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Outline

This is about Graph Databases

e Part 1: Modelling, data and queries

e Part 2: Worst-case optimal join algorithms
e Part 3: Path queries

« Part 4: MillenniumDB

¢How to implement a Graph Database?
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Part 1
What are Graph Databases?
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Go gle The Keyword Latest stories  Productupdates v  Company news Q, :

Linked in Engineering Home Blog Data Open Source Trust Infrastructure Q
[ ICrosoO The Al BlOg The Official Microsoft Blog ~ Microsoft On the Issues  Transform All Microsoft v 0
eb Company Stories mpact Tech Investors Careers Press Room FollowUs GontactUs Q

Uber Engineering Blog v Research v Tech Offices v Q
Airbnb Engineering & Data Science Al & ML DATA WEB MOBILE INFRASTRUCTURE FINTECH PEOPLE
. Latest Research Conferences . Academic o
amazon ‘ science news areas & events Publications engagements Blog Careers O\
INFORMATION AND KNOWLEDGE MANAGEMENT RELATED PUBLICATIONS

Collective Knowledge Graph Multi-

C O [”T‘] b . [’W . ﬂ g kﬂ O\"\-‘ v“f { E, d g e, 9 [’a p, r'w S, type Entity Alignment

Qi Zhu, Hao Wei, Bunyamin Sisman

quickly and accurately
i i

10N AND KNOWLEDGE
AENT

Novel cross-graph-attention and self-attention mechanisms enable state-of-the-art

performance.

By Hao Wei

March 19, 2020

N~~~ CONFERENCE / JOURNAL
(f)(w)(in)(=)
R N N S N The Web Conference 2020

Knowledge graphs are a way of representing information that can capture complex relationships

more easily than conventional databases. At Amazon, we use knowledge graphs to represent the RECENT BLOG POSTS

hierarchical relationships between product types on amazon.com; the relationships between .
© © © ps enp 7 are ' l = How SageMaker’s algorithms help

creators and content on Amazon Music and Prime Video; and general information for Alexa's democratize machine learning
question-answering service — among other things. Zo ‘“__fi','lji[]"
une 24, 202(
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Wikidata: Wikipedia but with graph data

A English & Not logged in Talk Contributions Create account Login

‘II II Main Page Discussion Read View source View history !Search Wikidata Q ‘ >

WIKIDATA / / / ){\Cmoramve\ /

open

Main page

Community portal Welcome to Wikidata

Project chat

Clcale amew liem the free knowledge base with 103,315,430 data items that anyone can edit.
Recent changes

Random ltem

Query Service

Nearby N
Help

Donate

Lexicographical data ingual
Create a new Lexeme

Recent changes

Random L y
SR S Ml welcome! Milll Learn about data

Introduction « Project Chat « Community Portal « Help

Want to help translate? Translate the missing messages. structured

Tools
What links here Wikidata is a free and open knowledge base that can be read New to the wonderful world of data? Develop and improve your
Related changes and edited by both humans and machines. data literacy through content designed to get you up to speed

RS o Wikidata acts as central storage for the structured data of its and eeing comionableniiniie (ndamentais (h o iine:

Wikimedia sister projects including Wikipedia, Wikivoyage,

Permanent link
Page information

Wikidata item Wiktionary, Wikisource, and others.

Wikidata also provides support to many other sites and
services beyond just Wikimedia projects! The content of
Wikidata is available under a free license ', exported using

In other projects

Wikimedia Commons

MediaWiki

Meta-Wiki standard formats, and can be interlinked to other open data
Multilingual Wikisource sets on the linked data web.

Wikispecies

Wikibooks

Iltem: Earth (Q2) Property: highest point (P610)

Wikimania ST



What kinds of entities?

WIKIDATA

Main page
Community portal
Project chat
Create a new ltem
Recent changes
Random ltem
Query Service
MNearby

Help

Donate

Lexicographical data

Create a new Lexeme
Recent changes
Random Lexeme

Tools

What links here
Related changes
Special pages
Permanent link
Page information
Concept URI

Cite this page

Get shortened URL
Download QR code

ltem Discussion

Geoffrey Hinton (Qo2s04)

British-Canadian computer scientist and psychologist
Geofirey Everest Hinton | Geoff Hinton | Geoffrey E. Hinton | G. E. Hinton

- In more languages

Configure

Language Label Description

English Geoffrey Hinton British-Canadian computer scientist and
psychologist

Spanish Geoffrey Hinton informatico y psicologo britanico-canadiense

Mapuche Geoffrey Hinton No description defined

default for all Geoffrey Hinton -

languages

All entered languages

Statements

- o
instance of ®  human

» 1 reference

F edit

Also known as

Geoffrey Everest Hinton
Geoff Hinton

Geoffrey E. Hinton

G. E. Hinton

Geoffrey Everest Hinton
Geoffrey E. Hinton

Geoffrey Everest Hinton
Geoffrey E. Hinton

# edit

<+ add value



What kinds of entities?

|II |I ltem Discussion

WIKIDATA Maryland (i301)

state of the United States of America

Main page State of Maryland | Maryland, United States | MD | Md. | Old Line State | US-MD
Community portal Statements

Project chat
Create a new ltem
Recent changes
Random Item
Query Service
MNearby

Help

Donate

Jqep

instance of U.S. state

» 4 references

Jek

part of contiguous United States

Lexicographical data

» 1 reference
Create a new Lexeme

Recent changes

Random Lexeme South Atlantic states

JeD

Tools
» 2 references

What links here
Related changes
Special pages
Permanent link
Page information
Concept URI

Cite this page

Get shortened URL
Download QR code

Mid-Atlantic

oD

» 1 reference

40D

inception 28 April 1788 Gregorian

» 5 references



What kinds of entities?

‘II |I ltem Discussion

WIKIDATA crab cake (Qis371)

Statements
Main page

Community portal instance of
Project chat

Create a new ltem

Recent changes

Random Item

Query Service

MNearby

Help

Donate

dish 2 edit

aen

~ 0 references

+ add reference

+ add value

subclass of crab dish S edit

aep

Lexicographical data

Create a new Lexeme ~ 0 references
Recent changes
Random Lexeme

+ add reference

Tools + add value

What links here
Related changes
Special pages
Permanent link
Page information
Concept URI

Cite this page

Get shortened URL
Download QR code

aep

image & edit




What kinds of entities?

|II |I ltem Discussion

WIKIDATA Sharknado (Qi3794921)

2013 film directed by Anthony C. Ferrante & edit

Main page
Community portal
Project chat
Create a new ltem
Recent changes Statements
Random ltem
Query Service
Mearby

Help » 1 reference

» In more languages

television film & edit

aepD

instance of

Donate
+ add value
Lexicographical data

Create a new Lexeme

Recent changes logo image : ' S edit
Random Lexeme ;
Tools s

What links here

Related changes Sharknado logo.png

Spec|a| pages 1)281 x 471, 693 KB

Permanent link

Page information ~ 0 references

Concept UR + add reference
Cite this page

Get shortened URL + add value
Download QR code

aep

title & Sharknado (English) 2 edit



What kinds of entities?

WIKIDATA

Main page
Community portal
Project chat
Create a new ltem
Recent changes
Random ltem
Query Service
MNearby

Help

Donate

Lexicographical data

Create a new Lexeme
Recent changes
Random Lexeme

Tools

What links here
Related changes
Special pages
Permanent link
Page information
Concept URI

Cite this page

Get shortened URL
Download QR code

ltem Discussion

TRAPPIST-1 (Q23086556)

ultra-cool dwarf star

2MASS J23062928-0502285 | Trappist 1

» In more languages

Statements

instance of

<80

]

400

<8C

<180

red dwarf

- 0 references

ultra-cool dwarf

- 0 references

infrared source

v 1 reference

high proper-motion star

v 1 reference

low-mass star

& edit

+ add reference

2 edit

+ add reference

# edit

g edit

2 edit

F edit



Where 1s Wikidata used?

TRAPPIST

Article  Talk

From Wikipedia, the free encyclopedia

(Redirected from Transiting FPlanets and Planetesimals Small Telescope)

Not fo be confused with Trappists.

The Transiting Planets and Planetesimals Small Telescope (TRAPPIST) is the corporate name for a
pair of Belgian optic robotic telescopes. TRAPPIST-South, which is situated high in the Chilean
mountains at ESO's La Silla Observatory, came online in 2010, and TRAPPIST-North situated at the
Oukaimeden Observatory in the Atlas Mountains in Morocco, came online in 2016."]

Description [edit]

TRAPPIST is controlled from Liége, Belgium, with some autonomous features. It consists of two 60 cm
(24 in) reflecting robotic telescopes located at the ESO La Silla Observatory (housed in the dome of the
retired Swiss T70 telescope) in Chile and at Oukaimeden Observatory in Morocco.

