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Ontology-Mediated Queries
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Ontology-mediated querying:

?
database

ontology conjunctive query (CQ) 

logical consequence 
(aka certain answers)

Ontology is logical theory, formalizes and provides domain knowledge 

CQ for instance:

D [O |= q(a)
<latexit sha1_base64="u2HQdLa9vO4WtGvGSpbusCdS+uo="></latexit>

<latexit sha1_base64="sZG9DmHTPaue++pD5wPRC4ik7vQ="></latexit>

D |= Q(a)

<latexit sha1_base64="h30v8UaKSGJWyvu1hYvCgtJRh70="></latexit>

q(x) = 9y( ComputerScientist(x) ^ collaboratedWith(x, y)

^Biologist(y) )

<latexit sha1_base64="zjh5tyeg+0lKA8+2Q5WqAi/KT5o="></latexit>

Ontology-mediated query (OMQ) Q(x̄) = (O,⌃, q) consists of
<latexit sha1_base64="ADUwXnk84oxDi7XAljz2YfNzv00="></latexit>

ontology O, data schema ⌃, actual query q



Ontologies and TGDs
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Tuple-generating dependencies (TGDs) take form

Here we work with guarded TGDs:
<latexit sha1_base64="lfaIHaVaGYvci0CnU0FAVGGK/rY="></latexit>

R(x, y, z) ^ S(x, y) ^A(z) ! 9ū (x, y, ū)

Ontologies are sets of guarded TGDs

<latexit sha1_base64="1TGNDim85jeLcIOyr3sxdFdrs98="></latexit>

Movie(x) ! 9y9z directedBy(x, y) ^ Director(y)^
<latexit sha1_base64="v/2hAligRQRhyS/MNxEGh+C3tIk="></latexit>

hasLocation(x, z) ^ GeoLocation(z)

<latexit sha1_base64="zXs5PecQY+DjpYXutbgfdPFcJYc="></latexit>

Movie(x) ^ hasScene(x, y) ^ Violent(y) !
<latexit sha1_base64="fvSm4z5WRkNMypBGGHQxB1+BMqk="></latexit>

9z hasRating(x, z) ^ AgeRestriction(z)

<latexit sha1_base64="7iw8RlFsCOEqfDdXCky1VujwPvo="></latexit>

(generalizes ELI)

<latexit sha1_base64="MNw1oqPt/z0ErI+yTAebvh98aRA="></latexit>

8x̄8ȳ (�(x̄, ȳ) ! 9z̄  (x̄, z̄) )



Enumerating OMQ Answers
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Focus on enumeration in CD Lin:∘

Main problem studied:

<latexit sha1_base64="bSNfzMSnJAgm/iwTW6N+EnDSc+4="></latexit>

This refers to data complexity: |Q| considered a constant

<latexit sha1_base64="8Hu9XjupBXUKlW2AYYfEZRbBO2U="></latexit>

Enumerate all answers to OMQ Q on database D, without repetition.

<latexit sha1_base64="QG3xz9nqVE0XdS1UTQD6rRQOiZw="></latexit>

preprocessing phase takes time linear in |D|
<latexit sha1_base64="oZI22xah0Orqinvwle20z0rDeLw="></latexit>

enumeration delay between two answers independent of |D| (‘constant’)

Notes:
<latexit sha1_base64="4l44HVem4t3GCUnuCQFxflE5YwM="></latexit>

first answer produced after time f(|Q|) ·O(|D|),
thus fixed-parameter linear (FPL) to decide whether answer exists

<latexit sha1_base64="bfE8j5/jNvPMQ+dmHfnpYNuoYNA="></latexit>

set of all answers produced in time linear in |D|+ |Q(D)|



Acyclicity and Free-connex Acyclicity
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CQ is acyclic if it has a join tree

<latexit sha1_base64="b4hI+YT2PYiY4d1JW1mnUwLG6rA="></latexit>x

<latexit sha1_base64="+dfS+LiD4KSS37VKaxJTnLQ4XRY="></latexit>y <latexit sha1_base64="0OcyEOfJN3S/UK0xRzjxZ8aGsAs="></latexit>z

<latexit sha1_base64="QTrw6IJr+PmOHZlzWJemRn9ctfY="></latexit>u

<latexit sha1_base64="oPao7YT1+oDqcTHmHDm+lXhJchk="></latexit>

R
<latexit sha1_base64="9qNFqP8mG+olohNcBeitdXVJj0g="></latexit>

S
<latexit sha1_base64="9qNFqP8mG+olohNcBeitdXVJj0g="></latexit>

S

<latexit sha1_base64="9qNFqP8mG+olohNcBeitdXVJj0g="></latexit>

S
<latexit sha1_base64="9qNFqP8mG+olohNcBeitdXVJj0g="></latexit>

S

<latexit sha1_base64="ysmdZIe/00vRrieNwJoeNXSYyFc="></latexit>

R(x, y, z)

<latexit sha1_base64="o+Auixze0esuDPFisgFTxtW/k7k="></latexit>

S(y, x)
<latexit sha1_base64="nqW3n9GXqFLWl4mlH8Xl2027/Vo="></latexit>

S(x, z)
<latexit sha1_base64="m6/DXjbW7XvvxGIOmlOnnJB4u0s="></latexit>

S(y, z)

<latexit sha1_base64="oX3ozK+2rdqJiPvKiaemkLy0Prw="></latexit>

S(z, u)

