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Context and problem

Traditional web search engines search the web with strings. However, keywords search often returns
many irrelevant documents, pushing users to refine their keywords list following a trial-and-error
process. To overcome such limitations, major companies allowed searching for things, not strings1

[44]. Asking for the age of “James Cameron” to your digital assistant locates in a Knowledge Graph
(KG) a Person matching “James Cameron” where a property “age” is set to 67 years. Asking for the
movies of James Cameron retrieves a list of Things representing Films linked to the Person “James
Cameron”. If searching for Things is amazing and delivers exact answers, it currently raises two major
issues:
● The search is performed over a Knowledge Graph and not the Web. There may exist many

answers or information that are only available on the web, and that are not part of the
Knowledge Graph. A public KG such as DBpedia is built from Wikipedia, which is just a part of the
web, not the whole web. Existing public KGs are fed with famous people, places, historical
events, etc. Public KGs encode common knowledge by defining KG entities. What about ordinary
people? Local events? Breaking news? Reviews or price of products? For instance, there is
currently no way to retrieve Professors giving AI lectures at Master level in a French University.
However, such information may exist in the web pages of Professors as semantic annotations
describing Web entities. There is no fundamental difference between web entities and KG
entities but they differ in the way they are produced and used. This led to two sets of entities
that represent complementary knowledge and considering them as a whole allows building a
richer web of data. According to webdatacommons, there are more than 18 billions web entities
described by 80 billions facts defined over 14 millions websites. Public Knowledge Graphs defines
more than 28 £illions facts obtained over more than 650K datasets [45]. Although more and
more data are being published either as KGs or microdata both still mostly "ignore" each other.

● Only simple entity search can be performed, not complex queries. Major search engines
currently use KGs to answer Who, Where, When, What queries, e.g. “Who directed Avatar?”.
This usage is useful but very limited. As demonstrated by public KGs such as DBpedia or
Wikidata, KGs can answer very complex queries such as “Biomarkers that interact with proteins
in human pathways”, or “soccer players who were born in a country with more than 10 million
inhabitants, who played as goalkeeper for a club that has a stadium with more than 30,000
seats, and whose club country is/was different from their birth country”. Such queries are not
supported by major search engines, mainly for two reasons: (i) they have to be written in a query
language that is too complex for an end-user, (ii) such queries may require a long time to be
processed, so the search service cannot scale.