The 60 cm f/8 Ritchey—Chrétien design telescopes and New Technology Mount NTM-500 were built by

ASTELCO Systems, a company in Germany. The CCD camera was built by Finger Lakes Instrumentation
(USA), providing a 22 x 22 arcminutes field of view. The camera is fitted with a double filter wheel, allowing

12 different filters and one clear position.?I*]

The telescope condominium is a joint venture between the University of Ligge, Belgium, and Geneva
Observatory, Switzerland, and among other tasks, it specializes in searching for comets and
exoplanets.[I°]

TRAPPIST

Part of La Silla Observatory
Oukaimeden Observatory

Location(s) Coquimbo Region, Chile

Coordinates o 29°15"17"S 70°44'22'W ’

Organization University of Liege
Observatory code 140

Altitude 2,400 m (7,900 ft) #
Telescope style  Robofic optical telescope

Website www._trappist.uliege be ' #

Locat;ion of o
TRAPPIST

é) Related media on Commons

[edit on Wikidata]



Where 1s Wikidata used?

Moving Map Moving Map

A\ Retract Infobox MENU

. K2 :
EUfOWIﬂgS Metric T Countries v 4
it
Date 21/05/2017 € v
Ground Speed 672 km/h Flight Path <
Altitude 4,802 m
Projected Flight Path l




How 1s this a graph?

p English a Motloggedin Talk Contributions Create account Login

ltem = Discussion Read View history | S€arch Wikidata Q

WIKIDATA Manuel Blum (goz626)
Venezuelan computer scientist 2 edit

Main page M. Blum
Community portal
Project chat ~ In more languages
Create a new ltem Canfigurs
Recent changes Language Label Description IS0 Known as
Random ltem
Query Service English Manuel Blum Venezuelan computer scientist M. Blum
fearoy Spanish Manuel Blum informatico venezolano-estadounidense
Help

(Turing Award |«——— award received 4[Si|vio I\/Iicali]
A

award received award received doctoral advisor

\ Y

(Shafi GoIdwasserJf doctoral advisor —»(Manuel BIumJ
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Popular graph databases

® |
~QOrientDB D h
-Neoq) Drien 9 grap
@ JanusGraph @2 DB @) TigerGraph

amazon 1<
Neptune DB>

bla@\/ecgrapflzi" YJA gf}g AllegroGraph

Fs e o

AVikiveld D “GraphDB

UNIVERSAL SERVER STARDOG



https://db-engines.com/

Popular graph databases

DB-Engines Ranking
423 systems in ranking, October 2024

Rank Score

Ot sep oct DBMS Database Model Oct Sep oct
2024 2024 2023 2024 2024 2023
1. 1. 1. Oracle Relational, Multi-model @ 1309.45 +22.85 +48.03
2. 2. 2. MySQL Relational, Multi-model 1022.76 -6.73 -110.56
3. 3. 3. Microsoft SQL Server Relational, Multi-model (@ 802.09 -5.67 -94.79
4. 4. 4. PostgreSQL Relational, Multi-model (@ 652.16 +7.80 +13.34
5. 5. 5. MongoDB Document, Multi-model 405.21 -5.02 -26.21
6. 6. 6. Redis Key-value, Multi-model (@ 149.63 +0.20 -13.33
7. 7. a11. Snowflake (3 Relational 140.60 +6.88 +17.36
8. 8. 7. Elasticsearch Multi-model i@ 131.85 +3.06 -5.30
0. 9. 8. IBM Db2 Relational, Multi-model | 122.77 -0.28 -12.10
10. 10. 9. SQlite Relational 101.91 -1.43 -23.23
11. 11. A 12. Apache Cassandra Wide column, Multi-model @ 97.61 -134 -11.21
12. 12. 10. Microsoft Access Relational 92.15 -161 -32.16
13. 13. 4 14.  Splunk Search engine 91.27 -1.75 -1.10
14. 14. #17. Databricks 3 Multi-model [ 85.60 +1.35 +9.78
15. 15. $ 13. MariaDB Relational, Multi-model | 84.89 +1.45 -14.77
16. 16. ¥ 15. Microsoft Azure SQL Database Relational, Multi-model (@ 74.53 +1.58  -6.40
17. 17. ¥ 16. Amazon DynamoDB Multi-model & 71.85 +1.78 -9.07
18. 18. 18. Apache Hive Relational 52.57 -0.50 -16.61
19. 19. A 20. Google BigQuery Relational 51.18 -1.48 -5.39
20. 20. #421. FileMaker Relational 44.40 -0.80 -8.92

21. 21. 423. Neodj[@ Graph 42.51 -0.17 -5.93


https://db-engines.com/

https://db-engines.com/

Popular graph databases

DB-Engines Ranking of Graph DBMS

[ include secondary database models 43 systems in ranking, October 2024
Rank Score
Ooct Sep oct DBMS Database Model Oct Sep Oct
2024 2024 2023 2024 2024 2023
1. 1. 1. Neo4j 3 Graph 42.51 -0.17 -5.93
2. 2. 2. Microsoft Azure Cosmos DB Multi-model (@ 24.50 -0.47 -9.80
3. 3. 3. Aerospike 3 Multi-model &3 5.57 +0.41 -0.86
4. 4. 4.  Virtuoso 3 Multi-model | 3.91 -0.08 -1.51
5. 5. #Av6. ArangoDB 3 Multi-model [ 3.44 +0.13 -0.83
6. 6. ¥ 5. OrientDB Multi-model (g 3.03 +0.01 -1.24
7. 7. 7. Memgraph 3 Graph 2.82 -0.09 +0.01
8. 8. #A9. GraphDB 3 Multi-model (g 2.77 +0.01 +0.19
9, 9. AA10. Amazon Neptune Multi-model @ 2.17 -0.03 -0.37
10. 10. A 12. Stardog Multi-model [ 1.92 -0.01 -0.34
11. 11. 8. NebulaGraph 3 Graph 1.86 -0.06 -0.91
12. 12. $11. JanusGraph Graph 1.78 -0.07 -0.52
13. 13. v 14.  Fauna Multi-model g 1.50 -0.05 -0.39
14. 14. $13. TigerGraph Graph 1.46 +0.02 -0.64
15. 15 15. Dgraph Graph 1.39 0.00 -0.47
16. 16. 16. Giraph Graph 1.11 -0.02 -0.60
17. 17. o19. SurrealDB Multi-model @3 1.07 -0.04 +0.01
18. 18. $17. AllegroGraph Multi-model | 0.80 -0.04 -0.40
19. 19. y18. Blazegraph Multi-model [ 0.74 -0.01 -0.34
20. 20. 20. TypeDB 2 Multi-model g 0.66 +0.01 -0.38


https://db-engines.com/

+
+

*
.

n .n_..l._n_.:l_._...l_._“... S

LN R . LN B * .
' lﬁ . .o '
. . .. . . ‘s .

c. - 4 c- cJo
Otr

*

* * * & * *
.h t * LR Y * *
* ﬁ 'ﬁ * ‘J‘Q .  * *
- - *
-. * - * * *
d ' :

-”0-‘ * o *

- +* - *  *
0:.0. -.00 *

.
..
.
.

*
.
-
*
..
*

. C.

‘. ..
* * -
* . * A
* *
. .o
* *
. . ‘.
* * *
‘. . .
* *
. . .
‘.
* * - * -
* - * ..
. . . . .
* - .o
d . *
. » . » * -
*
. ..
*
Al - *
* L
.
* * *
* *
-
.
.
* * * u u
*
. .
*
* * e
. . . . . -
- *
. - -
- .. .
. .. LY
* * e
- LA d Al
L 0-
.
*
-

.
.
.
.

.
*

Data Models

*
*

.
0-00
. . +
q. .ol
* e *
*
*
._.-
LR . .
. [N .
. * e pe
. ' .
. *
- 0-
‘. .. - - 001
+ o+ . h + e + &

.
- .

