor 3

2. Set the time window




Key contributions

@ Grounds spatial reasoning in DGGS topology, rather than relying on LLM-inferred
spatial relations.

. Uses cell identifiers to derive adjacency, hierarchy, and containment in a stable
and verifiable way.

. Models grid cells and spatial features as agents, creating a geography-organized
agent system.

‘ Defines topology-based communication channels for feature-to-cell, neighbor-to-
neighbor, and parent-child reasoning.

.Provides grid-grounded agent memory, allowing agents to explain why they acted.

18



Take-home message: DGGS as a Spatial Harness for Al Agents

*AlAgent = LLM + Harness

1

Data

DGGS
standardizes
fragmented
spatial datasets
aCross space,
scale, time, and
semantics.

2

Querying

DGGS-Q makes
natural-language
geospatial
qgueries traceable,
explainable, and
auditable.

3

Reasoning

GridMind uses
DGGS topology to
ground
adjacency,
hierarchy, and
containment.

A

(@T=YeJ:\|

LLMs provide
Interaction,
planning, and
explanation, while
DGGS provides
the spatial
structure.
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Thank You

Dr. Erin Li
Postdoctoral Associate
UbiSensing & Al Lab, University of Calgary

mingke.li@ucalgary.ca
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