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Example Query

7p ex:affiliated with <http://.../orgaX>
?p ex:interested_in 7b
. ?b rdt:type <http/.../Book>




lterator Based EXxe

2p ex:affiliated_with <http;//___,orgax>.v
?p ex:interested in ?b

; ?b rdf tYPe <http://.../Book>




lterator Based Exe

¥

tp, = ( ?p, exiinterested_in, 7b )

.

| tp, = ( 7b, rdf:type , <http://.../Book> )
Query

?p ex:Affiliated with <http://.../orgaX>‘
?p ex:interestéd in ?b

?7b rdf type <http://.../Book>



lterator Based EXx

tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) [/

o $

query-local =(? i ' ?
s tp, = ( ?p , ex:interested_in , ?b ) I2
\/

tp, = ( ?b, rdfitype , <http://.../.Book>) /

@
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lterator Based Exe

tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) [/

o $

q‘gZ?QL‘;‘ia' tp, = ( ?p , ex:interested_in, ?b ) A
\\/
tp, = ( ?b, rdfitype , <http://.../.Book>) I3

Zexe
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lterator Based EXxe

tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) [/

o &

query-local =(? i ' ?
&S/et/ tp, = ( ?p , ex:interested_in , ?b ) I2
tp, = ( ?b, rdf:type , <http://.../Book> ) I3

%Xt?
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lterator Based EXx¢

tp, = ( ?p, ex:affiliated_with , <http://.../orgaX>)

g N

A gﬁext’?
query-local tp. = ( ?p, ex:interested_in, ?b)
dataset 2

N

g ltljext’?

tp, = ( ?b, rdf:type , <http://.../Book> )

%Xt?
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lterator Based EXx

tp, = ( ?p , ex:affiliated_with <http://.

s
E g ﬁext’?
query-local )
ot tp '(Bp ex: mterested in, ?b)
\// ’
»

7g/lgljext?

tp, = ( ?b, rdf:type , <http://.../Book> )

%Xt?
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lterator Based Exec

tp, = ( ?p , ex:affiliated_with (<http://...lorgaX>]D [

g N
e

query-local
dataset

N

d . - - ¢

<http://.../alice> ex:affiliated with <http://.../orgaX>
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lterator Based Exec

I1
e =N
-
query-local |
/
3

<http://.../alice> ex:affiliated with <http://.../orgaX>
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lterator Based Exec

tp, = ( ?p , ex:affiliated_with (<http://...lorgaX>]D [

g N
N

xery-local
dataset

NEEE——

d . - - ¢

<http://.../alice> ex:affiliated with <http://.../orgaX>
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lterator Based Exec

g — N
-

query-local
dataset

<http://.../alice> ex:affiliated with <http://.../orgaX>
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lterator Based Exec

tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) [/

@ { ?p = <http://.../alice> }
—
query-local
dataset

<http://.../alice> ex:affiliated with <http://.../orgaX>
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lterator Based Exe

tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) I1
/_\ I .
N { ?p = <nhttp://.../alice>}
— .
query-local =(? i ' ?
s tp, = ( ?p , ex:interested_in , ?b ) I2
\\//
tp, = ( ?b, rdf:type , <http://.../Book> ) I3
4 Next?
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lterator Based Exe

g N
-

query-local
dataset

N

tp, = ( ?p, ex:affiliated_with , <http://...JorgaX>) |
{ ?p = <http://.../alice> }
v
tp, = ( ?p , ex:interested_in , ?b ) I2
tp,' = ( <http://.../alice>, ex:interested_in, 7b)
tp, = ( ?b, rdf:type , <http://.../Book> ) 13
|
16
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lterator Based Execu

{ ?p = <http://.../alice> }
v
tp, = ( ?p , ex:interested_in , ?b ) I2
tp,' = (& ttp://.../a@ ex:interested_in, ?b)

_4———

ﬂ - ; = t?

