REMINDER: IMPORTANT NATIVE-
INDEXING DATASTORES



Native RDF indexing - Hexastore

» Hexastore [Weiss et al. 2008]

o Kpxtotne oA Tox sorted permutations Twv triples

- SPO, SOP, PSO, POS, OSP, OPS

- 'OANX TX query patterns JTTOpoOUV VX XTTXVTNOOULV UE EVX
Index scan

o 'OAX TX XPXLKKX join MTTOPOLV VX YLVOUV ME XTTOOOTLKX
merge-joins

> TTo axkptpax hash n sort-merge joins xpelxCovrxL HOVO OTXV
KXVOULME join non-ordered intermediate results
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Hexastore: Sextuple Indexing
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Five-fold Increase in Index Space

* Sharing The Same Terminal Lists
— SPO-PSO, SOP-OSP, POS-OPS
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Figure 2: spo indexing in a Hexastore

— The key of each of the three resources in a triple appears in
two headers and two vectors, but only in one list
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Mapping Dictionary
Replacing all literals by unique IDs using a mapping dictionary

S P O
object214 | hasColor blue
object214 | belongsTo | object352

S P O ID Value
0 1 2 0 object214
0 3 4 1 hasColor

— Mapping dictionary compresses the triple store
 Reduced redundancy, Saving a lot of physical space

— We can concentrate on a logical index structure rather than the physical storage
design



Clustered B*-Tree (RDF-3X, VLDB 2008)

s | P | o

) - I
0 1 5 Actually, we don’t need this table!
0 3 4

e Store everything in a clustered B*-Tree

— Triples are sorted in lexicographical order

* Allowing the conversion of SPARQL patterns into range scan

— We don't have to do entire table scan  <Mapping Dictionary>

m H ID Value

0 object214
1 hasColor
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Native RDF indexing — RDF3X

Query pattern
Index

Sub ject Predicate Object
- B - OAX
N N pos, ops
B B 0Sp, SOp
B B Spo, PSO
B 0Sp, OPS
- ? ? Spo, SOp
B 2 poOS, pso
? ? ? OAX

» RDF-3X [Neumann et al. 2008]

> 6 indexes, aggregated indexes yLX OTXTLOTLKX KXL EUPECN
TOU BEATLOTOUL TTAXVOUL EKTEAEONC

- Aggressive compression
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MapReduce-based engines

» ATToOnkevon RDF deoopevwy oe opxetx HDFS
» YAoTrOoLlnon join pe Xxpnon MapReduce
» AVTUTTPOOWTTEVTLKX OCLUOTAMXTX

- SHARD [Rohloff 2010]

- HadoopRDF [Husain 2011]
- PigSPARQL [Schatzle 2012]
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» Apxelx HDFS:
o MLX YPOLMMI TTEPLEXEL ONEC TLC TPLXOEC TTOL EXOLV
EVXX OUYKEKPLMEVO subject
» Query processing
- Left deep join plans

- 'Evax MapReduce job yix kx6e BGP Touv epwtnuoToc

> MIKPEC DLUVXTOTNTEC PIATPpXPLOMXTOC TwV RDF
OEDOMEVWYV

File1.rdf

picasso type :cubist :firstName “Pablo” :paints :guernica
guernica :exhibitedIn :reinasofia

reinasofia :locatedIn :madrid

————| rodin type :sculptor :firstName “Auguste” :creates :thethinker
thethinker :exhibitedIn :museerodin

HDFS
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HadoopRDF

» Apxeix HDFS:
> RDF TpLXOEC ONXOOTIOLNMEVEC XVX predicate
- EOWTEPLKN ONXOOTTOLNON TWV XPXELWYV ME BXon TO type TOU
kxO€e object
» Query processing
o ETTiAoyn opxelwv 1Tou ToitpLtxCouv o€ kx0e BGP
o TTOANXTTAX join xvex MapReduce job
> Heuristic join planner

paints type exhibitedIn.rdf

‘ :picasso :guernica l

creates.rdf

:rodin :thethinker J firstName.rdf
:picasso “Pablo” J
/

:rodin :sculptor
:picasso :cubist
:guernica :artifact

thethinker museerodin

locatedln.rdf ™.

