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Historical & Geo Data

* Rich sources of information

— understanding human & environmental systems

— describing human & natural activities

* Labor-intensive to analyze across time & space
— e.g., economic viability, physical changer, geo-related characteristics

* Often require grounding & additional contextual information

— e.g., demographics, geology, stratigraphy, etc...

ZUSGS

science for a changing world
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KGs s a

Predicate
A
* Knowledge Graph (KG)? @ ‘ @
1 b
— Graphs are natural way to encode data Subject Object

H M . . [ L] M. IS.t
— Using semantic concepts & relationships Balmat (Edwards District) ineral Site

* Semantic Network = Knowledge Graph
 Why use KG?
— Combine expressivity, interoperability, & standardization in the Semantic Web stack

e Semantic Web?

— Extension of WWW, enabling the Web of Data (aka “Linked Data”)
— Encoding of semantics with the data
— Linked Open Data principles // FAIR
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e Spatio-Temporal KGs

Geo & Spatio-Temporal KGs

University of Southern California 56 m

— Contextual (what)
— Spatial (where)
— Temporal (when)

Geo-semantics

— Representation, annotation, & reasoning
— Modeling & ontology development
— Integration & interoperability
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* So, what’s so special about them?

Intro: Spatio-Temporal KGs

— Spatial analysis

— Temporal analysis

— Spatio-temporal aggregations
— Geographic QA

— Environmental & social science
— Urban planning

— Transportation
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Research Problem

* How can we transform & link unstructured digitized & historical geo-data into
structured, semantic, & queryable spatio-temporal KGs?

* Objectives:
— Auto KG construction & entity resolution (ER) from various historical geo-data sources
— Semantic enrichment by linking (EL) to additional sources on the web

— Adherence to Semantic Web principles

* shared, accessible, visualized, standardized across-domains, & scalable for easy use by
downstream tasks for easy analysis & expressive integration
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Goals

* Integrating geo-referenced textual & historical data with quantitative
information into a comprehensive, dynamic, & spatio-temporal KG
— capture data & entity semantics, entity resolution, & accurate data modeling

 Demonstrate via a KG of historical mining data

— Historically takes months of work; geologists describe it as a “soul crushing exercise”

"MineralSite": [

{
"source_id": "https://w3id.org/usgs/z/4530692/2P29BJHV",

"record_id": 1,

"name": "NI 43-101 Technical Report for the Lantinen Koillismaa Project in Europe, Finland dated

March 2017",

Mineral Resources / Online Spatial Data

Mineral Resources Data System (MRDS)

MRDS is a collection of reports describing metallic and nonmetallic mineral resources throughout the
world. Included are deposit name, location, commodity, deposit description, geologic characteristics,
production, reserves, resources, and references. It subsumes the original MRDS and MAS/MILS. MRDS
is large, complex, and somewhat problematic. This service provides a subset of the database comprised
of those data fields deemed most useful and which most frequently contain some information, but full
reports of most records are available as well.

| Lawrerice . Columbia

"location_info": {

"location": "POINT(28.17472 65.94611)", et ST

"crs": "WGS84",
"country": "Finland" e

Fogers
o Srinodale
Fare éZZB
Jonesbor

FortSmith

"state_or_province": "Central Finland"

Memphis

Littie Rock
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Girardéau

Starkil

Current status: As of 2011, USGS has ceased systematic updates to MRDS, and is working to create a
new database, focused primarily on the conterminous US. For locations outside the United States,
MRDS remains the best collection of reports that USGS has available. For locations in Alaska, the Alaska
Resource Data File remains the most coherent collection of such reports and is in continuing
development.