<http://.../alice> ex:interested in <http://.../b1>

Ulal Harug - Zero-Knowledge Juery Planning 10r an Iterator implementation of LInk Iraversal Based Query Execution 17



lterator Based Execu

tp, = ( ?p, ex:affiliated_with , <http://.../orgaX>)

p —— SN m—

- En { ?p = <http://.../alice> }
| .
query-local =(? i ' ?
e tp, ( ?p, ex:interested in, ?b) .

tp,' = ( <http://.../alice>, ex:interested_in, 7b)

-

<http://.../alice> ex:interested in <http://.../b1>

Ulal Harug - Zero-Knowledge Juery Planning 10r an Iterator implementation of LInk Iraversal Based Query Execution
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lterator Based Execu

/\E { ?p = <http://.../alice> }
“query-local =(7 i w5 ¥
dataset tp, = ( ?p , ex:interested_in , ?b ) g

tp,' = ( <http://.../alice>, ex:interested_in, 7b)

{ ?p = <http://.../alice>, ?b = <http://.../b1>}
v

-

. t?
<http://.../alice> ex:interested in <http://.../b1>
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lterator Based Exec

@ { ?p = <http://.../alice> }
Eery-local =( ? i ' ?
& tp, = ( ?p , ex:interested_in , ?b ) I2
tp,' = ( <http://.../alice>, ex:interested_in, 7b)
{ ?p = <http://.../alice>, ?b = <http://.../b1>}
v
tp, = ( ?b, rdfitype , <http://.../.Book>) I3
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lterator Based Exec

<

query-local
dataset

N

tp, = ( ?p , ex:interested_in , ?b ) I2
tp,' = ( <http://.../alice>, ex:interested_in, 7b)
{ ?p = <http://.../alice>, ?b = <http://.../b1>}
v
tp, = ( ?b, rdfitype , <http://.../.Book>) I3

tp,' = ( <http://.../o1>, rdf:type , <http://.../Book> )
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lterator Based Execu

/? { ?p = <http://.../alice> }
c@  e——
e;cal =(7 i 5 4
dataset tp, = ( ?p , ex:interested_in , 7b)) IZ

tp,' = ( <http://.../alice>, ex:interested_in, 7b)

{ ?p = <http://.../alice>, ?b = <http://...Ib1>}
v
<2, = (?b, rdfitype , <http://.../Book> )

tp,' = ( <http://.. ~IbTS> =rdf tymehitp://.../.Book> )
ﬂ : -« el )

<http://.../Book> rdfs:subClassOf <http://.../CreativeWork>
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lterator Based Exec

Aﬁi { 20 = <http://... /alice> }
ofll L
qupry-local =(? z in ?
\cw tp, = ( ?p , ex:interested_in , ?b ) I2
tp,' = ( <http://.../alice>, ex:interested_in, 7b)
/ { ?p = <http://.../alice>, ?b = <http://.../b1>}
v
tp, = ( ?b, rdfitype , <http://.../.Book>) I3

k= <http://..@, rdf:type , <http://.../Book> )

<http://.../b1> rdf:type <http://.../Book>
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lterator Based Exec

4| 4]
oll
ry-lo

que cal

dataset

<http://.../b1> rdf:type <http://.../Book>

tp, = ( ?p , ex:interested_in , ?b ) I2
tp,' = ( <http://.../alice>, ex:interested_in, 7b)
{ ?p = <http://.../alice>, ?b = <http://.../b1>}
v
tp, = ( ?b, rdfitype , <http://.../.Book>) I3

tp,' = ( <http://.../o1>, rdf:type , <http://.../Book> )
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lterator Based Exec

4| 4]

-g T

query-local
dataset

N
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tp, = ( ?p , ex:interested_in , ?b ) I2
tp,' = ( <http://.../alice>, ex:interested_in, 7b)
{ ?p = <http://.../alice>, ?b = <http://.../b1>}
v
tp, = ( ?b, rdfitype , <http://.../.Book>) I3
tp,' = ( <http://.../o1>, rdf:type , <http://.../Book> )
{ ?p = <http://.../alice>, ?b = <http://.../b1> }
v
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" Query
?p ex:affilyated

: L fil; N <http://.../orgaX>‘
?p ex:interested in ?b

tp, = ( ?p, ex:affiliated_with , <http://.../orgaX>)

¥

tp, = ( ?p, exiinterested_in, 7b )

.

tp, = ( 7b, rdf:type , <http://.../Book> )