:reinasofia madrid

:guernica reinasofia J

:rodin “Auguste”
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Pig SPARQL

» Apxeix HDFS:
> 'EVOX EVLXXLO XPXELO TTOUL TTEPLEXEL OAX TXx RDF d€edoueve
> XwpLC DLVXTOTNTEC ELPETNPLAONC
» Query processing
- Metxdpxon SPARQL o€ Pig scripts
- EkTeéAeon Twv PIG scripts ue MapReduce jobs
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NoSQL indexing

» Xpnon key-value store yLx OnMLOLPYLX EVPETNPLWV
- ApLBuOC evpeTnplwyv 1-6
> AvXKTNon d0edopevwy yix BGP:
. Me lookups n range scans
» ETTEEEPYROLX EPWTNUXTWV
> M€ TOTILKN ETTECEPYXOLX
- Me xpnon MapReduce
» AVTLTTPOOWTTEVUTLKX OUOTHMXTX
> Stratustore [Stein 2010]
> Rya [Punnoose 2012]
- H2RDF [Papailiou 2012]
- H2RDF+ [Papailiou 201 3]
MAPSIN [Schatzle 201 2]

o
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NoSQL indexing

:picasso, : firstName, “Pablo”

SPO
(attribute, value)

:picasso,:

:picasso, ty

POS

(attribute, value)

:exhibitedIn, :reinasofia, :guernica =

:guernica, :

: firstName, “Pablo”, :picasso, -

OSP

:paints, :gu

type, :cubis

Key

:cubist, :picasso, type,

(attribute, value)

:guernica, :picasso, :paints

“Pablo”, :picasso, : firstName

:reinasofia, :guernica, :exhibitedIn
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NoSQL indexing

Stratustore (Amazon SimpleDB)
- S|P|O 1 hash index
Rya (Apache Accumulo)

> SPO
H2RD
> SPO
H2RD
> SPO
MAPS
- SPO

-, POS|-, OSP|- 3 sorted indexes
- (Apache HBase)
-, POS|-, OSP|- 3 sorted indexes

-+ (Apache HBase)
-, SOP|-, POS|-, PSO|-, OPS|-, OSP|- 6 sorted indexes
N (Apache HBase)
. OPS|- 2 sorted indexes
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» ATTOONKELON OEOOUEVWV
- Apache Accumulo
> 3 sorted indexes
> AvXkTnon dedouevwy Pe lookup yix oAx Tx BGP patterns
» ETTEEEPYXROLX EPWTNUXRTWYV
> Index nested loops
- AvxCnTtnon tou accumulo index ywx kx0e kKAELOL TOU join
> ATTOOOTLKO YLX MLKpOUL MEYEBOULC join
o ATTXLTEL TTOAX index lookups ywx non selective epwWTAMXTX
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» ATTOONKELON OEOOUEVWV
- Apache HBase
> 3 sorted indexes
> AvXkTnon dedouevwy Pe lookup yix oAx Tx BGP patterns
» ETTEEEPYXROLX EPWTNUXRTWYV
> Partial Input Hash joins
o ALXXAEYEL TOV KXTXAANAO join XAYOPLOUO xvxAoyx WE TO MEYEDBOC
0edoMEVWY TwvV BGP

. AV UTTXPXEL ULKPO pattern JOVO XLTO XPNOLUMOTTOLELTXL WC
€ELO0OOC

o Kxtaxveunuevn (MapReduce) i KEVTPLKN EKTEAECN TWV join
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» ATTOONKELOT OEDOHEVWIV

- Apache HBase

- 6 sorted indexes k&L aggregated satatistics

o ZUMTILEOT) TWV EVPETNPLWV

> AVXKTNON TRELVOUNMEVWY OEDOMEVWYV YLX OAX TX BGP patterns
» ETTECEPYXOLXX EPWTNHXTWV

- AELOTTOLEL TX 6 index yLx TnV ekTEAEON Merge join

> Multi-way Merge kxt Sort—-Merge joins

o Kxtaxveunuevn (MapReduce) j KEVTPLKN EKTEAECN TWV join

> MOVTEAO KOOTOUC YLX TX joins

- EAXOTLKN ETTLAOYN TWV resources
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» ATTOONKELON OEOOUEVWV