Resource descriptions here include an indication of the overall quantity and diversity of information they
contain. Many records in this database are simple reports of commoity at some location, but some
records provide substantial detail of the geological setting and industrial exploitation of the resource. To
help users find these more thorough records, a map interface and search form are provided that rank
results by overall quality, records graded A having more information about more aspects of the resource,
records graded D having only summary information about the resource. Records graded B and C are
intermediate between these, and records graded E generally lack bibliographic references.
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Transformation & Aggregation

natural occurrence of
minerals (geological
formations)

wuh s

Skarn Deposit

(rock)
deposit

Tungsten Carbide
(product)

naturally occurring solid material
usually mixtures of minerals and other materials
(bauxite = ore of aluminum; hematite = ore of iron)

Schee./
(ore)

inventory

Tungsten

(element)
commodity

o

Exploration
Results
MINERAL MINERAL
RESOURCES RESERVES
Inferred:
Increasing level of
geological  f———f
e g Indicated Probable
Measured Proven
Consideration of mining, processing, metallurgical, economic,
marketing, legal, environmental, infrastructure, social,
and governmental factors
(the “Modifying Factors").

COMMODITY i.KREPORTED FCAS-REPORTED Al CONVERSION FA CONVERTED FORM

Aluminum Al 1.8895
Antimony Sb 11971
Barium Ba 1.6995
Borates B Boron 3.2198
Borates H3BO3 Boric Acid 0.5629
Cesium Cs20 Cesium Oxide, C 0.9432
Chromium Cr 1.4615
Cobalt CoOH Cobalt Hydroxid: 0.776
lronOre _ Fe203 Hematite, Haem 0.6994

Al203
S$b203
BaSo4
B203
B203
Cs
Cr203
Co

Fe

material or primary
agricultural product
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One desired output: Grade-Tonnage model

* Fora given CommOdity/deposit type/location/time-range:

— Construct grade and tonnage models from the data on existing mines

— Compile rich mineral site data
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model for tungsten skarn deposits—2020 update (No. 2020-5085). US Geological Survey




Agenda

* Intro

* Problem

* Approach <=

e Evaluation & Discussion

e Spatio-Temporal Analysis via GeoSPARQL
e Related Work

* Future Directions

* Conclusions

g USC
% T 12

TTTTTTTTT

USC Viterbi

School of Engineering



Approach

e Step 1. Semantic Modeling & URI assignment (Data Representation)

— Transform & materialize the data (construct KG)
e Generate entities (URIs) based on unique identifiers

* Provide a useful semantic representation supporting downstream tasks

— Construct a meaningful semantic model
* Follows W3C & OGC standards (GeoSPARQL)

owl: sameAs

deposn type
:MineralSite
mineral_in

Iocatlon info

( Locaﬂonlnfo)

S
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INFORMATION
SCIENCES
INSTITUTE

Iocatlon—>

:n

:DepositType

< COmmod|ty>_’°W| sameAs

commodlty /><

WIKIDATA
a2 USGS
v:lem:e for a changing world
geoKB

ventory
\@inerallnvento&

:reference
\‘ :category—p»| :ResourceCategory

geo:wktLiteral

\

:grade :Grade
xsd:datetime

cutoff_grade

dcterms:date

( :Reference }:documem\><

:Document >/




GeoKB as a Target KB for EL

GEOKB

Nickel ©is2561)

N e

Statements

subclass of

same as

mineral species in the Iron Group sourced from Mindat and the Geoscience Ontology

Niccolum | nikle | Nikel | J<s | Nikelo | = w47 JL | Nikal | Nichel | Nikiel | Nikl | IMA1966-039 |
L|Z! | Nikelis | Nikkeli | Uhyt | Niquel | Nikelj | fA®@e | 6oggmo | #intfia | Huken | Nikel |
Hukénb | Nikel | Iztactepoztli | fiseT | e | Ju | Niquél | Hukn | 99 | Nickyl | dléas |
Hikenb | Nikeli | Nikil | Nikelis | NikéAio | Néckel | Hukenb | Konukoreko | Niken | Nichele | B
A58 | Nikkel

qaeD

01.AA.05 - Copper-cupalite family has chemical element @ nickel
» 2 references » 1 reference
o . .
€ mineral material
member of @ Iron Group

» 1 reference

» 1 reference

qeD

http://www.mindat.org/min-2895.htmi

~ 0 references

qaeD

https://w3id.org/gso/mineral/nickel

~ 0 references
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Approach — cont’d

e Step 2. Entity Linking

— Link the generated entities to a domain data-rich vocab (i.e., GeokB)