?7b rdf type <http://.../Book>

26



An Alternative Exe

?p ex:Affiliated with <http://.../orgaX>‘
?p ex:interested in ?b

?7b rdf type <http://.../Book>

tp, = ( ?b, rdf:type , <http://.../Book> ) I1

tp, = ( ?p , ex:interested_in , ?b ) I2

tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) I3
27



An Alternative Ex

tp, = ( ?b, rdf:type , <http://.../Book> ) I1
e =N ‘
\/
query-local =(? i ' ?
& tp, = ( ?p , ex:interested_in , ?b ) I2

tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) I3

@
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An Alternative Ex

tp, = ( ?b, rdf:type , <http://.../Book> ) I1
e N
A g ﬂext’?
query-local 2 ? |
e tp, = ( ?p, ex:interested in, ?b) '
SNS——
4 Next?
tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) I3
%@xt?
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An Alternative Exec

d - : -

<http://.../Book> rdfs:subClassOf <http://.../CreativeWork>
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An Alternative Exe

tp, = ( ?b, rdf:type , <http://.../Book> ) I1
g — N
query-local =( ? J - ?
el tp, = ( ?p , ex:interested_in, ?b ) 12
\ !&ext?
tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) 13
-
<http://.../Book> rdfs:subClassOf <http://.../CreativeWork>
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An Alternative Exe

tp, = ( ?b, rdf:type , <http://.../Book> ) I1
g — N
B oa
query-local |
dataset 2

tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) 13

-

<http://.../Book> rdfs:subClassOf <http://.../CreativeWork>
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An Alternative Exe

tp, = ( ?b, rdf:type , <http://.../Book> ) I1
€ END!
ul ~~
query-local =(? i ' ?
& tp, = ( ?p , ex:interested_in , ?b ) I2
END!
v

tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) I3

END!
N
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An Alternative Exec

tp, = ( ?b, rdf:type , <http://.../Book> ) I1
€ END!
al >~
query-local =(? i ' ?
& tp, = ( ?p , ex:interested_in , ?b ) I2
END!
v
tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) I3
Number of results may depend END!
on the order of triple patterns . 4
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An Alternative Exec

tp, = ( ?b, rdf:type , <http://.../Book> ) I1
€ END!
al >~
query-local =(? i ' ?
& tp, = ( ?p , ex:interested_in , ?b ) I2
END!
v
tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) I3
Number of results may depend END!
on the order of triple patterns . 4

= logical query execution plan

Olaf He of Link Traversal Based Query Execution 35



Query Plan Sele

 Assessment criteria:
» Cost (query execution time)
» Benefit (number of results)

Olaf Hartig - Zero-Knowledge Query Planning for an Iterator Implementation of Link Traversal Based Query Execution 36



Query Plan Select

 Assessment criteria:
» Cost (query execution time)
» Benefit (number of results)

 Cost and benefit must be estimated without plan execution

« Estimation impossible due to “zero knowledge”
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Query Plan Selectic

 Assessment criteria:
» Cost (query execution time)
* Benefit (number of results)

 Cost and benefit must be estimated without plan execution
« Estimation impossible due to “zero knowledge”

* Heuristic Based Plan Selection
« DEPENDENCY RESPECT RULE
« SEED TP RULE
e NO VOCAB SEED RULE
e FILTERING TP RULE

Olaf Hartig - Zero-Knowledge Query Planning for an Iterator Implementation of Link Traversal Based Query Execution 38



SEED TP RULE

ith a seed triple

* Potential seed triple pattern
. IS a triple pattern that contains at least one HTTP URI

2p ex:affiliated_with <http://...JorgaX>
?p ex:interested_in 7b
~?b rdfitype <http://.../Book>

Uldl’ Harug - Z€ro-Knowicdge Qucry ridnmning 10r dil 1ierator impicmentauon ’OI’LlIu& Iraversal Based Query Execution 39



SEED TP RULE

with a seed triple

* Potential seed triple pattern
. IS a triple pattern that contains at least one HTTP URI

?p ex:affiliated_with <http://.. /orgaX>‘\I
7?0 exinterested_in ?b 4/ ;
7b rdf type <http://.../Book> \l
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SEED TP RULE

1 with a seed triple

* Potential seed triple pattern
.. IS a triple pattern that contains at least one HTTP URI

« Seed triple pattern of a plan
.. Is the first triple pattern in the plan and
.. Is a potential seed triple pattern