<latexit sha1_base64="KZAb6Vj0VZc1PrHv5vaZuRkwaNQ="></latexit>

CQ q(x̄) is free-connex acyclic if q(x̄) ^R(x̄) is acyclic

<latexit sha1_base64="yZJtCY8Vdl/qPcQRc9Fwro2CMvU="></latexit>

CQ q(x, y, z): join tree:

Same as generalized hypertree width 1

When maximum arity of relations is 2: 
Same as treewidth 1, i.e., trees with reflexive loops and multi-edges



Acyclicity and Free-connex Acyclicity
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Acyclicity and free-connex acyclicity are independent notions

<latexit sha1_base64="b4hI+YT2PYiY4d1JW1mnUwLG6rA="></latexit>x

<latexit sha1_base64="+dfS+LiD4KSS37VKaxJTnLQ4XRY="></latexit>y <latexit sha1_base64="0OcyEOfJN3S/UK0xRzjxZ8aGsAs="></latexit>z

<latexit sha1_base64="9qNFqP8mG+olohNcBeitdXVJj0g="></latexit>

S
<latexit sha1_base64="9qNFqP8mG+olohNcBeitdXVJj0g="></latexit>

S

<latexit sha1_base64="9qNFqP8mG+olohNcBeitdXVJj0g="></latexit>

S

Free-connex acyclic, but not acyclic:

Acyclic, but not free-connex acyclic:

<latexit sha1_base64="U78yMfqOFACsvIj5gEI4B/bY9gc="></latexit>

q(x, y, z) =

<latexit sha1_base64="XR/GtPwAIGK1gbLopw6+nQ8lzaY="></latexit>

q(x, y) = <latexit sha1_base64="b4hI+YT2PYiY4d1JW1mnUwLG6rA="></latexit>x <latexit sha1_base64="0OcyEOfJN3S/UK0xRzjxZ8aGsAs="></latexit>z
<latexit sha1_base64="9qNFqP8mG+olohNcBeitdXVJj0g="></latexit>

S
<latexit sha1_base64="9qNFqP8mG+olohNcBeitdXVJj0g="></latexit>

S

<latexit sha1_base64="+dfS+LiD4KSS37VKaxJTnLQ4XRY="></latexit>y

Will use these notions also for OMQs, mean query component
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Enumeration in CD Lin∘

Theorem [BaganDurandGrandjean2007]
<latexit sha1_base64="ZvVTopxUUxWLU4BJ+VbWvyCcNNQ="></latexit>

For CQs that are acyclic and free-connex acyclic, enumeration is in CD�Lin.

Also see excellent enumeration tutorial [BerkholzGerhardtSchweikardt20]
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Enumeration in CD°Lin

Compute (generalized) join tree, prefix contains exactly answer variables:

<latexit sha1_base64="x0vqpyO0DD0bA/X/KLmNddqqk9c="></latexit>x

<latexit sha1_base64="xrvUx/d3iskEFfK7/DQ69LBOP9Y="></latexit>z
<latexit sha1_base64="q/qQhqbhx9TMT/rMd96NQzp9dcs="></latexit>w<latexit sha1_base64="x0vqpyO0DD0bA/X/KLmNddqqk9c="></latexit>x

<latexit sha1_base64="TwyOYcjf9aVNxUK/trrzPbPghf8="></latexit>y

<latexit sha1_base64="x0vqpyO0DD0bA/X/KLmNddqqk9c="></latexit>x

<latexit sha1_base64="NqDbHdZlzBqjtYxc34e9fjP75rw="></latexit>

R

<latexit sha1_base64="knn8FNWxprWszCcx9oj4UDM3caU="></latexit>

S

<latexit sha1_base64="yOJkeVfriURNoA5dyDti6x552OQ="></latexit>

T

<latexit sha1_base64="IPNCgmU/4XTypc3NPLzaa8Vh0Ww="></latexit>

A

<latexit sha1_base64="TwyOYcjf9aVNxUK/trrzPbPghf8="></latexit>y <latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

<latexit sha1_base64="x0vqpyO0DD0bA/X/KLmNddqqk9c="></latexit>x <latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

<latexit sha1_base64="knn8FNWxprWszCcx9oj4UDM3caU="></latexit>

S

<latexit sha1_base64="TwyOYcjf9aVNxUK/trrzPbPghf8="></latexit>y

<latexit sha1_base64="yOJkeVfriURNoA5dyDti6x552OQ="></latexit>

T

<latexit sha1_base64="q/qQhqbhx9TMT/rMd96NQzp9dcs="></latexit>w<latexit sha1_base64="F0VSoe2DZFvafkgxh+zw2v7UkOM="></latexit>v <latexit sha1_base64="TwyOYcjf9aVNxUK/trrzPbPghf8="></latexit>y

<latexit sha1_base64="knn8FNWxprWszCcx9oj4UDM3caU="></latexit>

S
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Enumeration in CD°Lin

Compute (generalized) join tree, prefix contains exactly answer variables:

<latexit sha1_base64="x0vqpyO0DD0bA/X/KLmNddqqk9c="></latexit>x

<latexit sha1_base64="xrvUx/d3iskEFfK7/DQ69LBOP9Y="></latexit>z
<latexit sha1_base64="q/qQhqbhx9TMT/rMd96NQzp9dcs="></latexit>w<latexit sha1_base64="x0vqpyO0DD0bA/X/KLmNddqqk9c="></latexit>x