- Apache HBase

- 2 sorted indexes

> AVXKTNON d€doNeEVWYV YL Tt BGP patterns pe yvwoTo predicate
» ETTEEEPYXROLX EPWTNUXRTWYV

- MapReduce map phase join algorithm

- Lookup operations yLx kxO€e KAELOL TOL join
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Graph partitioning

partition 1 :firstName

. -exhibited |p/_ ‘locatedIn
:guernica / :reinasofia

partition 3

“Pablo”
_—————
:creates Mdln
:thethinker :

partition 2 :firstName partition 4
“Auguste”
AN
— <> > >
~— ~_ . -~
node 1 node 2 node 3 node 4
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Graph partitioning

» Graph partitioning [Huang et al. 11]
- Graph partitioning ylx olxpeLpxXouo Twv RDF d€edopeEvwy
- KxOe koppoc xpnotpoTtrotel evx RDF-3X yLx Tx OEQOMEVX TOU

OLKOU TOUL graph partition
> n-hop replication scheme

. EKTOC XTTO TX DEDOMEVX TOUL partition Touv 0 KXO€e KOMPOC KXVEL
replicate KL OEQOMEVX TTOU ELVXL EWC N BPAMXTX MXKPLX

- TTKUPXAANNAN EKTEAECN YLK EPWTAUXRTH ME OLXMETPO MLKPOTEPN TOL N

. TX MEYXAUTEPX EPWTAMXTX XWPLCOVTXL OE€ MLKPOTEPX, OLXMETPOUL N

. TX XTTOTEAEOUXTX TWV LDTTOEPWTNMXTWY TLVOLXTOVTXL ME XpNon
MapReduce
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1-hop guarantee

. :paints | -exhibited |N°°ated'“
:picasso :guernica -reinasofia

artition 1 :firstName partition 3
“‘Pablo” |___
o :creates _ :exhibitedIn _
partition 2 -firstName - i} partition 4__
Auguste” | - undirected
1-hop guarantee
o /_Z D N
~ N~ e N
RDF-3X RDF-3X RDF-3X RDF-3X
~ ~_ ~_ ~_

node 1 node 2 node 3 node 4



replication with
1-hop guarantee

PWOC query

T
]

RDF-3X

~_
partition 1

Graph partitioning

SELECT ?x ?y ?z
WHERE {
?x type

:artist .
?x :firstName ?y
?X :creates ?z .}

~—

RDF-3X

~
partition 2

N’

RDF-3X

-~
partition 3

union results
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RDF-3X

~
partition 4

Results




» DREAM [Hammoud 2015]
o ALXXWPLOPOC OUCTNUXTWY XVXAOYX ME TNV KXTXVOMI TWV
OEOOMEVWYV KXL TNG ETTECEPYNXTLXC
> YAOTTOLNON OLOTNMXTOC TToL xXvNnkel oto Quadrant-1V

Quadrant-I

Quadrant-ll
Quadrant-lll

Quadrant-1V
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Distributed Main Memory

» Memory cloud: TrinityRDF [Zeng et al. 201 3]

- ATToOnkeveL Tx RDF d€dOMEVX OTNV KUPLX MVAMN OAWV TWV
KOMBwYV Tou cluster
> KatOe kopBoc kpxTaiel evok memory hash-map twv RDF
OEOOMEVWYV TTOL TOU XVTLOTOLXOULV
> Query execution
. Graph exploration g€ NNVOUXTX METREL TWV KOMPBWV
. OUOLXOTLKX KXVEL EVX Semi-join processing yYlx To query
. A€V KXVEL TTANPEC reduction yLX EpPWTAMXTX ME KUKAOUC

. 2T0 TEAOC Tx reduced XTTOTEAEOUXTX MXTEVOVTXL OE EVX KEVTPLKO
server TToU KXVEL TO TEALKO processing
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Distributed Main Memory

» TriAD [Gurajada 2014]