S L
u-lll-E“ d..-b.ldpc

Graph Databases




Directed edge-labelled graph (RDF)

RDF

_:Stanford:_4— located in — Stanford University;
located in educated at educated at
/ /
(United States of America) | Robert Tarjan |: received —>[Turing Award)<— received
\
located in advisor recetved advisor

place of birth —[Robert Flode

Ron Rivest



Property graphs

Property

oraphs —
e1 : knows T S
! 1

; first name = John |

1 first name = Juan I
I ; last name = Cook I

last name — Morales I
hobby = knitting 1

country = Chile I |
__________ - country = Argentina |
__________ /

I handle = #Coachella |
S
- -~

: date = 14-09-15

- = o = = - 7/

ns : Person
P —_——

: first name = Jane :
: last name — Cook :
! gender — female :
: |
\

country = USA



Property graphs vs RDF

Property
Graphs (v _

___________

RDF

label

Juan

Morales country




Property graphs vs RDF

Property
Graphs

RDF

f
1
1
1
1
1

country — Chile

Juan

—

first name — Juan

last name — Morales

first name

/

Morales

last name

]
1
1
1

ns : Person
- - -

label

/

country

!

r ..
! first name — John
1
I last name — Cook
1 .
I country — Argentina
label
John
—
first name
last name
country — Cook

'




Property graphs vs RDF

Property
Graphs

RDF

f 1

 first name = Juan

- L ),
1 last name = Morales

1

I

country — Chile

Juan

—

first name

/

Morales

last name

label

/

country

!

r ..
! first name — John
1
A last name — Cook
1 .
I country — Argentina
label
John
—
first name
knows —I-
last name
country — Cook

ns : Person
- - -

'




Property graphs vs RDF

Property
Graphs

RDF

1 1 I,
 first name = Juan ; first name = John
1 last name = Morales ra 3 ; last name = Cook
1 I 1 since = 2024-09-06 , I
I country = Chile Sococoocooo oo - I country — Argentina
T S U - e e e e = = = = = -
label label
Juan John
\ /
first name first name
last name last name
-~ ~—a
Morales country country Cook

!

ns : Person
- - -

'




Property graphs vs RDF

Property
Graphs

RDF

country — Chile

Juan

—

first name

/

Morales

last name

See [Reification] for details

r 1

 first name = Juan

- A ey B
1 last name = Morales 7

1

I

country

!

label

ns : Person
- - -

: first name = John
1
S ; last name = Cook
1 since = 2024-09-06 | I
Sococoocooo oo - I country — Argentina
label
R John
>
\ first name
src —l-— tgt —>
last name
since country — Cook
2024-09-06 lArgenﬁna]




Property graphs vs RDF: the “node”

Property

raph

G ap S Juan Morales : Person)
I’ .
| first name = Juan
[ -
I
I
|

last hame = Morales

country = Chile

e Em Em e e Ee e e Ee Ew = =

Iabel

[Juan Morales

RDF

Juan

—

first name

last name country

Morales e




Property graphs vs RDF: the “node”

Property _
String literal
Graphs _(Juan Morales : Person

N

first name = Juan

last hame = Morales

country = Chile

e Em Em e e Ee e e Ee Ew = =

. e o) S

o] —(peen)

first name label

/

Juan I\/IoralesJ
/ \

last name country

Morales e




Wikidata: Wikipedia but with graph data

A English & Not logged in Talk Contributions Create account Login

‘II II Main Page Discussion Read View source View history !Search Wikidata Q ‘ >

WIKIDATA / / / ){\Cmoramve\ /

open

Main page

Community portal Welcome to Wikidata

Project chat

Clcale amew liem the free knowledge base with 103,315,430 data items that anyone can edit.
Recent changes

Random ltem

Query Service

Nearby N
Help

Donate

Lexicographical data ingual
Create a new Lexeme

Recent changes

Random L y
SR S Ml welcome! Milll Learn about data

Introduction « Project Chat « Community Portal « Help

Want to help translate? Translate the missing messages. structured

Tools
What links here Wikidata is a free and open knowledge base that can be read New to the wonderful world of data? Develop and improve your
Related changes and edited by both humans and machines. data literacy through content designed to get you up to speed

RS o Wikidata acts as central storage for the structured data of its and eeing comionableniiniie (ndamentais (h o iine:

Wikimedia sister projects including Wikipedia, Wikivoyage,

Permanent link
Page information

Wikidata item Wiktionary, Wikisource, and others.

Wikidata also provides support to many other sites and
services beyond just Wikimedia projects! The content of
Wikidata is available under a free license ', exported using

In other projects

Wikimedia Commons

MediaWiki

Meta-Wiki standard formats, and can be interlinked to other open data
Multilingual Wikisource sets on the linked data web.

Wikispecies

Wikibooks

Iltem: Earth (Q2) Property: highest point (P610)

Wikimania ST



Wikidata statements

Michelle Bachelet [Q320]

start date [P580]
end date [P582]
replaces [P155]
replaced by [P156]

start date [P580]
end date [P582]
replaces [P155]

replaced by P156

position held [P39]  President of Chile [Q466956]
2014-03-11
2018-03-11
Sebastian Pifiera [Q306]
Sebastian Pifiera [Q306]

position held [P39]  President of Chile [Q466956]
2006-03-11

2010-03-11

Ricardo Lagos [Q331]
Sebastian Pinera Q306




Can you represent this in RDF?

RDF

' 2018-03-11 |

A

end

start

A

date

Sebastian Pinera

replaces

replaced by Michelle Bachelet replaced by

source

label

date

A

| 2014-03-11 |

y

target

See [Reification] for details

source

label \Q

2010-03-11

ﬂ

end

»| position held |-

President of Chile

Ricardo Lago

/

target

replaces

start

date

3

date

2006-03-11

U<



Property graphs

Property
Graphs

\
| start date = "2014-03-11" (DATE) :
I end date = "2018-03-11" (DATE) I
i replaces = "Sebastian Pifiera” (STRING) 1
1 replaced by = "Sebastidn Pifera” (STRING) |
N e e = - /

(2 public ofice)

- - - - - =" —| e~ T T 0T -t =
1 name = "Michelle Bachelet” (STRING) I I name = "President of Chile” (STRING)

~

- = =

| start date = "2006-03-11" (DATE) :
\ end date = "2010-03-11" (DATE) I
\ replaces = "Ricardo Lagos” (STRING) 1
| replaced by = " Sebastidn Pifiera” (STRING) |



Are Property graphs enough?

Property
Graphs

I " "

, start date = "2014-03-11" (DATE)

I end date = "2018-03-11" (haTE) 1
i replaces = ['Sebastian Pifiera” (STRING)| I
| replaced by = "5Sebastian Finera” (STRING) |

:|position held

- = =

Literal!

: start date = "2006-03-11" (DRg

\ end date = "2010-03-11" (DATP

| replaces = "Ricardo Lagos” (STRIN

| replaced by = " Sebastidn Pifiera” (STRINS

Literal!



Are Property graphs enough?

Property
Graphs

o Em Em Ee o o Em B BN BN BN B B e A Em Em B Em

I " "

, start date = "2014-03-11" (DATE)

I end date = "2018-03-11" (haTE)

i replaces = ['Sebastian Pifiera” (STRING)| I
| replaced by = "5Sebastian Finera” (STRING) |
N e e =\ ————— /

)El_: TDO_SI;IO—” -he_ld).\
ox

- " ‘ "
1 name = " Michelle Bachelet” (STRING) i 1| name =

jile" (STRING)

:|position held

™
b

- = = — - - -

1

| start date = "2006-03-11" (DATE) ]
,  end date = "2010-03-11" (DATE) I Polltlcal pa rty

| replaces = "Ricardo Lagos” (STRING) 1

replaced by = "Sebastian Pifiera” (STRING) 1
 replsosd by = _Sebasttn e Sl of the person

replacing her!



Solution: domain graphs

Domain graphs in a nutshell: make everything clickable

See [Multi22] for details



Solution: domain graphs

Domain graphs in a nutshell: make everything clickable

\
' start date = "2014-03-11" 1
| end date = "2018-03-11" 1
I replaces = Sebastidn Pifiera |
| replaced by = Sebastian Pifiera !

7

/"(81- . position hEIEK
(’ng . public ofFice)
1

{ A t
name =— Michelle Bachelet I i name = President of Chile

A
: start date = "2006-03-11" I
b end date = "2010-03-11" |
I replaces = Ricardo Lagos I
; replaced by — Sebastidn Pinera I'

See [Multi22] for details



Solution: domain graphs

Domain graphs in a nutshell: make everything clickable

\
' start date = "2014-03-11" 1
| end date = "2018-03-11" 1
. replaces — id i 1
; replaced by —|Sebastidn Pifiera

~ e e e e Y/ —
/(61 : position held)r\h

(’ng . public office)
1

{ A t
i name — Michelle Bachelet I i name = President of Chile

A
: start date = "2006-03-11" I
b end date = "2010-03-11" |
I replaces = Ricardo Lagos I
; replaced by — Sebastidn Pinera ll

See [Multi22] for details



Solution: domain graphs

Domain graphs in a nutshell: make everything clickable

\
' start date = "2014-03-11" 1
| end date = "2018-03-11" 1
. replaces — o Dif 1
; replaced by —|Sebastidn Pifiera

~ e e e e Y/ —
/(61 : position held)_\‘

(’ng . public office)
_ 1

{ A t
i name — Michelle Bachelet I { name = Presi

A
: start date = "2006-03-11" I
b end date = "2010-03-11" |
I replaces = Ricardo Lagos I
; replaced by — Sebastidn Pinera ll

See [Multi22] for details



Solution: domain graphs

Domain graphs in a nutshell: make everything clickable

\
' start date = "2014-03-11" 1
| end date = "2018-03-11" 1
. replaces — o Dif 1
; replaced by —|Sebastidn Pifiera

~ e e e e Y/ —
/(61 : position held)_\‘

(’ng . public office)
_ 1

{ A t
i name — Michelle Bachelet I { name = Presi

A
: start date = "2006-03-11" I
b end date = "2010-03-11" |
I replaces = Ricardo Lagos I
; replaced by — Sebastidn Pinera ll

See [Multi22] for details



Solution: domain graphs

Domain graphs in a nutshell: make everything clickable

\
' start date = "2014-03-11" 1
| end date = "2018-03-11" 1
I replaces = Sebastidn Pifiera |
| replaced by = Sebastian Pifiera !