<latexit sha1_base64="TwyOYcjf9aVNxUK/trrzPbPghf8="></latexit>y

<latexit sha1_base64="x0vqpyO0DD0bA/X/KLmNddqqk9c="></latexit>x

<latexit sha1_base64="NqDbHdZlzBqjtYxc34e9fjP75rw="></latexit>

R

<latexit sha1_base64="knn8FNWxprWszCcx9oj4UDM3caU="></latexit>

S

<latexit sha1_base64="yOJkeVfriURNoA5dyDti6x552OQ="></latexit>

T

<latexit sha1_base64="IPNCgmU/4XTypc3NPLzaa8Vh0Ww="></latexit>

A

<latexit sha1_base64="TwyOYcjf9aVNxUK/trrzPbPghf8="></latexit>y <latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

<latexit sha1_base64="x0vqpyO0DD0bA/X/KLmNddqqk9c="></latexit>x <latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

<latexit sha1_base64="knn8FNWxprWszCcx9oj4UDM3caU="></latexit>

S

<latexit sha1_base64="TwyOYcjf9aVNxUK/trrzPbPghf8="></latexit>y

<latexit sha1_base64="yOJkeVfriURNoA5dyDti6x552OQ="></latexit>

T

<latexit sha1_base64="q/qQhqbhx9TMT/rMd96NQzp9dcs="></latexit>w<latexit sha1_base64="F0VSoe2DZFvafkgxh+zw2v7UkOM="></latexit>v

 Materialize relevant relations in the nodes (single scan through D) 

Bottom-up pass builds semi-join between parents and children

<latexit sha1_base64="TwyOYcjf9aVNxUK/trrzPbPghf8="></latexit>y

<latexit sha1_base64="OZrSy1vVNhywriY021/j7vWCzEs="></latexit>

S(a, b)

S(a, c)

<latexit sha1_base64="Ti0IGxPSH3P2wiObanaPebGtpkw="></latexit>

R(a, c, c)

R(b, a, c)

<latexit sha1_base64="knn8FNWxprWszCcx9oj4UDM3caU="></latexit>

S
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Compute (generalized) join tree, prefix contains exactly answer variables:

<latexit sha1_base64="x0vqpyO0DD0bA/X/KLmNddqqk9c="></latexit>x

<latexit sha1_base64="xrvUx/d3iskEFfK7/DQ69LBOP9Y="></latexit>z
<latexit sha1_base64="q/qQhqbhx9TMT/rMd96NQzp9dcs="></latexit>w<latexit sha1_base64="x0vqpyO0DD0bA/X/KLmNddqqk9c="></latexit>x

<latexit sha1_base64="TwyOYcjf9aVNxUK/trrzPbPghf8="></latexit>y

<latexit sha1_base64="x0vqpyO0DD0bA/X/KLmNddqqk9c="></latexit>x

<latexit sha1_base64="NqDbHdZlzBqjtYxc34e9fjP75rw="></latexit>

R

<latexit sha1_base64="knn8FNWxprWszCcx9oj4UDM3caU="></latexit>

S

<latexit sha1_base64="yOJkeVfriURNoA5dyDti6x552OQ="></latexit>

T

<latexit sha1_base64="IPNCgmU/4XTypc3NPLzaa8Vh0Ww="></latexit>

A

<latexit sha1_base64="TwyOYcjf9aVNxUK/trrzPbPghf8="></latexit>y <latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

<latexit sha1_base64="x0vqpyO0DD0bA/X/KLmNddqqk9c="></latexit>x

<latexit sha1_base64="knn8FNWxprWszCcx9oj4UDM3caU="></latexit>

S

<latexit sha1_base64="TwyOYcjf9aVNxUK/trrzPbPghf8="></latexit>y

<latexit sha1_base64="yOJkeVfriURNoA5dyDti6x552OQ="></latexit>

T

<latexit sha1_base64="q/qQhqbhx9TMT/rMd96NQzp9dcs="></latexit>w

 Materialize relevant relations in the nodes (scan though D) 

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

Bottom-up pass builds semi-join between parents and children

<latexit sha1_base64="F0VSoe2DZFvafkgxh+zw2v7UkOM="></latexit>v

Pre-order tree walk assembles answers, output at final node, backtrack

Constant delay relies on pre-computed indexes during preprocessing phase

Enumeration in CD°Lin

<latexit sha1_base64="TwyOYcjf9aVNxUK/trrzPbPghf8="></latexit>y

<latexit sha1_base64="knn8FNWxprWszCcx9oj4UDM3caU="></latexit>

S <latexit sha1_base64="OZrSy1vVNhywriY021/j7vWCzEs="></latexit>

S(a, b)

S(a, c)

<latexit sha1_base64="76wpbmD9IoZa6jmPgJ7dHET0/NM="></latexit>

T (a, c)

T (a, d)



With Ontologies
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Theorem
<latexit sha1_base64="O+gpYXlhODqTdxve6HEVCgOOBIk="></latexit>

For OMQs from (GTGD,CQ) that are acyclic and free-connex acyclic,

enumeration is in CD�Lin.