* Determine similarity by textual similarity (i.e., Jaccard)
* Directly within SPARQL

"Clay, Fire (Refractory)"

0

Ooo~NOoOOULTESE WN -

OCo~NOOULPA,WNEREOS

uri
uri
uri
uri
uri
uri
uri
uri
uri
uri

https
https
https
https

1//geokb.
://geokb.
://geokb.
://geokb.

wikibase.
wikibase.
wikibase.
wikibase.

entity.value \
cloud/entity/Q413

B W N =

cloud/entity/Q424

SELECT ?entity ?entityLabel WHERE {
?entity rdfs:label ?entityLabel.

?entity gkbt:P1 gkbi:Q406. # instance of mineral commodity

FILTER(CONTAINS (LCASE(?entityLabel), "nickel")) }

cloud/entity/Q423
cloud/entity/Q421

https://geokb.wikibase.cloud/entity/Q162319

https
https
https
https
https

://geokb.
://geokb.
://geokb.
://geokb.
1//geokb.

wikibase.
wikibase.
wikibase.
wikibase.
wikibase.

entityLabel.xml:lang entitylLabel.type

en
en
en
en
en
en
en
en
en
en

literal
literal
literal
literal
literal
literal
literal
literal
literal
literal

cloud/entity/Q425
cloud/entity/Q426
cloud/entity/Q428
cloud/entity/Q427
cloud/entity/Q429

entitylLabel.value

high alumina clay aluminum
bloating material clay
brick clay

clay

Clay

bentonite clay
chlorite clay

fire (refractory) clay
fullers earth clay
glauconite clay

Jaccard

SetA

SetB

4\V/
OR>

{0

ple =
C R Y[ ]

J(A,B) —»
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proach - cont’d

Mineral Site Data
Mineral Reports Data

[ Ste p 3 . Tri p I ify ! Archive & Report Data

T T T T e s e = = Entity

Generation
predefined _—————)
entities Namespaces ¢ == == == Ontology

Entities

wd:0

¥ name:

¥ location_info : "44014'51” N, 75023'50" W"

® geology_info: ™

¥ same_as:
=] [ ] Minerallnventory

internal (within the KG)
external (w GeoKB)

™ id: "Site103"
® name : "Balmat - Edwards District"
5 { } location_info
¥ location : "POINT (-75.33292 44.28331)"
SR i a{J}o
® country : "United States’

u location_source_record_id : "22" :’()1 a1
wid:

— ER

 location_source : "MRDS_Zinc"
® commodity : "zinc"

W oreiNADES u category : "Indicated”
El {) same_as i {} ore
= [ JMRDS_Zinc

3 H {} grade
= C) . H {} cutoff_grade

¥ contained_metal : 174604.65
# {{} reference

u date : "09-19-2017" I

|
I output triples
|
|

W id:22
=] () Attributes
® country : "United States"

¥ ogc_fid : 71087 ﬂ{}z R —
# dep_id : 10073156 c)a f— —
: 5 s e Measured Indicated M&l Inferred
® site_name : "Balmat - Edwards District f.,‘.“zﬂ':) -
. . =] [ ] deposit_type tons % Zinc tons % Zinc tons % Zinc tons % Zinc
¥ dev_stat : "Producer - >10% 543000 | 1615 | 840600 | 1627 | 1383600 | 1622 | 1490200 | 16.02
® url : "https://mrdata.usgs.gov/mrds/show-mrds.php?dep_id=10073156" >9% 617,500 15.34 962,500 1542 1,580,000 | 1539 | 1,772,600 | 1501
# code list : "ZN PB AG HG" >8% 696,100 | 1457 | 1080000 | 1467 | 1776100 | 1463 | 1970400 | 1436
- >7% 770200 | 13.89 [ 1200500 | 1396 | 1970700 [ 1393 | 2100600 | 1394
® wkb_geometry : "0104000020E6100000010000000101000000CCOBBO
) X i >6% 850,100 | 139 | 1,307900 | 1335 [ 2158000 | 1329 | 2276000 | 13.37
# commodity : "Zinc, Lead, Silver, Mercury >5% 932800 | 1251 | 1416700 | 1276 | 2349500 | 1266 | 2393400 | 1298
® geometry : "POINT (-75.33292 44.28331)" >4% 1,004,900 | 11.94 | 1524400 | 12.18 2529300 | 12.08 | 2,887,100 | 11.88
a{}1 >3% 1074300 | 11.39 [ 1612400 | 1170 | 2686700 | 1158 | 2824300 | 11.60
Cut-Off (% Zinc) Tons. % Zinc
Measured 543,000 16.15
Indicated 840,600 16.27
>10%
M&d 1,383,600 16.22
Inferred 1,499,200 16.02
Measured 617,500 1534
Indicated 962,500 15.42
>9%
Med 1,580,000 1539
Inferred 1,772,600 15.01
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Evaluation & Discussion