- Hash partitioning

ATToOnkKeLEL Tt RDF O€EdOPEVX OTNV KUPLX MVAMN OAWV TWV
KOMBWV

6 indexes + aggregated statistics

MPI-based asynchronous join execution

Bxolouevo oto RDF-3X ywx join planning

(0]

o

o

o
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Workload-adaptive engines

» TTpooxpuoyn oto workload

- Adaptive data partitioning

- Result caching

> Multi-query optimization
» AVTLTTPOOWTTEVTLKX OUOTNMOTX

- SPARQL Multi-query optimization [Le 201 2]
Partout [Galarraga 2014]
Warp [Hose 2014]
Chameleon-db [Aluc 2015]
H2RDF+ caching [Papailiou 2015]
AdPart [Harbi 2016]

o

o)

(@)

0]

(@)
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Multi-query optimization

» 2uvevwon SPARQL epwTnUXTWY TTOL EXOLV overlap
- XpnotwuotroLtet OPTIONAL patterns

(a) Query Q1 (b) Query Q2 (c) Query Q3 (d) Query Qq
P

SELECT *

WHERE { ?x P; ?z, 7y Py 7z, o M Ps
OPTIONAL {?y P3 ?w, 7w P4 v1 } 3
OPTIONAL {?¢ P3 2z, ?¢ P5 vy, 2w Py v1 } @
OPTIONAL {?z P3 ?y, v1 P5 ?y, 2w P4 v1 }
OPTIONAL {?y P3 ?u, ?w Pg ?u, 2w P4 vy }

Rolo
} e 0

(e) Example query OOPT
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Partout - Warp

» Emre€epyooix Tov workload Twv epwTnuXTWYV
- EtrekTelvouv graph partitioning TeExXVLKEC
- EUpean evog kxAoL graph partitioning pe fxon TX
EPWTNMXTX
- Adaptive replication Twv RDF Tplxdwv
o EAXXLOTOTTOLNON TNC ETTLKOLVWVLXC KXTX TNV EKTENECN
» EKTEAEON EPLWTNUXTWV
> ETTiKOLVWIVLX MOVO YIX TX KOMMXTLX TOU EPWTAMXTOC TTOU
XPELXTOVTXL XTTOMXKPUOMEVX OEDOMEVX
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Chameleon-db

» XPNon EVPETNPLWYV TTOL TTEPLEXOLV XTTOTEAECUXTX YLX graph query
patterns

- Partition pe pxon graph patterns
- EUpeon Touv KXAUTEPOUL partitioning Pe PXON T EPWTHMXTX TOU

workload

Query Tt o IRl

Engine . Query Plan Generation ' | * Query Evaluation ; B

;‘f} Vertex Index Range Index

gs

=

8

=

-+~

&

A
Partition
Advisor

Partition Container




v v Vv

v

H2RDF+ SPARQL caching

Canonical labelling ytoxt SPARQL epwTHuXTX

Xpnion Ttou label ywx dnulovpylx kpudng pvnung
EtrékTeon evog DP planner ywx cache requests

> EANEYXEL XV N KpLPN VAN TTEPLEXEL XPNOLUX XTTOTEAECUXTX YLX KXO€ subgraph Tou

EPWTNUXTOC

Cache controller TtToepxkoAovOelL Tx cache requests
- BplokeL kol ekTEAEL “profitable” epwTnuaTX

querkes

Dynamic
Programming
Planner

Jain plan

Query Execution
Engine

!

query

Cache

ey

Ja|joiuc) aypen

Result Cache
Cherk  Skeleton Label | Result Tree
cache
| Cacha
mxuls
Cache Requests
Save cach Skeleton Label | Benefit Tree _
mqueshs
Jrofitable |
IRHATY
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AdPart

» ApxLko Hash based partitioning

> OMXOOTTOLNON TWV OEDOUEVWYV ME Bon To subject Touc

o Star EpWTNMXTX MTTOPOUV VX EKTEAECTOUV PE TOTTLKX OEDONEVX
» TTxpaxkoAovOnon Tov workload

- Eupeon Twv hot query pattern

© 2UVOULKXXOMOC ETTLMEPOLC EPWTNMXTWYV ME Xprpon OPTIONAL

- Repartition n replication xvTwv TWV pattern
» EKTEAEON EPWTNUXTWYV

> MPI asynchronous joins

> AV Tt OEOOMEVX MTTOPOLV VX BPpeEOOLV TOTTLKX EKTEAELTHL TO EPWTNUX
XWPLC ETTLKOLVWVLX
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