State of art

1 https://blog.google/products/search/introducing-knowledge-graph-things-not/

https://www.google.com/search?safe=off&rlz=1C5CHFA_enFR877FR877&sxsrf=ALeKk019zAurVWieE8vpql7Am_KwtNUeYg%3A1613227636308&ei=dOYnYIf5EemtgwfTyK_gCQ&q=movies+of+james+cameron&oq=movies+of&gs_lcp=Cgdnd3Mtd2l6EAMYADIGCCMQJxATMgUIABDLATIFCAAQywEyBQgAEMsBMgIIADIFCAAQywEyBQgAEMsBMgIIADICCAAyAggAOgcIABBHELADOgQIIxAnOggIABCxAxCDAToFCAAQsQM6CwgAELEDEMcBEKMCOgQIABBDOggILhCxAxCDAToOCAAQsQMQgwEQxwEQowI6CggAELEDEIMBEEM6BQguELEDOgcIABCxAxBDUICKA1jDmANg_58DaAJwAngAgAGSAYgBiAeSAQQxMC4xmAEAoAEBqgEHZ3dzLXdpesgBCMABAQ&sclient=gws-wiz
http://webdatacommons.org/
https://query.wikidata.org/#prefix%20void%3A%20%20%3Chttp%3A%2F%2Frdfs.org%2Fns%2Fvoid%23%3E%20%0Aprefix%20pav%3A%20%20%20%3Chttp%3A%2F%2Fpurl.org%2Fpav%2F%3E%20%0Aprefix%20xsd%3A%20%20%20%3Chttp%3A%2F%2Fwww.w3.org%2F2001%2FXMLSchema%23%3E%20%0Aprefix%20freq%3A%20%20%3Chttp%3A%2F%2Fpurl.org%2Fcld%2Ffreq%2F%3E%20%0Aprefix%20biopax%3A%20%3Chttp%3A%2F%2Fwww.biopax.org%2Frelease%2Fbiopax-level3.owl%23%3E%20%0Aprefix%20skos%3A%20%20%3Chttp%3A%2F%2Fwww.w3.org%2F2004%2F02%2Fskos%2Fcore%23%3E%20%0Aprefix%20rdfs%3A%20%20%3Chttp%3A%2F%2Fwww.w3.org%2F2000%2F01%2Frdf-schema%23%3E%20%0Aprefix%20rdf%3A%20%20%20%3Chttp%3A%2F%2Fwww.w3.org%2F1999%2F02%2F22-rdf-syntax-ns%23%3E%20%0Aprefix%20gpml%3A%20%20%3Chttp%3A%2F%2Fvocabularies.wikipathways.org%2Fgpml%23%3E%20%0Aprefix%20wp%3A%20%20%20%20%3Chttp%3A%2F%2Fvocabularies.wikipathways.org%2Fwp%23%3E%20%0Aprefix%20dcterms%3A%20%3Chttp%3A%2F%2Fpurl.org%2Fdc%2Fterms%2F%3E%20%0Aprefix%20wprdf%3A%20%3Chttp%3A%2F%2Frdf.wikipathways.org%2F%3E%20%0Aprefix%20prov%3A%20%20%3Chttp%3A%2F%2Fwww.w3.org%2Fns%2Fprov%23%3E%20%0Aprefix%20foaf%3A%20%20%3Chttp%3A%2F%2Fxmlns.com%2Ffoaf%2F0.1%2F%3E%20%0Aprefix%20dc%3A%20%20%20%20%3Chttp%3A%2F%2Fpurl.org%2Fdc%2Felements%2F1.1%2F%3E%20%0A%0ASELECT%20DISTINCT%20%3FbiomarkerLabel%20%3FproteinLabel%20%3FgeneID%20%3FWP_gene%20%3FPathwayID%20%3FPathwayName%20%23results%20that%20are%20displayed.%0AWHERE%20%7B%0A%20%20VALUES%20%3Fbiomarker%20%7Bwd%3AQ420633%20wd%3AQ27125809%20wd%3AQ422462%7D%20%23you%20can%20add%20more%20biomarkers%20here%20if%20needed%2C%20separated%20by%20a%20space.%0A%20%20%3Fbiomarker%20wdt%3AP31%20wd%3AQ11173.%20%23Stating%20that%20all%20biomarkers%20have%20to%20be%20%22instance%20of%22%20%22chemical%20compound%22%20%28you%20could%20ommit%20this%2C%20but%20query%20will%20probably%20take%20longer%29.%0A%20%20%3Fbiomarker%20wdt%3AP638%20%3FpdbID%20.%20%20%23Checking%20if%20a%20biomarker%20has%20a%20Protein%20Databank%20ID%20%28PDB%29%20-%3E%20meaning%20the%20metabolite%20can%20interact%20with%20a%20protein.%0A%20%20%3Fprotein%20wdt%3AP31%20wd%3AQ8054%20.