Bagan et al.’s result lifts to OMQs based on guarded TGDs:

This is a significant generalization, also includes recursive queries



Reducing Out Ontologies

12

The chase: start from database, apply TGDs from ontology as rules

Chased database

            gives correct answers (we can forget ontology)

may be infinite

has a very regular shape

<latexit sha1_base64="O4D+MAR2PIsWzuHSj16olm6BRVY="></latexit>

D
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Only certain finite parts of chase matter:
<latexit sha1_base64="O4D+MAR2PIsWzuHSj16olm6BRVY="></latexit>

D
<latexit sha1_base64="4V3csZ/HHnbvpv5J1cMDAR2/ouU="></latexit>qhom

These CQs, viewed as chase (sub)trees, are all we need to know about chase

<latexit sha1_base64="6tRRF3dxxsiahWBcVsv+WNyxBjQ="></latexit>

Any homomorphism from q to chO(D) gives rise to
<latexit sha1_base64="r/QqO7kmhvmS4dH9k1V4Mn6iNWA="></latexit>

“excursions” of q into chase trees

<latexit sha1_base64="MxBuF91pWRlFlzQY4t7hXJZKgyk="></latexit>

start from q, identify variables, take subquery

Reducing Out Ontologies

<latexit sha1_base64="sBqm21Vigbr/5NIDGLCQ22sHu3E="></latexit>

Consider set cl(q) of tree-like CQs:
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This chase fragment can be computed in linear time:

<latexit sha1_base64="O4D+MAR2PIsWzuHSj16olm6BRVY="></latexit>

D

We obtain a partial chase:

<latexit sha1_base64="zeNABbEhYYAopmpcl7kI08fXwn8="></latexit>

compute minimal model for ✓ in linear time

Reducing Out Ontologies

<latexit sha1_base64="YGWlc9+Gud7mhT92kI5XQ/KlA2w="></latexit>

We can then disregard O and enumerate answers to q

on partial chase using blackbox procedure

construct partial chase from model in straightforward way

<latexit sha1_base64="xaDWDY6zDtMzgUAGra97eHl7r0g="></latexit>

describe database part of chase by propositional Horn formula ✓



Testing
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Also considered single testing in linear time

All Testing:

CD Lin defined in obvious way∘

enumeration:     acyclic and free-connex acyclic

Same result as for enumeration, but with different condition:

all-testing:          free-connex acyclic

here CQ needs to be weakly acyclic

= acyclic after replacing answer vars with constants

<latexit sha1_base64="4RgIiOJ1+e7TTXL5O16wga8naJA="></latexit>

Preprocessing given Q and D, then get + test answer candidates c̄1, c̄2, . . .



Partial Answers
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New notion of answer to OMQ:

<latexit sha1_base64="orVZmf2DBOKxMjazuD5Dh95muOE="></latexit>

such as (a, ⇤, b, c, ⇤, a)

Example:
<latexit sha1_base64="+r9qO5xO/EQ07LPOTbOscjiz4OI="></latexit>

Researcher(mary)
<latexit sha1_base64="mJj/SEndkmM2/sVvEAZiEb9roPk="></latexit>

q(x, y) = Researcher(x) ^ hasO�ce(x, y)

<latexit sha1_base64="/UUAVwN1QMXN5UfXxNFaNjud5HA="></latexit>

No complete answers, but partial answer (mary, ⇤)

<latexit sha1_base64="y5EPrsxDEpeuAMLVKjS2KvhPw40="></latexit>

answer can have form (a, ⇤, b, ⇤, ⇤, a)
<latexit sha1_base64="XeRqmisn10AQKAVfwXUEpLibnhI="></latexit>

wildcard ⇤ denotes constant whose exact identity is unknown

Minimally partial answer (MPA):
<latexit sha1_base64="PFGKL2em810M8M74XEHz1vQtncg="></latexit>

partial answer (a, ⇤, b, ⇤, ⇤, a) and no strictly more informative answer

<latexit sha1_base64="d+BpqqXihw3jVueYBWSoM5Wx48s="></latexit>

Researcher(x) ! 9y hasO�ce(x, y)



Enumerating MPAs
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Theorem
<latexit sha1_base64="GI8LqnYP1rm6y74JkJhtpslsQuk="></latexit>

For OMQs from (GTGD,CQ) that are acyclic and free-connex acyclic,

enumerating MPAs is in CD�Lin.

Naive approaches will not work:

in pre-order tree walk: replace answer variables also with wildcards

fails: joins need exact identities of constants

in pre-order tree walk: replace answer variables also with nulls

fails: will produce duplicate answers
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Theorem

Central ideas of enumeration algorithm:

Preprocessing phase: construct partial chase of database,
then execute all preprocessing steps as described before

Preprocessing phase:
precompute „possible excursions“ of query into existential part of chase

Enumerating MPAs

<latexit sha1_base64="GI8LqnYP1rm6y74JkJhtpslsQuk="></latexit>

For OMQs from (GTGD,CQ) that are acyclic and free-connex acyclic,

enumerating MPAs is in CD�Lin.