7

/"(81- . position hEIEK
(’ng . public ofFice)
1

{ A t
i name — Michelle Bachelet I i name = President of Chile

I
- em = B e S e S e N e S e S e S e S e S e Sl e S e Wl e -
\(ez : position held/

A

start date = "2006-03-11" I
end date = "2010-03-11" |
replaces = Ricardo Lagos I
replaced by = Sebastidn Pifiera |

———————————————

DoMAINGRAPH(source, target, eid)
LABELS(object, label)
PROPERTIES(object, property, value)

TN

See [Multi22] for details



Implementing Domain Graphs

Perhaps this is enough: one label per edge?

\
' start date = "2014-03-11" 1
| end date = "2018-03-11" 1
I replaces = Sebastidn Pifiera |
| replaced by = Sebastian Pifiera !

7

/"(81- . position hEIEK
(’ng . public ofFice)
1

{ A t
i name — Michelle Bachelet I i name = President of Chile

I
- em = B e S e S e N e S e S e S e S e S e Sl e S e Wl e -
\(62 : position held/

A

start date = "2006-03-11" I
end date = "2010-03-11" |
replaces = Ricardo Lagos I
replaced by = Sebastian Pinera |

———————————————

DoMAINGRAPH(source, type, target, eid)
LABELS(object, label)

PROPERTIES(object, property, value)
See [OneGraph,MDB] for details

~




Honourable mention; RDF*

Quotable triples

[Michelle Bacheletji position held —»[President of Chile]

See [RDF*] for details



Honourable mention; RDF*

Quotable triples

-----------------------------------------
-------------------------
. ma
..........
------
......
------
. )
....

L]
‘e

.
.
.
.
o

3
’0

.
*

‘e
e
*a
"
.....
ay
"y
-----------
IIIII

Ad
.
.
.
.
L
us®
nen®
ann®
-----
-------
---------------------------------------------------------

See [RDF*] for details



Honourable mention; RDF*

Quotable triples

-----------------------------------------
-------------------------
. LT
---------
------
......
-----
L3 )
....

L}
‘e

.
.
*
.
o

3
’0

.
*

0.. .
L]
.......
u Py
] -
......
-------
--------
-----------
-------------

start date end date

"2006-03-11" | i”2010—03—11”

See [RDF*] for details



Honourable mention; RDF*

Issue: not covering all use cases

"2014-03-11" "2018-03-11"

\ /

start date end date

-------
]
............
........
------
. )
----
e
“

.
““

.

o S

.
*

0.. .
L]
.......
u Py
] -
......
-------
--------
-----------
-------------

start date end date

"2006-03-11" | ‘”2010—03—11”

See [RDF*] for details



Honourable mention: RDF*

Benefits: neat syntax, being standardized

:Michelle Bachelet :position held :President of Chile .
<<:Michelle Bachelet :position held :President of Chile>> :start date "2006-03-11"**xsd:date .
<<:Michelle Bachelet :position held :President of Chile>> :end date "2010-03-11"*xsd:date .

-------------------------------------
----------------------------------
-----------
-------
......
.....
ns ]
. )
.® )

.,

.

.
.
A
.
0

3
’0

.
o*

0..
., 134
a,y .*
ay .®
.....
.....
-----
.......
s s
----------
-----------

start date end date

"2006-03-11" | ‘”2010—03—11”

See [RDF*] for details
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Graph databases




Why use graphs? exiility)

RDF

4— located in —( Stanford University)
/ \

located in educated at educated at

/ /
[United States of America] Robert Tarjan received —»[Turing Award]<— received
™~ f

located in advisor received advisor

4— place of birth —(Robert FondJ




Why use graphs? exiility)

RDF

4— located in —[ Stanford University)
/ \

located in educated at educated at

— e

[United States of America] | Robert Tarjan |: received —»[Turing Award}q— received

located in advisor received advisor

place of birth —(Robert Floydj

ACM




Why use graphs? exiility)

RDF

4— located in —[ Stanford University)
/ \

located in educated at educated at

— e

[United States of America] | Robert Tarjan |: received —»[Turing Award}q— received

located in advisor received advisor

\ /
place of birth —(Robert Floydj

member of

ACM



Why use graphs? exiility)

RDF

4— located in —[ Stanford University)
/ \

located in educated at educated at

— e

[United States of America] | Robert Tarjan |: received —»[Turing Award}q— received

located in advisor received advisor
place of birth —[Robert Floydj
headquarters member of

™~

ACM



Why use graphs? (flexibility)

Property

1
first name = Juan / \: first name = John
1 |

|

1

last name = Morales | I last name = Cook 1
1

|

I
country = Chile ; country — Argentina
’

f
1
1
1
1
1

Person
first name last name country

Juan Morales Chile
John Cook Argentina




Why use graphs? (flexibility)

Property
Graphs

——

- - e1 : knows - -
‘ \
first name — Juan first name — John

f I
1 1 !
! 1 I 1
| last name = Morales | ; last name = Cook 1
i 1
I 1

1
country = Chile I country =— Argentina
/
€g : knows
Person ( )

first name last name country

Juan Morales Chile
John Cook Argentina
L . .. . e , — - — -\
I first name = Jane
1
I last name = Cook
1
| country = USA
1
I occupation = Al Dev
I
1



Why use graphs? (flexibility)

Property
Graphs

first name — Juan

f
1
1
1
1
1

last name =

country = Chile

Morales |

Person

first name last name country occupation phone
Juan Morales Chile

John Cook Argentina

Jane Cook USA Ai Dev 1-111-111

1 1
|
1
1

/

no : Person
- Y

first name — John 1
1

last name — Cook 1

1

country =— Argentina |

o e o — — o — o — /

first name = Jane

last name = Cook

country = USA
occupation = Al Dev



Why use graphs? (flexibility)

Property
Graphs

first name — Juan

f
1
1
1
1
1

last name =

country = Chile

Morales |

Person

first name last name country occupation phone
Juan Morales Chile

John Cook Argentina

Jane Cook USA Ai Dev 1-111-111

1 1
|
1
1

/

no : Person
- Y

Y
(n5 : Person Developer)
first name = Jane
last name = Cook

country = USA

occupation = Al Dev

first name — John 1
1

last name — Cook 1

1

country =— Argentina |

o e o — — o — o — /



The floor 1s yours!

Anything you would like to add?
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Graph query languages

« RDF/edge-labelled graphs:
— SPARQL W3C standard [SPARQL]
— Bunch of engines (Blazegraph, Jena, Virtuoso, MillenniumDB,...)

* Property graphs:

— GQL fresh ISO standard (very expressive) [GQL22, GQLDigest]
« Heavily influenced by Neo4J’'s Cypher [Cypher]

— SQL/PGQ



Graph query languages

Core features of all graph query languages

* Graph patterns:
— Find a smaller graph-like pattern in a larger graph

« Path queries:
— Find how the graph nodes are connected via paths

« Navigational graph patterns:
— Put path queries into graph patterns

« Complex graph queries:
— Filters, aggregation, union, projection, selection, ...