%20%23Stating%20that%20all%20proteins%20are%20%22instance%20of%22%20%22protein%22%0A%20%20%3Fprotein%20wdt%3AP638%20%3FpdbID%20.%20%23Checking%20which%20proteins%20have%20a%20PDB%20ID%2C%20which%20we%20queried%20previously%20in%20relationship%20to%20the%20biomarkers.%0A%20%20%3Fprotein%20wdt%3AP702%20%3Fgene%20.%20%23Connecting%20the%20protein%20to%20a%20gene%20%28%22encoded%20by%22%20relationship%29%20-%3E%20to%20get%20an%20identifier%20we%20can%20use%20later%20in%20federated%20WikiPathways%20query.%0A%20%20%3Fgene%20wdt%3AP703%20wd%3AQ15978631%20.%20%23Now%20removing%20all%20genes%20that%20are%20not%20found%20in%20species%20%22Homo%20sapiens%22.%20-%3E%20This%20info%20is%20not%20always%20available%20for%20proteins%20in%20WikiData.%0A%20%20%3Fgene%20wdt%3AP2888%20%3FgeneID%20.%20%23Getting%20the%20%22exact%20match%22%20identifier%20for%20the%20gene%2C%20related%20to%20the%20protein%2C%20related%20to%20the%20biomarker.%0A%20%20%0A%20%20%23%23The%20IRI%20from%20Wikidata%20starts%20with%20http%3A%2F%2F%20%2C%20where%20the%20one%20from%20WikiPathways%20starts%20with%20https%3A%2F%2F%20%2C%20so%20we%20need%20to%20rewrite%20the%20IRI%0A%20%20%20%20BIND%28%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%23%20Bind%20the%20created%20IRI%20into%20a%20new%20variable%20%28called%20%3FnewIRI%29%0A%20%20%20%20%20%20%20%20IRI%28%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%23%20Convert%20the%20string%20back%20to%20an%20IRI%0A%20%20%20%20%20%20%20%20%20%20CONCAT%28%20%20%20%20%20%20%20%20%20%20%20%20%20%20%23%20Concatenate%20item%201%20and%202%20together%20as%20one%20string%0A%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%22https%22%2C%20%20%20%20%20%20%20%20%23%20First%20item%20to%20concat%20%28more%20items%20can%20be%20added%20with%20a%20comma%0A%20%20%20%20%20%20%20%20%20%20%20%20%20%20%23Second%20item%20to%20concat%3A%0A%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20SUBSTR%28%20%20%20%20%20%20%20%20%20%23%20Obtain%20a%20substring%0A%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20STR%28%3FgeneID%29%2C%20%23%20Convert%20the%20geneID%20IRI%20from%20Wikidata%20to%20a%20string%2C%0A%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%205%29%20%20%20%20%20%20%20%20%20%20%20%20%23%20removing%20the%20first%205%20characters%20%28%3Chttp%29%0A%20%20%20%20%20%20%20%20%29%29%20AS%20%3FnewIRI%20%20%20%20%20%20%20%20%20%20%23%20Name%20for%20the%20new%20variable%20%0A%20%20%20%20%29%0A%20%20%20%20%0A%20%20SERVICE%20%3Chttp%3A%2F%2Fsparql.wikipathways.org%2Fsparql%3E%20%7B%20%23Connecting%20to%20the%20WikiPathways%20SPARQL%20endpoint.%0A%20%20%20%20%20%3FWP_pathway%20a%20wp%3APathway%20.%20%23Stating%20a%20%3FWP_pathway%20is%20indeed%20a%20pathway%20in%20the%20WikiPathways%20RDF%20.