(materialize, build semi-joins, remove quantified variables)

and arrange resulting excursion trees in suitable data structure

Enumeration phase:
use excursion trees to produce wildcard parts of answers
prune for minimality
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<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

Excursion Trees

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x <latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="gqEejKOIlEAXqfL79a9XNbWMHIM="></latexit>z<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x <latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u<latexit sha1_base64="9fBCQ1eAnC1aOTItF2pdo4yk1y4="></latexit>r

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y<latexit sha1_base64="V7C9F1Zdf/oQ16atWN2i6H17vPM="></latexit>s
<latexit sha1_base64="cbtinSNa3DfwIHEdL8wcTj/PujI="></latexit>

t<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x

<latexit sha1_base64="F0VSoe2DZFvafkgxh+zw2v7UkOM="></latexit>v<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x <latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u
(all variables
 answer variables)
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<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u<latexit sha1_base64="F0VSoe2DZFvafkgxh+zw2v7UkOM="></latexit>v

Excursion Trees

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x <latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="gqEejKOIlEAXqfL79a9XNbWMHIM="></latexit>z
<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x <latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y
<latexit sha1_base64="V7C9F1Zdf/oQ16atWN2i6H17vPM="></latexit>s <latexit sha1_base64="cbtinSNa3DfwIHEdL8wcTj/PujI="></latexit>

t

<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1
<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u
<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤ <latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1

<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2
<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤ <latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

<latexit sha1_base64="5xzhkISJ43XSyvbb1VaJqC4BHR4="></latexit>

are rooted at v and

Sort them in `database-preferring order’ (i.e.: disfavour   )<latexit sha1_base64="zQSvawVA1YLcysp3NDZyZjxdDG8="></latexit>⇤

<latexit sha1_base64="6vVtlap9pFIrfTRUMsuk7+FA+v4="></latexit>v

Number of 
excursion trees
is linear!

(all variables
 answer variables)

<latexit sha1_base64="YrNJj2OJdzeefGN1jBb0uzb31GI="></latexit>

Preprocessing: Compute lists ptree(v, h) of all excursion trees that

<latexit sha1_base64="0VSEn3BQowyP1/hhcQgAVsKjzjI="></latexit>

map ‘predecessor variables’ in v according to h

<latexit sha1_base64="9fBCQ1eAnC1aOTItF2pdo4yk1y4="></latexit>r
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<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u<latexit sha1_base64="F0VSoe2DZFvafkgxh+zw2v7UkOM="></latexit>v

Excursion Trees

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x <latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="gqEejKOIlEAXqfL79a9XNbWMHIM="></latexit>z
<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x <latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u<latexit sha1_base64="9fBCQ1eAnC1aOTItF2pdo4yk1y4="></latexit>r

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y
<latexit sha1_base64="V7C9F1Zdf/oQ16atWN2i6H17vPM="></latexit>s <latexit sha1_base64="cbtinSNa3DfwIHEdL8wcTj/PujI="></latexit>

t

<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1
<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u
<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤ <latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1

<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2
<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤ <latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

Enumeration phase:
Excursion trees induce jumps in pre-order tree walk
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Pruning

After each output:

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u<latexit sha1_base64="F0VSoe2DZFvafkgxh+zw2v7UkOM="></latexit>v

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x <latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="gqEejKOIlEAXqfL79a9XNbWMHIM="></latexit>z
<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x <latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u<latexit sha1_base64="9fBCQ1eAnC1aOTItF2pdo4yk1y4="></latexit>r

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y<latexit sha1_base64="V7C9F1Zdf/oQ16atWN2i6H17vPM="></latexit>s
<latexit sha1_base64="cbtinSNa3DfwIHEdL8wcTj/PujI="></latexit>

t

<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1
<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u
<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1

<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1
<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2
<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1

<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤ <latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

Consider all subtrees (not necessarily excursion trees)

<latexit sha1_base64="LuRBfJFtyPPRtLD4B7G/mUBaTU8="></latexit>c3

<latexit sha1_base64="LuRBfJFtyPPRtLD4B7G/mUBaTU8="></latexit>c3
<latexit sha1_base64="LuRBfJFtyPPRtLD4B7G/mUBaTU8="></latexit>c3

<latexit sha1_base64="LuRBfJFtyPPRtLD4B7G/mUBaTU8="></latexit>c3
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After each output:

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u<latexit sha1_base64="F0VSoe2DZFvafkgxh+zw2v7UkOM="></latexit>v

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x <latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="gqEejKOIlEAXqfL79a9XNbWMHIM="></latexit>z
<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x <latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u<latexit sha1_base64="9fBCQ1eAnC1aOTItF2pdo4yk1y4="></latexit>r

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y<latexit sha1_base64="V7C9F1Zdf/oQ16atWN2i6H17vPM="></latexit>s
<latexit sha1_base64="cbtinSNa3DfwIHEdL8wcTj/PujI="></latexit>

t

<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1
<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u
<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1

<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1
<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2
<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1

<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤ <latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

Consider all subtrees (not necessarily excursion trees)

<latexit sha1_base64="LuRBfJFtyPPRtLD4B7G/mUBaTU8="></latexit>c3

<latexit sha1_base64="LuRBfJFtyPPRtLD4B7G/mUBaTU8="></latexit>c3
<latexit sha1_base64="LuRBfJFtyPPRtLD4B7G/mUBaTU8="></latexit>c3

<latexit sha1_base64="LuRBfJFtyPPRtLD4B7G/mUBaTU8="></latexit>c3

and all ways of replacing constants with  <latexit sha1_base64="zQSvawVA1YLcysp3NDZyZjxdDG8="></latexit>⇤

Pruning
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After each output:

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u<latexit sha1_base64="F0VSoe2DZFvafkgxh+zw2v7UkOM="></latexit>v

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x <latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="gqEejKOIlEAXqfL79a9XNbWMHIM="></latexit>z
<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x <latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u<latexit sha1_base64="9fBCQ1eAnC1aOTItF2pdo4yk1y4="></latexit>r