See [AABHRV17] for details
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Graph Patterns




Basic graph patterns

RD F ;Stanfordlq— located in —; Stanford University::

_— TN

located in educated at educated at

/

(United States of America] | Robert Tarjan ': received —»[Turing Award)<— received Ron Rivest

located in advisor received advisor

place of birth —(Robert Floyd)

Academic siblings whose supervisor won the Turing Award

______

I university ‘,

DN

educated at educated at Idea:

U e N Match this into the main
1 7studentl : (Turing AwardJ 1 7student2 :
graph (preserve constants)

""" N 1 S

advisor received advisor

I g

] 72 .
! SUpervisor 1
_______ /




Basic graph patterns

RDF

Stanford |<— located in — Stanford Universityf

_— TN

located in educated at

/

educated at

/
[United States of America) Robert Tarjan received —»[Turing Award)<— received
™~ J< f

located in advisor

received

advisor

4— place of birth —(Robert Floyd)

Academic siblings whose supervisor won the Turing Award

______

I university ‘,

TR Semantics: Homomorphism
educated at educated at
P N 7supervisor ?studentl ?student2 ?univeristy
:?studentI: [Turing Award] .'?studentZ: Robert Floyd Robert Tarjan Ron Rivest Stanford Univeritsy
_____ \ 4 / T T Robert Floyd Ron Rivest Robert Tarjan  Stanford Univeritsy
advisor received advisor Robert Floyd Robert Tarjan Robert Tarjan  Stanford Univeritsy
Ron Rivest Ron Rivest Stanford Univeritsy

Robert Floyd
~N_l.2 e

] 72 .
! SUpervisor 1
_______ /



Basic graph patterns

RD F iStanfordift— located in —i Stanford Universityi

_— TN

located in educated at educated at

/ /
[United States of America) Robert Tarjan received —»[Turing Award)<— received
™~ f

located in advisor received advisor

4— place of birth —(Robert Floyd)

Academic siblings whose supervisor won the Turing Award

______

I university ‘,

s Semantics: Isomorphism
educated at educated at > : > = SR
o P >_ L ’supervisor ’studentl !student2 univeristy
| ?studentl | [Turing Award] | 7student?2 | Robert Floyd Robert Tarjan Ron Rivest Stanford Univeritsy
--- \‘\ 1‘ / T Robert Floyd Ron Rivest Robert Tarjan  Stanford Univeritsy

advisor received advisor

I g

] 72 .
! SUpervisor 1
_______ /



Basic graph patterns

R D F _iStanfordi_q— located in — Stanford Universityi_
located in educated at educated at

/ /
[United States of America] Robert Tarjan received —»[Turing Award)<— received
~ f

located in advisor received advisor

place of birth —[Robert Floydj

Support in RDF databases

SPARQL:
« Known as triple patterns [PAG09]
 Basically joins over the Edge(src,label,tgt) table



Let's see this on Wikidata/SPARQL

WIKIDATA

Main page
Community portal
Project chat
Create a new ltem
Recent changes
Random Iltem
Query Service
Nearby

Help

Donate

Lexicographical data

Create a new Lexeme
Recent changes

ltem Discussion

Robert W. Floyd (o2641)

American computer scientist (1936-2001)
Robert Floyd | Bob Floyd | Robert W Floyd

- In more languages

Configure

Language Label Description Also known as

English Robert W. Floyd American computer scientist (1936-2001) Raobert Floyd
Bob Floyd
Robert W Floyd

Spanish Robert W. Floyd Robert W Floyd
Raobert Floyd

Mapuche

https://wikidata.imfd.cl

Queryl Query?2 Query3d

Re

2 edit


https://wikidata.imfd.cl/
https://wikidata.imfd.cl/?q=PREFIX%20wdt%3A%20%3Chttp%3A%2F%2Fwww.wikidata.org%2Fprop%2Fdirect%2F%3E%0APREFIX%20wd%3A%20%3Chttp%3A%2F%2Fwww.wikidata.org%2Fentity%2F%3E%0A%0A%23%20People%20who%20studied%20at%20Stanford%20and%20won%20a%20Turing%20Award%0ASELECT%20%3Fres1%20%0AWHERE%7b%0A%20%20%3Fres1%20wdt%3AP69%20wd%3AQ41506.%0A%20%20%3Fres1%20wdt%3AP166%20wd%3AQ185667.%0A%7d%0A
https://wikidata.imfd.cl/?q=PREFIX%20wdt%3A%20%3chttp%3A%2F%2Fwww.wikidata.org%2Fprop%2Fdirect%2F%3e%0APREFIX%20wd%3A%20%3chttp%3A%2F%2Fwww.wikidata.org%2Fentity%2F%3e%0APREFIX%20rdfs%3A%20%3chttp%3A%2F%2Fwww.w3.org%2F2000%2F01%2Frdf-schema%23%3e%0A%0A%23%20Students%20of%20Manuel%20Blum%20who%20won%20a%20Turing%20Award%0ASELECT%20*%0AWHERE%7b%0A%20%20%3Fres1%20wdt%3AP166%20wd%3AQ185667.%0A%20%20%3Fres1%20wdt%3AP184%20wd%3AQ92626.%0A%20%20%3Fres1%20rdfs%3Alabel%20%3Flabel.%0A%20%20FILTER%20(langMatches(%20lang(%3Flabel)%2C%20%22ES%22%20)%20)%0A%7d%0A
https://wikidata.imfd.cl/?q=PREFIX%20wdt%3A%20%3chttp%3A%2F%2Fwww.wikidata.org%2Fprop%2Fdirect%2F%3e%0APREFIX%20wd%3A%20%3chttp%3A%2F%2Fwww.wikidata.org%2Fentity%2F%3e%0A%0A%23Students%20of%20Robert%20Floyd%20that%20studied%20at%20the%20same%20university%20and%20both%20won%20the%20Turing%20Award%0ASELECT%20%3Fres1%20%3Fres2%20%3Funiversity%0AWHERE%7b%0A%20%20%3Fres1%20wdt%3AP69%20%3Funiversity.%0A%20%20%3Fres2%20wdt%3AP69%20%3Funiversity.%0A%20%20%3Fres1%20wdt%3AP184%20wd%3AQ92641.%0A%20%20%3Fres2%20wdt%3AP184%20wd%3AQ92641.%0A%20%20%3Fres1%20wdt%3AP166%20wd%3AQ185667.%0A%20%20%3Fres2%20wdt%3AP166%20wd%3AQ185667.%0A%20%20FILTER%20(%3Fres1%20!%3D%20%3Fres2)%0A%7d%0A

Basic graph patterns

Property
Graphs

name = Ron Rivest name = Donald E. Knuth

€ : author

es : author

l aq : Article JI:

[ name = Expected Time Bounds for Selection J name = Robert W. Floyd

[65 : publishedln) [66 : publishedln)

name = Inf. Proc. Letters

name = Avoiding go to Statements

71 : Journal

name = Commun. ACM

Papers written by Robert Floyd

7paper

o === == TN

name = ?paperName :

ey

?paperName ?paper

Expected Time Bounds for Selection a4

: h .-
SIS Note on Avoiding go to Statements  as

:Person

name = Robert W. Floyd




Basic graph patterns

Property
Graphs

name = Ron Rivest name = Donald E. Knuth

| aq : Article }:

[ name = Expected Time Bounds for Selection J name = Avoiding go to Statements

[65 : publishedln) [66 : publishedln)

name = Inf. Proc. Letters

name = Robert W. Floyd

es : author

71 : Journal

name = Commun. ACM

Co-authors of Robert Floyd

| :Article |

———-

- — .

: name = 7paperName :

7authorName ?paperName

Ron Rivest Expected Time Bounds for Selection
Donald E. Knuth  Note on Avoiding go to Statements
Robert W. Floyd Expected Time Bounds for Selection
Robert W. Floyd Note on Avoiding go to Statements

name = Robert W. Floyd




Basic graph patterns

Property
Graphs

ps3 : Person

name = Donald E. Knuth

name = Ron Rivest

€ : author

ey : author

ay : ArticIeJ<

as : Article

name = Robert W. Floyd

es : author

name = Avoiding go to Statements

[65 : publishedln) (66 : publishedln)

[ name = Expected Time Bounds for Selection ]

v

71 : Journal

name = Commun. ACM

Recall:

_ Match the pattern into the
Co-authors of Robert Flc graph and nothing else!

| :Article |

——— -

S - —y

, hame = TpaperName |

7authorName

Ron Rivest gected Time Bounds for Selection
Donald E. Knuth flote on Avoiding go to Statements
Robert W. Floyd” Expected Time Bounds for Selection

Robert W. Floyd Note on Avoiding go to Statements




Basic graph patterns

p2 : Person

name = Ron Rivest

ps3 : Person

name = Donald E. Knuth

name = Avoiding go to Statements

Property
Graphs

€ : author

——

[ name = Expected Time Bounds for Selection J name = Robert W. Floyd

[65 : publishedln) (66 : publishedln)

name = Commun. ACM name = Inf. Proc. Letters

e1 : author eg : author

Support in property graph databases

GQL:

 Similar as in SPARQL [GQLDigest, GQL]

« But now we have more things to consider
— Labels, attribute values, etc.



Let's see this on BibKG/GQL

@ BibKG QUERY Docs @

1 // Papers by Robert W. Floyd
2  MATCH (?x {name:"Robert W. Floyd"})-[?p :author_of]->(?y) L
3 RETURN ?y, ?y.name

o, EXPORT AS CSV

y y.name

j_jacm_FloydU82

j_cacm_Floyd62a

"The Compilation of Regular Expressions into Integrated Circuits."