%0A%20%20%20%20%20%3FWP_pathway%20wp%3AorganismName%20%22Homo%20sapiens%22%20.%20%23Removing%20all%20PWs%20not%20for%20species%20Homo%20sapiens.%0A%20%20%20%20%20%3FWP_pathway%20dc%3Aidentifier%20%3FPathwayID%20.%20%23Query%20the%20identifier%20of%20the%20pathway%20in%20WPs.%0A%20%20%20%20%20%3FWP_pathway%20dc%3Atitle%20%3FPathwayName%20.%20%23Obtaining%20the%20name%20of%20the%20pathway.%20%0A%20%20%20%20%0A%20%20%20%20%20%3FWP_gene%20a%20wp%3AProtein%20.%20%23Stating%20that%20a%20%3FWP_gene%20is%20a%20Protein%20DataNode%20%28you%20could%20ommit%20this%2C%20to%20also%20get%20all%20DataNodes%20modeled%20as%20GeneProducts%20out%2C%20but%20query%20will%20take%20longer%29.%0A%20%20%20%20%20%3FWP_gene%20wp%3AbdbEntrezGene%20%3FnewIRI%20.%20%23Connecting%20the%20previously%20queried%20%22exact%20match%22%20from%20WikiData%20to%20the%20NCBI%2FEntrez%20Gene%20ID%20in%20WPs.%20%0A%20%20%20%20%20%3FWP_gene%20dcterms%3AisPartOf%20%3FWP_pathway%20.%20%23Connecting%20the%20WP_gene%20to%20the%20WP_pathway.%0A%20%20%20%20%20%0A%20%20%20%7D%0A%20OPTIONAL%20%7B%3Fbiomarker%20rdfs%3Alabel%20%3FbiomarkerLabel.%20%23Create%20a%20label%20%28aka%20name%29%20for%20the%20biomarkers%20in%20WikiData%2C%20without%20using%20the%20service%20query.%20%0AFILTER%28LANG%28%3FbiomarkerLabel%29%20%3D%20%22en%22%29.%0A%7D%0A%20%20%20OPTIONAL%20%7B%3Fprotein%20rdfs%3Alabel%20%3FproteinLabel.%20%23Create%20a%20label%28aka%20name%29%20for%20the%20proteins%20in%20WikiData%2C%20without%20using%20the%20service%20query.%0AFILTER%28LANG%28%3FproteinLabel%29%20%3D%20%22en%22%29.%0A%7D%0A%20%0A%7D%0AORDER%20BY%20DESC%20%28%3FbiomarkerLabel%29%20%23Order%20results%20for%20biomarkers
https://query.wikidata.org/#prefix%20void%3A%20%20%3Chttp%3A%2F%2Frdfs.org%2Fns%2Fvoid%23%3E%20%0Aprefix%20pav%3A%20%20%20%3Chttp%3A%2F%2Fpurl.org%2Fpav%2F%3E%20%0Aprefix%20xsd%3A%20%20%20%3Chttp%3A%2F%2Fwww.w3.org%2F2001%2FXMLSchema%23%3E%20%0Aprefix%20freq%3A%20%20%3Chttp%3A%2F%2Fpurl.org%2Fcld%2Ffreq%2F%3E%20%0Aprefix%20biopax%3A%20%3Chttp%3A%2F%2Fwww.biopax.org%2Frelease%2Fbiopax-level3.owl%23%3E%20%0Aprefix%20skos%3A%20%20%3Chttp%3A%2F%2Fwww.w3.org%2F2004%2F02%2Fskos%2Fcore%23%3E%20%0Aprefix%20rdfs%3A%20%20%3Chttp%3A%2F%2Fwww.w3.org%2F2000%2F01%2Frdf-schema%23%3E%20%0Aprefix%20rdf%3A%20%20%20%3Chttp%3A%2F%2Fwww.w3.org%2F1999%2F02%2F22-rdf-syntax-ns%23%3E%20%0Aprefix%20gpml%3A%20%20%3Chttp%3A%2F%2Fvocabularies.wikipathways.org%2Fgpml%23%3E%20%0Aprefix%20wp%3A%20%20%20%20%3Chttp%3A%2F%2Fvocabularies.wikipathways.org%2Fwp%23%3E%20%0Aprefix%20dcterms%3A%20%3Chttp%3A%2F%2Fpurl.org%2Fdc%2Fterms%2F%3E%20%0Aprefix%20wprdf%3A%20%3Chttp%3A%2F%2Frdf.wikipathways.org%2F%3E%20%0Aprefix%20prov%3A%20%20%3Chttp%3A%2F%2Fwww.w3.org%2Fns%2Fprov%23%3E%20%0Aprefix%20foaf%3A%20%20%3Chttp%3A%2F%2Fxmlns.com%2Ffoaf%2F0.1%2F%3E%20%0Aprefix%20dc%3A%20%20%20%20%3Chttp%3A%2F%2Fpurl.org%2Fdc%2Felements%2F1.1%2F%3E%20%0A%0ASELECT%20DISTINCT%20%3FbiomarkerLabel%20%3FproteinLabel%20%3FgeneID%20%3FWP_gene%20%3FPathwayID%20%3FPathwayName%20%23results%20that%20are%20displayed.