?p ex:affiliated_with <http://.. /orgaX>‘\I
?0 exinterested_in ?b 4 ;
?b rdf type <http://.../Book> \I

41



SEED TP RULE

with a seed triple

* Potential seed triple pattern
.. IS a triple pattern that contains at least one HTTP URI

« Seed triple pattern of a plan
.. Is the first triple pattern in the plan and
.. Is a potential seed triple pattern

 Rationale: good
starting point

?p ex:affiliated with <http://.. /OrgaX>‘\I
?p ex:interested_in ?b 4| |
2b rdfitype <http://.../Book> V

O]aT'HaT'[Tg""ZETO"K’I’I’OWl’G’C[g’e"QUEfi‘Y’I’laﬁl’iTﬁgT(’)’I”"al’i"I['CTHTOT'l’l’i’lp’[eméi”l’tat’l’()’l’l"’()’f’l’_}ll’lk Traversal Based Query Execution 42



NO VOCAB SEED

|ple pattern with vocabul

* Not only vocabulary term URIs in the seed triple pattern

« Patterns to avoid: ?s ex:any property 70

?s rdf:type ex:any class

2p ex:affiliated_with <http://...JorgaX>
?p ex:interested_in 7b
?b rdf:itype <http://.../Book>
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NO VocAB SEED R

Iiple pattern with vocab

* Not only vocabulary term URIs in the seed triple pattern

 Patterns to avoid: ?s ex:any property 70

?s rdf:type ex:any class

7p ex:affiliated_with <http://.. /Orgaxy\[
?p exinterested_in ?b €9 ;
7b rdftype <http:/.../Book> €3
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NO VoCAB SEED RU

triple pattern with vocabu

 Not only vocabulary term URIs in the seed triple pattern

 Patterns to avoid: ?s ex:any property 70

7s rdfitype ex:any_class

 Rationale: URIs for vocabulary term usually resolve to
vocabulary definitions with little instance data

?p ex:affiliated_with <http://.. /orgaX>’\l
?p exinterested_in ?b €9 ’
" 2b rdfitype <http://../Book> €9

O]SQT'H’aTUg""Z’GTO"K’I’IOWl'e'C[g'e"QUeTy’l”la’l’l"l’i'l'ﬁgTO’I’”"a’l’i"I[’e'f"aI’OT'l’mp[€1ﬁ€ﬁ’fat’1’0’l’1’”OT’L‘ll’lk Traversal Based Query Execution 45



FILTERING TP RU

here all filtering triple pa
he seed triple pattern as
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FILTERING TP RULE

n all filtering triple patt
o0 the seed triple pattern as |

 Filtering triple pattern: each variable already occurs in one
. of the preceding triple patterns

tp, = ( ?p, ex:affiliated_with , <http:/.../orgaX>) I1

. =

tp, = ( ?p, ex:interested_in , ?b ) 12
4 tp, = (?b, rdfitype , <http://.../Book> ) I3
Olaf Hartig - Zero-Knowledge Query Planning for ar
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FILTERING TP RULE

here all filtering triple patte

the seed triple pattern as |

i

 Filtering triple pattern: each variable already occurs in one
. of the preceding triple patterns

e For each result : tp, = ( 7p, ex:affiliated_with , <http://.../orgax>) I1
consumed as input.
a filtering TP can { ?2p = <http://.../alice> }
only report1or0 - T — d’_ - ;
results as output - P, = (7P, exinterested in, 7b) 2
. tp,=(<http//.../alice>, ex:interested_in, ?b)
. { ?p = <http://.../alice> , ?b = <http://.../b1>}
. .
4 tp, = (?b, rdfitype , <http://.../Book> ) I3
tp,' = ( <http://.../b1>, rdf:type , <http://.../Book> )
Olaf Hartig - Zero-Knowledge Query Planning for ar
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FILTERING TP RULE

lan here all filtering triple patterns
se to the seed triple pattern as poss

 Filtering triple pattern: each variable already occurs in one
. of the preceding triple patterns