“Algorithm 97: Shortest path."

https://bibkg.imfd.cl



https://bibkg.imfd.cl/#/query
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Path Queries




Regular path queries

R D F _iStanfordi_q— located in — Stanford Universityi_
located in educated at educated at

/ /
[United States of America] Robert Tarjan received —»[Turing Award)<— received
~ f

located in advisor received advisor

place of birth —[Robert Floydj

A generic RPQ

o —

4
I 7 | S— ?end !
| Istart | regex » Tend ,

= = =

ldea:

» find pairs of nodes

» connected by a path

« whose edge labels are a word matching regex



Regular path queries

R D F _iStanfordi_q— located in — Stanford Universityi_
located in educated at educated at

/ /
[United States of America] Robert Tarjan received —»[Turing Award)<— received
~ f

located in advisor received advisor

place of birth —[Robert Floydj

People educated at a university in the USA

e

ldea:
« traverse an educated at-labelled edge

« then any number of located in-labelled edges
 until you reach the node "United States of America”



Regular path queries

RD F —1— located in —( Stafford Univc—_zrsity)
/ \

located in educated at educated at

/ /
[United States of America] Robert Tarjan received —»[Turing Awardj<— received
™~ f

located in advisor received advisor

-4— place of birth —[Robert FondJ

People educated at a university in the USA

7person

Robert Tarjan




Regular path queries

RD F —1— located in —( Stafford Univc—_zrsity)
/ \

located in educated at educated at

/ /
[United States of America] Robert Tarjan received —»[Turing Awardj<— received
™~ f

located in advisor received advisor

-4— place of birth —[Robert FondJ

People educated at a university in the USA

7person

Robert Tarjan
Ron Rivest




Regular path queries

R D F _7Stanfordi_<— located in — Stanford Universityi_
located in educated at educated at

/ /
[United States of America] Robert Tarjan received —»[Turing Award)<— received
~ f

located in advisor received advisor

New York place of birth Robert Floyd
(New York — )

A generic RPQ

o — ]

4
I 7 | S— ?end !
| Istart | regex » Tend ,

= == == == = = =

SPARQL:

« Known as property paths [KRRV15]

« Based on 2-way regular path queries (RPQs) [2RPQs, MW95]
« Essentially a reachability check — no path is returned



Let's see this on Wikidata/SPARQL

WIKIDATA

Main page
Community portal
Project chat
Create a new ltem
Recent changes
Random Iltem
Query Service
Nearby

Help

Donate

Lexicographical data

Create a new Lexeme
Recent changes

ltem Discussion

Robert W. Floyd (o2641)

American computer scientist (1936-2001)
Robert Floyd | Bob Floyd | Robert W Floyd

- In more languages

Configure

Language Label Description Also known as

English Robert W. Floyd American computer scientist (1936-2001) Raobert Floyd
Bob Floyd
Robert W Floyd

Spanish Robert W. Floyd Robert W Floyd
Raobert Floyd

Mapuche

https://wikidata.imfd.cl
Query

Re

2 edit


https://wikidata.imfd.cl/
https://wikidata.imfd.cl/?q=PREFIX%20wdt%3A%20%3chttp%3A%2F%2Fwww.wikidata.org%2Fprop%2Fdirect%2F%3e%0APREFIX%20wd%3A%20%3chttp%3A%2F%2Fwww.wikidata.org%2Fentity%2F%3e%0A%0A%23Academic%20descendants%20of%20Robert%20W.%20Floyd%0ASELECT%20*%0AWHERE%7b%0A%20%3Fdescendant%20wdt%3AP184%2B%20wd%3AQ92641.%0A%7d%0ALIMIT%20100

Reqgular path queries — but extended

name = Donald E. Knuth

[ name = Expected Time Bounds for Selection J name = Robert W. Floyd name = Avoiding go to Statements

Property
Graphs

name = Ron Rivest

€ : author

[65 : publishedln) (66 : publishedln)

name = Inf. Proc. Letters

71 : Journal

name = Commun. ACM

People with a finite Floyd number
L&D

1
I name — 7name
v

[(:author/:author‘)+]

[ name = Robert W. Floyd }




Reqgular path queries — but extended

name = Donald E. Knuth

[ name = Expected Time Bounds for Selection J name = Robert W. Floyd name = Avoiding go to Statements

Property
Graphs

name = Ron Rivest

€ : author

[65 : publishedln) (66 : publishedln)

name = Inf. Proc. Letters

71 : Journal

name = Commun. ACM

People with a finite Floyd number
L&D

1
I name — 7name
v

T 7name 7person

Ron Rivest
[(:author/:author‘)+] v 1z

[ name = Robert W. Floyd }




Reqgular path queries — but extended

name = Donald E. Knuth

[ name = Expected Time Bounds for Selection J name = Robert W. Floyd name = Avoiding go to Statements

Property
Graphs

name = Ron Rivest

€ : author

[65 : publishedln) (66 : publishedln)

name = Inf. Proc. Letters

71 : Journal

name = Commun. ACM

People with a finite Floyd number
L&D

1
I name — 7name
v

T 7name 7person

Ron Rivest P2

[(:author/:author‘)+] Donald E. Knuth p3

[ name = Robert W. Floyd }




Reqgular path queries — but extended

name = Donald E. Knuth

Property
Graphs

name = Ron Rivest

€ : author

l aq : Article JI:

[ name = Expected Time Bounds for Selection J name = Robert W. Floyd

name = Avoiding go to Statements

[65 : publishedln) [66 : publishedln)

name = Inf. Proc. Letters

71 : Journal

name = Commun. ACM

People with a finite Floyd number
L&D

1
I name — 7name
v

T 7name ?person
— Ron Rivest P2
[(:author/:author )+] Donald E. Knuth p3

Robert W. Floyd P

[ name = Robert W. Floyd }




Reqgular path queries — but extended

name = Donald E. Knuth

name = Avoiding go to Statements

Property
Graphs

name = Ron Rivest

| aq : Article JI:

[ name = Expected Time Bounds for Selection J name = Robert W. Floyd

[65 : publishedln) [66 : publishedln)

name = Inf. Proc. Letters

es : author

71 : Journal

name = Commun. ACM

People with a finite Floyd number — and a path to them
=

I — 7 y
name = ?name
\

"name ?person  7path

Ron Rivest D2 P1 —* a1 < P2

(zpath = (:author/:author )] Donald E. Knuth  ps  py = ag < ps

[ name = Robert W. Floyd ]




Reqgular path queries — but extended

name = Donald E. Knuth

[ name = Expected Time Bounds for Selection J name = Robert W. Floyd name = Avoiding go to Statements

Property
Graphs

name = Ron Rivest

[65 : publishedln) [66 : publishedln)

name = Inf. Proc. Letters

71 : Journal

name = Commun. ACM

People with a finite Floyd number — and a path to them
=

I — 7 y
name = ?name
\

"name ?person  7path

Ron Rivest P2 P1 — a1 < P2
Donald E. Knuth P3 P1 —> Qg < P3
Robert W. Floyd P1 P1— a1 < p1

| :Person | Robert W. Floyd P1 P11 — 4z < p1
[ name = Robert W. Floyd ]

(?path = (:author/:author™ )"‘J




Reqgular path queries — but extended

name = Donald E. Knuth

name = Robert W. Floyd name = Avoiding go to Statements

(65 : publishedln) [66 : publishedln)

name = Inf. Proc. Letters

Property
Graphs

name = Ron Rivest

€ : author

ay : ArticIeJ<

[ name = Expected Time Bounds for Selection J

71 : Journal

name = Commun. ACM

People with a finite Floyd number — and R
More on this soon!
o0 [

I — 7 y
name = ?name
\

"name 7path

Ron Rivest P1L — a1 < P2
Donald E. Knuth P1 — ag < P3
Robert W. Floyd P1 P1— a1 < p1

| :Person | Robert W. Floyd P1 P11 — 4z < p1
[ name = Robert W. Floyd ]

(?path = (:author/:author™ )+]




Reqgular path queries — but extended

Property
GraphS name = Ron Rivest name = Donald E. Knuth

€ : author
ey : author

—— :

[ name = Expected Time Bounds for Selection J name = Robert W. Floyd name = Avoiding go to Statements

[65 : publishedln) (66 : publishedln)

name = Commun. ACM name = Inf. Proc. Letters

Path queries on property graphs/GQL

GQL.:

« Can return paths [GQL, FMRV23]

« Supports powerfull data comparisons over paths [LMV16]
« Many features not well understood yet [GQLDigest]



Let's see this on BibKG/GQL

@ BibKG QUERY Docs @

1 // Papers by Robert W. Floyd
2  MATCH (?x {name:"Robert W. Floyd"})-[?p :author_of]->(?y) L
3 RETURN ?y, ?y.name

o, EXPORT AS CSV

y y.name

j_jacm_FloydU82

j_cacm_Floyd62a

"The Compilation of Regular Expressions into Integrated Circuits."