%0AWHERE%20%7B%0A%20%20VALUES%20%3Fbiomarker%20%7Bwd%3AQ420633%20wd%3AQ27125809%20wd%3AQ422462%7D%20%23you%20can%20add%20more%20biomarkers%20here%20if%20needed%2C%20separated%20by%20a%20space.%0A%20%20%3Fbiomarker%20wdt%3AP31%20wd%3AQ11173.%20%23Stating%20that%20all%20biomarkers%20have%20to%20be%20%22instance%20of%22%20%22chemical%20compound%22%20%28you%20could%20ommit%20this%2C%20but%20query%20will%20probably%20take%20longer%29.%0A%20%20%3Fbiomarker%20wdt%3AP638%20%3FpdbID%20.%20%20%23Checking%20if%20a%20biomarker%20has%20a%20Protein%20Databank%20ID%20%28PDB%29%20-%3E%20meaning%20the%20metabolite%20can%20interact%20with%20a%20protein.%0A%20%20%3Fprotein%20wdt%3AP31%20wd%3AQ8054%20.%20%23Stating%20that%20all%20proteins%20are%20%22instance%20of%22%20%22protein%22%0A%20%20%3Fprotein%20wdt%3AP638%20%3FpdbID%20.%20%23Checking%20which%20proteins%20have%20a%20PDB%20ID%2C%20which%20we%20queried%20previously%20in%20relationship%20to%20the%20biomarkers.%0A%20%20%3Fprotein%20wdt%3AP702%20%3Fgene%20.%20%23Connecting%20the%20protein%20to%20a%20gene%20%28%22encoded%20by%22%20relationship%29%20-%3E%20to%20get%20an%20identifier%20we%20can%20use%20later%20in%20federated%20WikiPathways%20query.%0A%20%20%3Fgene%20wdt%3AP703%20wd%3AQ15978631%20.%20%23Now%20removing%20all%20genes%20that%20are%20not%20found%20in%20species%20%22Homo%20sapiens%22.%20-%3E%20This%20info%20is%20not%20always%20available%20for%20proteins%20in%20WikiData.%0A%20%20%3Fgene%20wdt%3AP2888%20%3FgeneID%20.%20%23Getting%20the%20%22exact%20match%22%20identifier%20for%20the%20gene%2C%20related%20to%20the%20protein%2C%20related%20to%20the%20biomarker.%0A%20%20%0A%20%20%23%23The%20IRI%20from%20Wikidata%20starts%20with%20http%3A%2F%2F%20%2C%20where%20the%20one%20from%20WikiPathways%20starts%20with%20https%3A%2F%2F%20%2C%20so%20we%20need%20to%20rewrite%20the%20IRI%0A%20%20%20%20BIND%28%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%23%20Bind%20the%20created%20IRI%20into%20a%20new%20variable%20%28called%20%3FnewIRI%29%0A%20%20%20%20%20%20%20%20IRI%28%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%23%20Convert%20the%20string%20back%20to%20an%20IRI%0A%20%20%20%20%20%20%20%20%20%20CONCAT%28%20%20%20%20%20%20%20%20%20%20%20%20%20%20%23%20Concatenate%20item%201%20and%202%20together%20as%20one%20string%0A%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%22https%22%2C%20%20%20%20%20%20%20%20%23%20First%20item%20to%20concat%20%28more%20items%20can%20be%20added%20with%20a%20comma%0A%20%20%20