 For each result . tp, = ( ?p , ex:affiliated_with , <http://.../orgaX>) I1
consumed as input.
a filtering TP can { ?2p = <http://.../alice> }
only report1or0 - T — d’_ o |
results as output - P, = (7P, exinterested in, 7b) 2
. tp,=(<http//.../alice>, ex:interested_in, ?b)
* Rationale: Reduce - 5, <hitpy//..jalice> , 7b = <httpi/l.../b1> )
cost . ~
4 tp, = (?b, rdfitype , <http://.../Book> ) I3
tp,' = ( <http://.../b1>, rdf:type , <http://.../Book> )
Olaf Hartig - Zero-Knowledge Query Planning for ar
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Evaluation Proced

* Generate all possible plans

 Execute each plan:
* 5 runs (+ 1 initial warm-up run)
* Use an initially empty query-local dataset for each run

 Measure for each plan:
e Avg. execution time
* Avg. number of descriptor objects retrieved during execution

* Avg. number of query results
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Evaluation Que

' SELECT ?spec ?genus WHERE { ~ Of what genus are

_ _ _ ~ the species that are

~geospecies:4qyn7 gs:inFamily ?fam . . classified in the
?fam  skos:narrowerTransitive  ?spec . same family as the
?spec skos:closeMatch  ?sp2. American Badger,
?sp2 rdfs:subClassOf  ?genus . « and expected in the

same states as the

?spec gs:isExpectedin ?/oc . American Badger ?

geospecies:4qyn7 gs:isExpectedin ?/loc
?loc rdf:type gs:State. }

Picture source: Wikiedia
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Evaluation Query

Of what genus are

K SELECT ?spec ?genus WHERE { ' .

S - the species that are
(geOSpeC'eS ayneg Y » classified in the

¢ ?fam  skos:narrowerTransitive ?spec . same family as the
' ?spec skos:closeMatch  ?sp2. American Badger,

: ?sp2 rdfs:isubClassOf  ?genus . * and expected in the
: same states as the
'+ ?spec gs:isExpectedin ?loc . American Badger ?
i _geospecies:4qyn7 gs:isExpectedin ?loc  pE T
W ?loc rdfitype gs:State . )

-2 potential seed triple patterns that
satisfy our NO SEED VOCAB RULE

Picture source: Wikiedia
52
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Evaluation Query

SELECT ?spec ?genus WHERE {

Of what genus are
the species that are

o .t iy ?

’geospe0|es.4qyn7 gs.lnFarr.u.Iy ?fam . ~ « classified in the

+ ?fam  skos:narrowerTransitive ?spec . same family as the
' ?spec skos:closeMatch  ?sp2. American Badger,
?sp2 rdfs:subClassOf  ?genus . * and expected in the
: same states as the
1 ?spec gs:isExpectedin ?/oc . American Badger ?
' _geospecies:4qyn7 gs:isExpectedin ?loc i
W ?loc rdfitype gs:State . )

-2 potential seed triple patterns that
satisfy our NO SEED VOCAB RULE

« 56 different plans, each contains
2 filtering triple patterns

Olaf Hartig - Zero-Knowledge Query Planning for an Iterator Implementation of Link Traversal Based Query Execution

Plctur source: Wikieia
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Measurements
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Measurements
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Conclusions

 Approach that uses iterators to implement
Link Traversal Based Query Execution

... Is sound
... guarantees termination
... cannot guarantee (reachability-) completeness

 Degree of completeness depends on
the query plans (i.e. orders of the BGP)

 Heuristic based plan selection

 Next steps:
» Algorithm to generate most suitable plans only
 Integrate adaptive query processing techniques
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Outline

1. Link Traversal Based
Query Execution

2. Characteristics of the
lterator Based
Implementation Approach

3. Query Plan Selection

4. Evaluation
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Link Traversal B

« Semantics defined
in two phases:

1. Reachability
2. Query Results

ing u: V-Uu
It to BGP bgp fiff:

« 2 phases do not reflect idea of actual execution strategy
* Intertwine query evaluation with the traversal of data links
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Characteristics

* No need to know all data sources in advance

 Never complete w.r.t. all data on the Web
 Reason: reachability based on links that match query patterns
* New concept: reachability-completeness

 No guarantee for termination
 Reason: Web of Data is infinite (at any point in time)
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Characteristics

 Sound
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 Reachability-completeness not guaranteed
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« Easy to apply in existing query engines
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Characteristics

 Number of results may depend on order of triple patterns

= logical query execution plan
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Plan Selection P

 Number of results may depend on order of triple patterns

= logical query execution plan

> Problem: select a suitable plan
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