“Algorithm 97: Shortest path."

https://bibkg.imfd.cl



https://bibkg.imfd.cl/#/query
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Navigational graph patterns




Navigational graph patterns

RD F located in —[ Stanford Universit J
Yy
/ Adi Shamir

located in educated at

received adwsor

[United States of America] Robert Tarjan received —>| Turing Award | | Zohar Manna |

™~

locatedin ~ advisor 'Ved VVVVV

/
e of birth —(Robert Floyd)

Basic Graph Patterns +




Conjunctive regular path queries

RD F 4— located in —( Stanford Universit J
Yy
/ Adi Shamir

*

received advisor

located in educated at

— _—

|
[United States of America) | Robert Tarjan |: received —| Turing Award | Zohar Manna |

located in advisor received advisor

4— place of birth —[Robert F|0yd]

Academic descendants of Robert Floyd who won the same award

- e o =

received received

e

' ?award |

N o



Conjunctive regular path queries

RD F 4— located in —( Stanford Universit J
Yy
/ Adi Shamir

*

received advisor

/ |
[United States of America] Robert TarJan received —>| Turing Award | | Zohar Manna |

located in ed ucated at

™~ f

located in advisor received advisor

4— place of birth —[Robert F|0yd]

Academic descendants of Robert Floyd who won the same award

- e o =

\ / ?person ?award

received received Robert Tarjan  Turing Award

\ / Adi Shamir Turing Award

' ?award I

N o




Conjunctive regular path queries

RD F 4— located in —( Stanford Universit J
Yy
/ Adi Shamir

*

received advisor

/ |
[United States of America] Robert TarJan received —>| Turing Award | | Zohar Manna |

located in ed ucated at

™~ f

located in advisor received advisor

~. |
4— place of birth —[Robert F|0yd]

Academic descendants of Robert Floyd who won the same award

- e o =

\ / ?person ?award

received received Robert Tarjan  Turing Award

\ / Adi Shamir Turing Award

' ?award I

N o




Conjunctive regular path queries

RD I: 4— located in —( Stanford University]
/ Adi Shamir
located in educated at , *
/ / received advisor
{ I
[United States of America) | Robert Tarjan |: received —| Turing Award | Zohar Manna |
located in advisor received advisor

4— place of birth —[Robert F|0yd]

Conjunctive regular path queries (CRPQs)

SPARQL:

« Allows mixing property paths into basic graph patterns

« Known as Conjunctive regular path queries (CRPQs) [CM90]
« Essentially joins with an arbitrary length reachability checks



Let's see this on Wikidata/SPARQL

WIKIDATA

Main page
Community portal
Project chat
Create a new ltem
Recent changes
Random Iltem
Query Service
Nearby

Help

Donate

Lexicographical data

Create a new Lexeme
Recent changes

ltem Discussion

Robert W. Floyd (o2641)

American computer scientist (1936-2001)
Robert Floyd | Bob Floyd | Robert W Floyd

- In more languages

Configure

Language Label Description Also known as

English Robert W. Floyd American computer scientist (1936-2001) Raobert Floyd
Bob Floyd
Robert W Floyd

Spanish Robert W. Floyd Robert W Floyd
Raobert Floyd

Mapuche

https://wikidata.imfd.cl

Queryl  Query2

Re

2 edit


https://wikidata.imfd.cl/?q=PREFIX%20wdt%3A%20%3chttp%3A%2F%2Fwww.wikidata.org%2Fprop%2Fdirect%2F%3e%0APREFIX%20wd%3A%20%3chttp%3A%2F%2Fwww.wikidata.org%2Fentity%2F%3e%0A%0A%23Descendants%20of%20Robert%20Floyd%20that%20won%20the%20Turing%20award%0ASELECT%20*%0AWHERE%7b%0A%20%20%3Fperson%20wdt%3AP184%2B%20wd%3AQ92641.%0A%20%20%3Fperson%20wdt%3AP166%20wd%3AQ185667.%0A%7d
https://wikidata.imfd.cl/?q=PREFIX%20wdt%3A%20%3chttp%3A%2F%2Fwww.wikidata.org%2Fprop%2Fdirect%2F%3e%0APREFIX%20wd%3A%20%3chttp%3A%2F%2Fwww.wikidata.org%2Fentity%2F%3e%0A%0A%23Descendants%20of%20Robert%20Floyd%20that%20won%20the%20same%20award%20as%20him%0ASELECT%20*%0AWHERE%7b%0A%20%20%3Fperson%20wdt%3AP184%2B%20wd%3AQ92641.%0A%20%20%3Fperson%20wdt%3AP166%20%3Faward.%0A%20%20wd%3AQ92641%20wdt%3AP166%20%3Faward.%0A%7d
https://wikidata.imfd.cl/

CRPQs — but extended

Property
Graphs

eo : author

a : ArtlcleJ-‘- e1 : author

[ name = Expected Time Bounds for Selection ] name = Avoiding go to Statements

[e5 ; publishedln] [e7 : field
v

name = Commun. ACM

J2 @ Journal

name = Inf. Proc. Letters

»| :Field

: name = ?paper : name = Databases

- o o = = o=

name = Robert W. Floyd




CRPQs — but extended

Property
Graphs

eo : author

a : ArtlcleJ-‘- e1 : author

[ name = Expected Time Bounds for Selection ] name = Avoiding go to Statements

[e5 ; publishedln] [e7 : field
v

name = Commun. ACM name = Databases

J2 @ Journal

name = Algorithms name = Inf. Proc. Letters

People with a Floyd-number who published a paper about DB
. [ 7person |— —{ :Article | — (‘field ) >( Field |
' name = 7name : : name = ?paper : name = Databases

- o o = = o=

7path ?person  7name ?paper

P1 — a1+ Po Do Ron Rivest Expected Time Bounds for Selection

name = Robert W. Floyd




Let's see this on BibKG/GQL

@ BibKG QUERY Docs @

1 // Papers by Robert W. Floyd
2  MATCH (?x {name:"Robert W. Floyd"})-[?p :author_of]->(?y) L
3 RETURN ?y, ?y.name

o, EXPORT AS CSV

y y.name

j_jacm_FloydU82

j_cacm_Floyd62a

"The Compilation of Regular Expressions into Integrated Circuits."

“Algorithm 97: Shortest path."

https://bibkg.imfd.cl



https://bibkg.imfd.cl/#/query
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Graph Databases




Relational Algebra

At the core of millions of databases
we take for granted every day

(JOIN)
(SELECTION)
(PROJECTION)
(UNION)
(DIFFERENCE)




Complex graph patterns

Stanford <— located in — Stanford University

_— TN

located in educated at educated at

— _— T~

United States of America Robert Tarjan received —| Turing Award |«—— received Ron Rivest

™~ ™~ f "

located in advisor received advisor

T~ ~_ |

New York |<«— place of birth — Robert Floyd

X U U

Graph Patterns + Relational Algebra
+




Complex graph patterns

Stanford +— located in — Stanford Unlver5|ty

located in educated at educated at

/ /
[United States of America] Robert Tarjan received —»[Turing Award)<— received
~ f

located in advisor received advisor

place of birth —[Robert Floydj

Academic siblings whose supervisor won the Turing Award

______

' 7un|ver5|ty |

educated at educated at

. < N
?studentl [Turing AwardJ ?student2

{?studentl, ?student2}

advisor received advisor

N

?superwsor 1




Complex graph patterns

‘Stanford |<— located in — Stanford Universityf

_— TN

located in educated at educated at

/ /
[United States of America) Robert Tarjan received —»[Turing Award)<— received
™~ f

located in advisor received advisor

New York |«— place of birth Robert Floyd
(New York — )

Academic siblings whose supervisor won the Turing Award

?supervisor 7studentl 7student? ?univeristy ?studentl Istudent?
Robert Floyd Robert Tarjan Ron Rivest Stanford Univeritsy Robert Tarjan  Ron Rivest
Robert Floyd Ron Rivest Robert Tarjan  Stanford Univeritsy Ron Rivest Robert Tarjan

Robert Floyd Robert Tarjan Robert Tarjan  Stanford Univeritsy Robert Tarjan  Robert Tarjan
?studentl. ?student? Robert Floyd Ron Rivest Ron Rivest Stanford Univeritsy Ron Rivest Ron Rivest
3




Complex graph patterns

_7Stanfordi_<— located in —_7 Stanford Universityi_
located in educated at educated at

/ /
[United States of America] Robert Tarjan received —»[Turing Award)<— received
™~ f

located in advisor received advisor

4— place of birth —[Robert Floyd)

People who were born or studied in the US?