%20%20%20%20%20%20%20%20%20%20%20%23Second%20item%20to%20concat%3A%0A%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20SUBSTR%28%20%20%20%20%20%20%20%20%20%23%20Obtain%20a%20substring%0A%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20STR%28%3FgeneID%29%2C%20%23%20Convert%20the%20geneID%20IRI%20from%20Wikidata%20to%20a%20string%2C%0A%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%20%205%29%20%20%20%20%20%20%20%20%20%20%20%20%23%20removing%20the%20first%205%20characters%20%28%3Chttp%29%0A%20%20%20%20%20%20%20%20%29%29%20AS%20%3FnewIRI%20%20%20%20%20%20%20%20%20%20%23%20Name%20for%20the%20new%20variable%20%0A%20%20%20%20%29%0A%20%20%20%20%0A%20%20SERVICE%20%3Chttp%3A%2F%2Fsparql.wikipathways.org%2Fsparql%3E%20%7B%20%23Connecting%20to%20the%20WikiPathways%20SPARQL%20endpoint.%0A%20%20%20%20%20%3FWP_pathway%20a%20wp%3APathway%20.%20%23Stating%20a%20%3FWP_pathway%20is%20indeed%20a%20pathway%20in%20the%20WikiPathways%20RDF%20.%0A%20%20%20%20%20%3FWP_pathway%20wp%3AorganismName%20%22Homo%20sapiens%22%20.%20%23Removing%20all%20PWs%20not%20for%20species%20Homo%20sapiens.%0A%20%20%20%20%20%3FWP_pathway%20dc%3Aidentifier%20%3FPathwayID%20.%20%23Query%20the%20identifier%20of%20the%20pathway%20in%20WPs.%0A%20%20%20%20%20%3FWP_pathway%20dc%3Atitle%20%3FPathwayName%20.%20%23Obtaining%20the%20name%20of%20the%20pathway.%20%0A%20%20%20%20%0A%20%20%20%20%20%3FWP_gene%20a%20wp%3AProtein%20.%20%23Stating%20that%20a%20%3FWP_gene%20is%20a%20Protein%20DataNode%20%28you%20could%20ommit%20this%2C%20to%20also%20get%20all%20DataNodes%20modeled%20as%20GeneProducts%20out%2C%20but%20query%20will%20take%20longer%29.%0A%20%20%20%20%20%3FWP_gene%20wp%3AbdbEntrezGene%20%3FnewIRI%20.%20%23Connecting%20the%20previously%20queried%20%22exact%20match%22%20from%20WikiData%20to%20the%20NCBI%2FEntrez%20Gene%20ID%20in%20WPs.%20%0A%20%20%20%20%20%3FWP_gene%20dcterms%3AisPartOf%20%3FWP_pathway%20.%20%23Connecting%20the%20WP_gene%20to%20the%20WP_pathway.%0A%20%20%20%20%20%0A%20%20%20%7D%0A%20OPTIONAL%20%7B%3Fbiomarker%20rdfs%3Alabel%20%3FbiomarkerLabel.%20%23Create%20a%20label%20%28aka%20name%29%20for%20the%20biomarkers%20in%20WikiData%2C%20without%20using%20the%20service%20query.%20%0AFILTER%28LANG%28%3FbiomarkerLabel%29%20%3D%20%22en%22%29.%0A%7D%0A%20%20%20OPTIONAL%20%7B%3Fprotein%20rdfs%3Alabel%20%3FproteinLabel.%20%23Create%20a%20label%28aka%20name%29%20for%20the%20proteins%20in%20WikiData%2C%20without%20using%20the%20service%20query.%0AFILTER%28LANG%28%3FproteinLabel%29%20%3D%20%22en%22%29.%0A%7D%0A%20%0A%7D%0AORDER%20BY%20DESC%20%28%3FbiomarkerLabel%29%20%23Order%20results%20for%20biomarkers