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y

<latexit sha1_base64="ORgoinghU62oh74aJCETlJOj06I="></latexit>y<latexit sha1_base64="V7C9F1Zdf/oQ16atWN2i6H17vPM="></latexit>s
<latexit sha1_base64="cbtinSNa3DfwIHEdL8wcTj/PujI="></latexit>

t

<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1
<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="Yx5pVKZMxvYKuoeCChneEkbUWS8="></latexit>x

<latexit sha1_base64="RecBAtjWeu6l4SDCNMgdxvge/Xk="></latexit>u
<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1

<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1
<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2

<latexit sha1_base64="KnDbuohKgmcyu+LVW0QA/aeMiI0="></latexit>c2
<latexit sha1_base64="RyJ575MEvESDbKScv0IUEmdY4kg="></latexit>c1

<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤ <latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

<latexit sha1_base64="5uwPWRSq22TrmRUWBgqxZnn8qIw="></latexit>⇤

Consider all subtrees (not necessarily progress trees)
and all ways of replacing constants with  <latexit sha1_base64="zQSvawVA1YLcysp3NDZyZjxdDG8="></latexit>⇤

Pruning

<latexit sha1_base64="doSK5H/A37vzVw3ItOT5TY/COx0="></latexit>⇤

<latexit sha1_base64="doSK5H/A37vzVw3ItOT5TY/COx0="></latexit>⇤ <latexit sha1_base64="doSK5H/A37vzVw3ItOT5TY/COx0="></latexit>⇤

<latexit sha1_base64="doSK5H/A37vzVw3ItOT5TY/COx0="></latexit>⇤

<latexit sha1_base64="HPJ+edgbIABySPNqffr03xNrkjE="></latexit>

Remove all excusion trees obtained in this way from lists ptree(v, h)
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Minimality

Only minimally partial answers are output because:

excursion trees are sorted in database-preferring order

pruning removes dominated excursion trees

 less partial answers output first⇒

 non-minimally partial answers never produced⇒
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Stronger notion of MPAs to OMQs:
<latexit sha1_base64="7VpDcF1DPK/1HjUjrt3RDVcxYuY="></latexit>

answer can have form (a, ⇤1, b, ⇤2, ⇤1, a)
<latexit sha1_base64="HQ5+rJi0lWtOpAer2GKHoMF+VCI="></latexit>

intuition: adds equality between wildcards (but not inequality)

Theorem

Enumeration by non-trivial combination of 

enumeration of minimally partial answers with single wildcard

all-testing of minimally partial answers with multi-wildcards
(ah, well, a slight variation thereof)

<latexit sha1_base64="5Dt2UzqBKyzAl0CrcLqxFApeuVg="></latexit>

For OMQs from (GTGD,CQ) that are acyclic and free-connex acyclic,

enumeration of MPAs with multi-wildcards is in CD�Lin.

Challenge: Wildcards may be shared among different excursion trees
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First idea:

use algorithm for MPAs with single wildcard as blackbox

Problem:
<latexit sha1_base64="wOxAvKPuzYYp1prPVV7HVOO9R0A="></latexit>

assume that (a, b) is an answer
<latexit sha1_base64="KaqCA9CmRJ3t+SOpik8/8IKRDzo="></latexit>

then (⇤, ⇤) is not an MPA

<latexit sha1_base64="QZj7Qhd7XR7LdndLqlcm2A0I+vU="></latexit>

– use all-testing to filter out tuples that are not partial answers
<latexit sha1_base64="egqLNOmfXE0pXW2CjJj+W9rRijQ="></latexit>

– output minimally partial tuples from remaining set

<latexit sha1_base64="KMQN2jwVk+OrW+1YCQbQgoi7cRg="></latexit>

replace ‘⇤’ with ‘⇤i’, i � 1, in all possible ways<latexit sha1_base64="1myojWbeyyG0bKZ37olDeKXsLDg="></latexit>–

<latexit sha1_base64="Fnj/q8DUaT53tt+5DQnPuxc2wds="></latexit>

when tuple ā is output

<latexit sha1_base64="vlDNZR07ennL/sgkSc35S5GT5LE="></latexit>

but (⇤1, ⇤1) might be, is incomparable to (a, b)!
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First idea:

use algorithm for MPAs with single wildcard as blackbox

<latexit sha1_base64="QZj7Qhd7XR7LdndLqlcm2A0I+vU="></latexit>

– use all-testing to filter out tuples that are not partial answers
<latexit sha1_base64="egqLNOmfXE0pXW2CjJj+W9rRijQ="></latexit>

– output minimally partial tuples from remaining set

<latexit sha1_base64="KMQN2jwVk+OrW+1YCQbQgoi7cRg="></latexit>

replace ‘⇤’ with ‘⇤i’, i � 1, in all possible ways<latexit sha1_base64="1myojWbeyyG0bKZ37olDeKXsLDg="></latexit>–

<latexit sha1_base64="Fnj/q8DUaT53tt+5DQnPuxc2wds="></latexit>

when tuple ā is output
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Hint to solution:

use algorithm for MPAs with single wildcard as blackbox

<latexit sha1_base64="QZj7Qhd7XR7LdndLqlcm2A0I+vU="></latexit>

– use all-testing to filter out tuples that are not partial answers
<latexit sha1_base64="egqLNOmfXE0pXW2CjJj+W9rRijQ="></latexit>

– output minimally partial tuples from remaining set

<latexit sha1_base64="KMQN2jwVk+OrW+1YCQbQgoi7cRg="></latexit>

replace ‘⇤’ with ‘⇤i’, i � 1, in all possible ways<latexit sha1_base64="1myojWbeyyG0bKZ37olDeKXsLDg="></latexit>–