* Data completeness (SHACL)
* Entity linking
* Query performance

Characteristic Count
Total Triples 2,397,708
Distinct Classes 16
Instances (Non-literals) 226,267
Geospatial Instances 2,884
Blank Nodes 1,518,981

Data: 2.4m triples // 135 commodities // focus on 2 critical mineral: nickel, zinc

Method MRR Hits@1 Hits@3 Hits@5
String search, then Jaro 0.557 0.459 0.659 0.659
String search, then Jaccard 0.648 0.637 0.659 0.659
Instance search, then Jaro 0.801 0.689 0.926 0.956
Instance search, then Jaccard (proposed) 0.940 0.904 0.978 0.978
? : i i - i ? .
; FTISJTEIIZC(’;:Z‘OEI;:Z::et:(l:zf:izitlf');(_)‘;ll:;(—lw 57 47.56)"Ageo:wktLiteral, unit:mile) < 500) Query Constraint Type Avg Min Max
Textual 450 369 649
Temporal/Numeric 438 388 607
Spatial 708 501 811
6] . USC Viterbi
T INSTITUTE School of Engineering
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Spatio-Temporal Analysis via
GeoSPARQL

il
2

8

2nd aggregation: 4

total grade & tonnage
computation

15t aggregation:
tonnage computation

‘ Assays
Grade
CCu(®) | Ni%) | s | AdlAll | Pt(e/t) | Pd(g/t)
Concentrate 7.16-10.1 1.66-2.20 ‘ 18.4-21.5 0.65-1.28 1.17-1.59 ‘ 5.76-6.71

SELECT

?ms ?ms_name ?deposit_name ?loc_wkt ?total_tonnage_measured ?total_tonnage_indicated ?total_tonnage_inferred ?total_contained_measured

?total_contained_indicated ?total_contained_inferred

(?total_tonnage_measured + ?total_tonnage_indicated + ?total_tonnage_inferred AS ?total_tonnage)
(?total_contained_measured + ?total_contained_indicated + ?total_contained_inferred AS ?total_contained_metal)

(IF(?total_tonnage > @, ?total_contained_metal / ?total_tonnage, @) AS ?total_grade)

6 WHERE {
7 {
8 SELECT ?ms ?ms_name ?deposit_name ?country ?loc_wkt

9
10
alil
l72
13
14
45
16
iy
18
19
20

(SUM(?tonnage_measured) AS ?total_tonnage_measured)
(SUM(?tonnage_indicated) AS ?total_tonnage_indicated)
(SUM(?tonnage_inferred) AS ?total_tonnage_inferred)
(SUM(?contained_measured) AS ?total_contained_measured)
(SUM(?contained_indicated) AS ?total_contained_indicated)
(SUM(?contained_inferred) AS ?total_contained_inferred)
WHERE {
?ms :deposit_type [ rdfs:label ?deposit_name ] .
?ms :mineral_inventory ?mi .
OPTIONAL { ?ms rdfs:labell:name ?ms_name . }
?ms :location_info/:location ?loc_wkt .
2mi_ccotenoms 2mi_cat

FILTER(geof :sfWithin(?loc_wkt, "POLYGON(...)"))

fe ?date ] .