https://dbpedia.org/snorql/?query=SELECT+distinct+%3Fsoccerplayer+%3FcountryOfBirth+%3Fteam+%3FcountryOfTeam+%3Fstadiumcapacity%0D%0A%7B+%0D%0A%3Fsoccerplayer+a+dbo%3ASoccerPlayer+%3B%0D%0A+++dbo%3Aposition%7Cdbp%3Aposition+%3Chttp%3A%2F%2Fdbpedia.org%2Fresource%2FGoalkeeper_%28association_football%29%3E+%3B%0D%0A+++dbo%3AbirthPlace%2Fdbo%3Acountry*+%3FcountryOfBirth+%3B%0D%0A+++%23dbo%3Anumber+13+%3B%0D%0A+++dbo%3Ateam+%3Fteam+.%0D%0A+++%3Fteam+dbo%3Acapacity+%3Fstadiumcapacity+%3B+dbo%3Aground+%3FcountryOfTeam+.+%0D%0A+++%3FcountryOfBirth+a+dbo%3ACountry+%3B+dbo%3ApopulationTotal+%3Fpopulation+.%0D%0A+++%3FcountryOfTeam+a+dbo%3ACountry+.%0D%0AFILTER+%28%3FcountryOfTeam+!%3D+%3FcountryOfBirth%29%0D%0AFILTER+%28%3Fstadiumcapacity+%3E+30000%29%0D%0AFILTER+%28%3Fpopulation+%3E+10000000%29%0D%0A%7D+order+by+%3Fsoccerplayer
https://dbpedia.org/snorql/?query=SELECT+distinct+%3Fsoccerplayer+%3FcountryOfBirth+%3Fteam+%3FcountryOfTeam+%3Fstadiumcapacity%0D%0A%7B+%0D%0A%3Fsoccerplayer+a+dbo%3ASoccerPlayer+%3B%0D%0A+++dbo%3Aposition%7Cdbp%3Aposition+%3Chttp%3A%2F%2Fdbpedia.org%2Fresource%2FGoalkeeper_%28association_football%29%3E+%3B%0D%0A+++dbo%3AbirthPlace%2Fdbo%3Acountry*+%3FcountryOfBirth+%3B%0D%0A+++%23dbo%3Anumber+13+%3B%0D%0A+++dbo%3Ateam+%3Fteam+.%0D%0A+++%3Fteam+dbo%3Acapacity+%3Fstadiumcapacity+%3B+dbo%3Aground+%3FcountryOfTeam+.+%0D%0A+++%3FcountryOfBirth+a+dbo%3ACountry+%3B+dbo%3ApopulationTotal+%3Fpopulation+.%0D%0A+++%3FcountryOfTeam+a+dbo%3ACountry+.%0D%0AFILTER+%28%3FcountryOfTeam+!%3D+%3FcountryOfBirth%29%0D%0AFILTER+%28%3Fstadiumcapacity+%3E+30000%29%0D%0AFILTER+%28%3Fpopulation+%3E+10000000%29%0D%0A%7D+order+by+%3Fsoccerplayer
https://dbpedia.org/snorql/?query=SELECT+distinct+%3Fsoccerplayer+%3FcountryOfBirth+%3Fteam+%3FcountryOfTeam+%3Fstadiumcapacity%0D%0A%7B+%0D%0A%3Fsoccerplayer+a+dbo%3ASoccerPlayer+%3B%0D%0A+++dbo%3Aposition%7Cdbp%3Aposition+%3Chttp%3A%2F%2Fdbpedia.org%2Fresource%2FGoalkeeper_%28association_football%29%3E+%3B%0D%0A+++dbo%3AbirthPlace%2Fdbo%3Acountry*+%3FcountryOfBirth+%3B%0D%0A+++%23dbo%3Anumber+13+%3B%0D%0A+++dbo%3Ateam+%3Fteam+.%0D%0A+++%3Fteam+dbo%3Acapacity+%3Fstadiumcapacity+%3B+dbo%3Aground+%3FcountryOfTeam+.+%0D%0A+++%3FcountryOfBirth+a+dbo%3ACountry+%3B+dbo%3ApopulationTotal+%3Fpopulation+.%0D%0A+++%3FcountryOfTeam+a+dbo%3ACountry+.%0D%0AFILTER+%28%3FcountryOfTeam+!%3D+%3FcountryOfBirth%29%0D%0AFILTER+%28%3Fstadiumcapacity+%3E+30000%29%0D%0AFILTER+%28%3Fpopulation+%3E+10000000%29%0D%0A%7D+order+by+%3Fsoccerplayer
https://blog.google/products/search/introducing-knowledge-graph-things-not/
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Searching the web with things can be understood as a kind of semantic search [40], i.e. searching
with “meaning”. Semantic search can be classified following two dimensions: underlying data and
search paradigm, as described in Figure 2.