<latexit sha1_base64="Fnj/q8DUaT53tt+5DQnPuxc2wds="></latexit>

when tuple ā is output
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Hint to solution:

use algorithm for MPAs with single wildcard as blackbox

<latexit sha1_base64="QZj7Qhd7XR7LdndLqlcm2A0I+vU="></latexit>

– use all-testing to filter out tuples that are not partial answers
<latexit sha1_base64="egqLNOmfXE0pXW2CjJj+W9rRijQ="></latexit>

– output minimally partial tuples from remaining set

<latexit sha1_base64="KMQN2jwVk+OrW+1YCQbQgoi7cRg="></latexit>

replace ‘⇤’ with ‘⇤i’, i � 1, in all possible ways

<latexit sha1_base64="1myojWbeyyG0bKZ37olDeKXsLDg="></latexit>–

<latexit sha1_base64="Fnj/q8DUaT53tt+5DQnPuxc2wds="></latexit>

when tuple ā is output

<latexit sha1_base64="W2PQm9ZQITGcnCejhjiHUR8lkNo="></latexit>

for instance: if ā = (a, b), we produce also (⇤, ⇤), then (⇤1, ⇤1)

Reality is more subtle, have to make sure that 
no duplicates are generated and there is always something to ouput

<latexit sha1_base64="srS/De4JdbRoMvs8PmnzOOQe5nc="></latexit>

first (possibly) replace constants in ā with wildcard ‘⇤’
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Lower Bounds

Theorem [Bagan et al 2007, Brault-Baron 2013]

Triangle conjecture:  
triangle detection in undirected graphs not possible in linear time

From fine-grained complexity theory [AbboudVassilevskaWilliams14]

<latexit sha1_base64="ZyYS2AFePenCOr8Tk6h3vjIp6wA="></latexit>

E.g. cyclic query q(x, y, z) =

<latexit sha1_base64="HZH9HuuSd6qENmpI5IOK37d8MGc="></latexit>x

<latexit sha1_base64="ztiDF5EC42Vun3m2bA6b8EqK0/s="></latexit>y <latexit sha1_base64="HJK0F38lZ1b7ZvrB+AyicgT6hWM="></latexit>z

Triangle detection
possible after first answer

<latexit sha1_base64="GSO5VwqHLR0cW/7JyRLXLYkaaSc="></latexit>

Let q be a CQ that is self-join free.

1. If q is not acyclic, then enumerating answers to q is not in CD�Lin
unless triangle conjecture (or generalization to hypercliques) fails

2. If q is acyclic but not free-connex acyclic,
then enumerating answers to q is not in CD�Lin unless
Sparse Boolean Matrix Multiplication is in O(|M1|+ |M2|+ |M1M2|)



32

Lower Bounds

Theorem [Bagan et al 2007, Brault-Baron 2013]
<latexit sha1_base64="GSO5VwqHLR0cW/7JyRLXLYkaaSc="></latexit>

Let q be a CQ that is self-join free.

1. If q is not acyclic, then enumerating answers to q is not in CD�Lin
unless triangle conjecture (or generalization to hypercliques) fails

2. If q is acyclic but not free-connex acyclic,
then enumerating answers to q is not in CD�Lin unless
Sparse Boolean Matrix Multiplication is in O(|M1|+ |M2|+ |M1M2|)

<latexit sha1_base64="HZH9HuuSd6qENmpI5IOK37d8MGc="></latexit>x <latexit sha1_base64="ztiDF5EC42Vun3m2bA6b8EqK0/s="></latexit>y<latexit sha1_base64="HJK0F38lZ1b7ZvrB+AyicgT6hWM="></latexit>z
<latexit sha1_base64="pxu8DzNgMFkBRrPZAOYF2gi0Ab4="></latexit>

Paradigmatic query to encode BMM: q(x, y) = 9z

<latexit sha1_base64="cy3vJFJq8tlFiOMp+OQMjCGGESU="></latexit>

representation of
matrix Mi:

1 2 3

1 0 0 1

2 1 0 1

3 1 0 0

1 2 3

<latexit sha1_base64="nO6qeVUdI8ze/mgZ9+8IhfFoLg0="></latexit>r1
<latexit sha1_base64="dh6v8SHLsitZS2LCG8Waqf6/QVc="></latexit>r2

<latexit sha1_base64="PEVNRxyAK12YrDJY0Bk1sJoHqgI="></latexit>

M1M2(i, j) = 1 if there is k such that M1(i, k) = M2(k, j) = 1
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Theorem

Connected cannot be dropped from Point 2 (have counterexample).

<latexit sha1_base64="6n/X4qPljFeFuWigbFRJpFBcnL4="></latexit>

Let Q be an OMQ from (ELI,CQ) that is non-empty and self-join free.

1. If Q is not acyclic, then enumerating answers to Q is not in CD�Lin

unless (a generalization of) the triangle conjecture fails.

2. If Q is acyclic and connected, but not free-connex acyclic,

then enumerating answers to Q is not in CD�Lin unless

Sparse Boolean Matrix Multiplication is in O(|M1|+ |M2|+ |M1M2|)

Applies to complete answers and minimal partial answers (both types)

<latexit sha1_base64="8oEIS66EMnKpfevQsr2EMtJqUNk="></latexit>

ELI cannot be replaced with GTGD:
then we could remove ‘self-join free’ using ontology statements R0(x̄) $ R(x̄)
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All-testing is less well behaved for MPAs:

Theorem

Intuitive reason: Testing single answer with wildcards positively may 
                           rule out large number of complete answers!