qudt :hasDimension: "",
qudt:abbreviation":

qudt:hasPart: [

{

qudt:
qudt:
qudt:
qudt:
qudt:

hasDimension: "M",

quantityKind: "http://data.nasa.gov/qudt/owl/unit#Gram",
conversionMultiplier: 0.001,

conversionOffset: 0.0,

symbol: "g"

:exponent: "-1",

:hasDimension: "M",

:quantityKind: "http://data.nasa.gov/qudt/owl/unit#MetricTon",
:conversionMultiplier: 1000.0,

:conversionOffset:
:symbol:

"g tonne-1",

0.0,
ngn

[4e)
24~
25
26
24
288%
29
30
34t
37
38

35

date >= :gYear /date <= 3
/m. :ore | :ore_value 7ore_val_raw; :ore_unit 7ore_unit] .

?mi :grade [ :grade_value ?grade_val; :grade_unit ?grade_unit] .
BIND(IF(bound(?ore_val_raw), ?ore_val_raw, @) AS ?ore_val_

BIND(IF(?ore_unit = <http://data.nasa.gov/qudt/owl/unit#MetricTon>, ?ore_val_

re / leb, ?ore_val_pre)) AS ?ore_valzl

BIND(IFCCONTAINSCLCASE(CSTR(?mi_cat)),

BIND(IFCCONTAINSCLCASE(CSTR(?mi_cat)),

BIND(IFCCONTAINSCLCASE(CSTR(?mi_cat)),

BIND(IFCCONTAINS(LCASE(CSTR(?mi_cat)),

BIND(IFCCONTAINS(LCASE(STR(?mi_cat)),

BIND(IFCCONTAINSCLCASE(STR(?mi_cat)),
}

GROUP BY ?ms ?ms_name ?deposit_name ?loc_wkt }

"measured"), ?ore_val, @) AS ?tonnage_measured)
"indicated"), ?ore_val, @) AS ?tonnage_indicated)
"inferred"), ?ore_val, @) AS ?tonnage_inferred)
"measured") && ?grade_val > @, ?ore_val * ?grade_val, @) AS ?contained_measured)
"indicated") &% ?grade_val > @, ?ore_val * ?grade_val, @) AS ?contained_indicated)
"inferred") && ?grade_val > @, ?ore_val * ?grade_val, @) AS ?contained_inferred)

8]
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Related Work

* General geo KBs (zhu 2017, Brodaric 2020)

— Mostly encompasses conceptual knowledge & data
— Does not address: quantitative data integration

* GeoKGs related to mineral data (Qun 2023)

— Tailored for geochemical data
— Does not address: quantitative data integration

* Information extraction for geo KGs (Wang 2018)
— Focus is on the data extraction
— Does not address: data integration & entity linking
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Future Directions

e Advanced data modeling
— More modalities (remote sensing)
— More data (e.g., rapidly changing geographies)

— Uncertainty & probabilistic modeling

TOMERS

* Enhanced embedding techniques for ER & EL

— Expand integration of textual data

— Utilize subword information & deep learning attention mechanisms
* KG expansion

— Extend KG linkage to additional KBs & LOD

— Apply & integrate with additional domains like archaeology & environmental sciences
* Dynamic semantic modeling

— Create more sophisticated & evolving semantic models for accurate representation
across multiple domains

figure from Essentials of Geographic Information Systems, Ch 7, Saylor Academy, 2012
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Conclusions

* Presented a method for the construction of a spatio-temporal KG from geo-
referenced spatial entities in archive report

e Contributions

— pipeline for building a KG from extracted quantitative, spatial & semantic information
from historical mining data archives
« automatically, incrementally, follows LD & SW principles, linked to web

— method to identify & retrieve instances of a given type from a publicly available KG
» specifically, entity matching commodities with GeokB

— spatio-temporal queries to automatically generate grade-tonnage models

— publicly available resulting KG in the form of linked data covering two critical minerals:
Zinc & Nickel

e queryable RDF via a (Geo)SPARQL endpoint
https://github.com/DARPA-

https://minmod.isi.edu/ CRITICALMAAS/ta2-minmod-data/
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