● Keyword search+text corresponds to well-known web search engines, they are easy to use,
but results can be noisy.

● Structured search corresponds to queries expressed with a query language. For example, the
following SPARQL query “select ?s where { ?s :has-profession :Scientist . ?s :birth-date
“1967”}” returns the scientists born in 1967. Structured search returns complete and
correct results, but the query authoring can be complex.

● Natural language search often relies on queries starting with Who, What, Where, When,
Why, How such as “Who produced the Avatar movie?”. This paradigm is completely natural
for humans, but complex queries are difficult to phrase and queries can be hard to interpret
due to the ambiguity of natural language.

In our context, we focus on semi-Structured Search on Combined data as proposed in Qlever [39].
However, QLever only considers text content and does not exploit semantic annotations. Considering
semantic annotations extended with entity links coming from entity matching allows to improve the
precision of the query and enrich the results by means of rich snippets.

Objectives of the PhD

The idea is to process queries in two steps:
1. First, extract collections of things from KGs as partial mappings of things where only one

variable remains unbound, i.e. the web page where such things can be obtained.
2. Second, search on the web for which web pages contain such things. To retrieve web pages

with things, web pages must be indexed with things and not keywords.
To power this idea, we aim to combine a preemptive KG query processing engine with an information
retrieval engine based on an index of things. The KG preemptive engine is able to return things
quickly, following orders specified in the query. Then web pages may be retrieved following simple
rankings defined in the thing index.
The scientific challenge is to define a Multi-model SPARQL query engine able to support KG queries
and information retrieval queries to answer structured queries.

This work is part of the ANR Project MeKaNo accepted in 2022.

Work program of MeKaNO
● Indexing the web of things: Web pages are currently indexed with words in a large inverted

index. Our idea is to index web pages with things, i.e. URIs of public knowledge graphs. To
perform this indexing, we can follow the approach of [39] or rely on information retrieval
techniques. A special attention concerns the ranking of results retrieved by this index. Thanks
to the presence of semantic annotation, we can define new ranking metrics taking into
account the semantic attributes.



● SPARQL+Web engine: We plan to rely on SPARQL extensions to provide a unique interface
for querying KGs and the web. But the processing combines fundamentally two engines: a
preemptive SPARQL engine able to deliver KG partial mappings very quickly and a IR-entity
based engine able to quickly search over the Thing-index with KG partial mappings. The KG
preemptive engine is based on web preemption [GDD1,GDD2,GDD4,GDD5], a new scalable
model for processing SPARQL queries. Web preemption slices the execution of SPARQL
queries in time, ensuring that users see the progress of their queries every time quantum,
e.g., every 100ms. A preemptable SPARQL server stops query execution after a quantum of
time, and resumes the next waiting query. Stopped queries are returned to users with partial
results and saved execution plans. Users may continue the query execution from where it
was stopped by simply sending the saved execution plan to the preemptable server. Web
preemption implements a pay-as-you-go model ensuring that only results observed by users

are computed.
● Benchmarking: Performances are crucial in our context. In [39], QLever already compared

the performances of the combined data approach and pure knowledge graph approach. The
combined data approach delivered better execution time for queries. Our context is more
complex than QLever as the text files contain semantic annotations. We have to ensure that
the combined data approach still delivers better performances even in presence of semantic
annotations.
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