<latexit sha1_base64="/pFKlYnmlqrBJSK0120rF1XztFI="></latexit>

There is an OMQ Q 2 (ELI,CQ) that is acyclic and free-connex acyclic s.t.

all-testing MPAs to Q is not in CD�Lin unless the triangle conjecture fails.

Applies to MPAs with single wildcard and with multi-wildcards
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Theorem

Undirected graph viewed as database with symmetric edges
<latexit sha1_base64="zIBFyTrtoxegHs2tcY0NpsyBTtU="></latexit>

Ontology O:
<latexit sha1_base64="+b+bYaccV6MCrSRs6/sgvRk8MI8="></latexit>

E(x, y) ! 9y19y2 E(x1, y1) ^ E(y1, y2) ^ E(y2, x)

<latexit sha1_base64="O4D+MAR2PIsWzuHSj16olm6BRVY="></latexit>

D

<latexit sha1_base64="stDQP/pXnozT90Ig79fITw+PLZA="></latexit>

Query q(x, y, z, u):
<latexit sha1_base64="HZH9HuuSd6qENmpI5IOK37d8MGc="></latexit>x <latexit sha1_base64="ztiDF5EC42Vun3m2bA6b8EqK0/s="></latexit>y <latexit sha1_base64="HJK0F38lZ1b7ZvrB+AyicgT6hWM="></latexit>z <latexit sha1_base64="c4RcSxG21nfvXLva9UlZRFUucGU="></latexit>u

<latexit sha1_base64="y81oL4UUw4BFpkrXdeFZhDJm9PA="></latexit>

(c, ⇤, ⇤, c) is partial answer

Is it minimally partial?

<latexit sha1_base64="y3P8rvHE5tKdNW6rvNWfmEUp+xk="></latexit>

There is an OMQ Q 2 (GTGD,CQ) that is acyclic and free-connex acyclic s.t.

all-testing MPAs to Q is not in CD�Lin unless the triangle conjecture fails.

Reduce triangle detection to all-testing MPAs in (GTGD,CQ)

<latexit sha1_base64="nncf6cNzrb7mX/T+57V12oW4FgA="></latexit>

for all c 2 dom(D):



Functional Roles

36

<latexit sha1_base64="0MaHtI9DQTgYQvsPUbXfVcx6VoU="></latexit>

Functional Roles are important feature of description logic (DL)
<latexit sha1_base64="sH6swvUkfXLn17eqyHUyqifTFQo="></latexit>

For example ELIHF :

<latexit sha1_base64="YGc3/3VYoQoepHWX4XS6X6wXYvo="></latexit>

C,D ::= > | A | C uD | 9r.C | 9r�.C
Concepts formed according to rule

Ontologies are sets of 
<latexit sha1_base64="iqX96PzGUmQc7Pgi4wiOLF6U1bM="></latexit>

• concept inclusions C v D
<latexit sha1_base64="M4RPmX6mpSLdQPD2QzXWrujPgLs="></latexit>

• role inclusions r v s
<latexit sha1_base64="fHhsIAlDMghpE322/SYu6JC3nuo="></latexit>

• functionality assertions func(r)

CQs under functionality assertions alone

} GTGDs

GTGDs

= CQs under unary functional dependencies [CarmeliKröll2020]
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Theorem [CarmeliKröll2018]

<latexit sha1_base64="RdJJYSdD9Bnz1OaBXBH1FRmGl0U="></latexit>

q+ obtained from q by extending atoms with additional variables,

<latexit sha1_base64="4ya5HGTOz7+ctqWu+2kXR2SmZKY="></latexit>

For every CQ q and set of unary FDs � such that q+� is acyclic and
free-connex acyclic, enumeration of q under � is in CD�Lin.

<latexit sha1_base64="M2RQO67LVhNtKod4qaQbIGZBH64="></latexit>

guided by FDs in �; for example:

<latexit sha1_base64="XmB0Mcppsm9t85U44knqgqV1+CU="></latexit>

� = {func(R�
2 ), func(R

�
3 ), func(R4)}

Results in
<latexit sha1_base64="3cYZ8aeO+yp2OZlJ86N59vzBEQk="></latexit>

q+(x, t, y, z) = R0
1(x, y, z), R

0
2(y, z), R

0
3(z, x, y), R

0
4(t, y)

<latexit sha1_base64="71ODYTUtZAJ/8t9SHMQVhwlQBjI="></latexit>

q(x, t) = R1(x, y) ^R2(y, z) ^R3(z, x) ^R4(t, y)

<latexit sha1_base64="sqrxGh7p/PZAgFdepZbsbM+PUYA="></latexit>

q is neither acyclic nor free-connex acyclic, q+ is both



Functional Roles

38

Theorem

Upper bound:

<latexit sha1_base64="2NRZTRQgjBuu1N8UCkKrXNy5e14="></latexit>

For OMQs (O, q) from (ELIHF ,CQ) such that q+
O

is is acyclic and

free-connex acyclic, enumeration is in CD�Lin.

<latexit sha1_base64="kErxXmhlCup8JqS+f3s57t20TNM="></latexit>

use partial chase to remove ontology, then transition to q+,

then use CarmeliKröll as a blackbox

Lower bound:
then use CarmeliKröll as a blackbox
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