== = = =

-_—= = = =




Complex graph patterns

_7Stanfordi_<— located in —_7 Stanford Universityi_

_— TN

located in educated at educated at

/ /
[United States of America] Robert Tarjan received —»[Turing Award)<— received
™~ f

located in advisor received advisor

4— place of birth —[Robert Floydj

People who were born or studied in the US?

~
| 7person ———born in/(located in)T —————— United States of America ?person
rd e .

o Robert Floyd

?person

_____ Robert Tarjan
_____ Ron Rivest




Complex graph patterns

_7Stanfordi_<— located in —_7 Stanford Universityi_

_— TN

located in educated at educated at

/ /
[United States of America] Robert Tarjan received —»[Turing Award)<— received
™~ f

located in advisor received advisor

4— place of birth —[Robert Floyd)

People who were born or studied in the US?

== = = =

?person

Robert Floyd
Robert Tarjan
Ron Rivest

-_—= = = =




Complex graph patterns

* Graph patterns

« Path queries

* Navigational graph patterns
« Relational operations

« Aggregation



Graph languages summary

« RDF/edge-labelled graphs:
— SPARQL W3C standard
— Bunch of engines (Blazegraph, Jena, Virtuoso, MillenniumDB,...)

* Property graphs:
— GQL ISO standard is still piping hot
— Very expressive, still being implemented and studied



The floor 1s yours!

What features are crucial in a graph query language?



Part 1 Conclusions

Graph databases a hot topic!

Two models:
— Directed edge-labelled graphs/RDF
— Property graphs
Query features:
— Basic graph patterns
— Path queries
— Relational features

Need for efficient methods for evaluating queries

Let's learn some efficient methods!
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- 1<
IMFD Chile DB>

* Millennium Science Initiative Chile
— Interdisciplinary research institue (CS/Social Sciences)
— Focus on big scale projects
— One of those: "build a graph database system’

MillenniumDB

« Why us?
— DB expertise: M. Arenas, J. Reutter, C. Riveros, J. Pérez
— Semantic Web crowd: A. Hogan, C. Gutierrez, R. Angles
— Algorithms/compression: G. Navarro, D. Arroyuelo



What for?

e (Open source:
— Build a sandbox for testing research algorithms
— Test if our research claims check out
— Support Wikidata
— Also, this way we can check if theory is worth anything!

* People involved:
— Carlos Rojas (chief engineer)
— Vicente Calisto, Gustavo Toro, Benjamin Farias
— T. Heuer, K. Bosonney, J. Romero, ...
— Myself (chief complainer)

2019 ...

DB>



Kevy highlights of MillenniumDB m<
yhighls DB>

 RDF/SPARQL & Property Graphs/GQL

— Inside of the same engine
— SPARQL path queries extended with GQL-inspired features

« (Classical database pipeline
— Quasi-relational

* Focus on support for public query endpoints
— MVCC-based concurrency control
— Readers always go through
— Cental update mechanism



1<

Is theory useful? (no spoiler version) DB>

« Worst-case optimal join processing
— Graph data usually requires queries where this is useful
— So will it pan out?
— Elephant in the room: indices, updates, concurrency

« Path queries
— An old idea from DB theory that everyone claims they use

« Enumeration algorithms
— Recent theoretical concept of splitting query evaluation into two
— Preprocessing with a single pass over the data
— Enumerate the results one by one (volcano-style)



Architecture of MillenniumDB

STRINGFILE < = -

OBJECTS <= - -

-
DOMAINGRAPH 47,2

L 4
LABELS L/,’
PROPERTIES *,’

V4
EDGETABLE <

o

Bufler Manager

Indexing

Storage Manager

Parser

Query Rewrite

i

$

. Query Processor
Disk /\ )

RDF

Optimizer

Evaluation

| -
~

1<
DB>

vy WCO
- >» Cost-based

“A Path queries

Triples(subject, predicate, object)

Connections(src, label, tgt, eld)

PGs

Labels(objectId, label)

Properties(objectId, key, value)




Try 1t yourself DB>

https.//github.com/MillenniumDB/MillenniumDB



https://github.com/MillenniumDB/MillenniumDB
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Evaluating BGPs

RD F 4— located in —( Stanford University)
/ \

located in educated at educated at

L _—
[United States of America] Robert Tarjan received —»[Turing Awardj<— received
™~ !

located in advisor received advisor

4— place of birth —(Robert Floydj

Students and supervisors who both won the same award

———————————

A Y
|

- _K / T ?supervisor  ?student ?award
:advisor :received Robert Floyd Robert Tarjan Turing Award
\ / Robert Floyd Ron Rivest Turing Award

~

r - :
, fsupetrvisor !
/



Evaluating BGPs

RDF

Stanford <— located in — Stanford University_

_— TN

located in educated at educated at

| Robert Tarjan ': received —>[Tu ring Awardj<— received

located in advisor received advisor

\\\\\ | /////
4— place of birth —{ Robert Floyd |

Students and supervisors who both won the same award

[United States of Americaj Ron Rivest

l\’?—st_u::la;njc\l— :received —»I\’?_a;v;ra\n SELECT =
\ / WHERE {
?supervisor :advisor ?student .

:advisor ‘received

N L

r - :
, fsupetrvisor !
/

?supervisor :received ?award .

?student

}

:received ?award .




How 1s this stored?

RDF

Triples(subject, predicate, object)

« (Graph stored as a relation
« Graph patternis ajoin of this relation
* And usually we do this join many times

Students and supervisors who both won the same award

l’7_st_u:ia;njc\|— ‘received —»I"?_a;v;ran SELECT =*
\ / WHERE {
?supervisor :advisor ?student .
:advisor :received ?supervisor :received ?award .
_\___4 ?student :received ?award .
7SUpeI’VISOI’\| }




Graphs as relations

p_-——

Triples

subject predicate object

Robert Floyd advisor Robert Tarjan
Robert Floyd advisor Adi Shamir
John Hopcroft advisor Alfred Aho
Robert Floyd received  Turing Award
Robert Tarjan  received  Turing Award
Adi Shamir received  Turing Award
John Hopcroft received  Turing Award
Alfred Aho received  Turing Award

-

:advisor

‘received

N

7su per\nsor I

[ S U

_____

_____



Graphs as relations

phds

S 0

wonl

Robert Floyd Robert Tarjan
Robert Floyd Adi Shamir
John Hopcroft  Alfred Aho

5 O

Ts,o0 (Upzadvisor (Trl ples))

Robert Floyd Turing Award
Robert Tarjan  Turing Award
Adi Shamir Turing Award
John Hopcroft  Turing Award
Alfred Aho Turing Award

Ts,o0 (Op: received (Trl plES) )

P —— —_——
1

S . \
?student ———:received ———! ?award 1

7 \ ’

= b

:advisor ‘received

N/

i 2 -
e supervisor

[ S U

1
7/

won?2

S o]

Robert Floyd Turing Award
Robert Tarjan  Turing Award
Adi Shamir Turing Award
John Hopcroft  Turing Award
Alfred Aho Turing Award

Ts,0 (ap:received (T” ples) )



Graphs as relations

phds

S O

Robert Floyd
Robert Floyd
John Hopcroft

Robert Tarjan
Adi Shamir
Alfred Aho

Ts,0 (Upzadvisor (Trl ples))

phds

wonl

5

(0]

Robert Floyd
Robert Tarjan
Adi Shamir
John Hopcroft
Alfred Aho

Turing Award
Turing Award
Turing Award
Turing Award
Turing Award

Ts,0 (ap: received (Trl plES) )

>

wonl

P ——
1

S . \
?student ———:received ———! ?award 1

rd

TN

:advisor

,————

/

‘received

N/

i .
| fsupervisor

[ —

1
7/

won?2

S

(o]

Robert Floyd
Robert Tarjan
Adi Shamir
John Hopcroft
Alfred Aho

Turing Award
Turing Award
Turing Award
Turing Award
Turing Award

Ts,0 (ap:received (T” ples) )

phds.s = wonl.s

phdWon

phds.s phds.o

wonl.s

wonl.o

Robert Floyd
Robert Floyd
John Hopcroft

Robert Tarjan
Adi Shamir
Alfred Aho

Robert Floyd
Robert Floyd
John Hopcroft

Turing Award
Turing Award
Turing Award




P —— —_——
1

S . \
7student ———:received ——! ?award 1

7 \ ’

Graphs as relations TR S

:advisor ‘received

N/

i 2 -
| fsupervisor

[ S U

1
7/

phds > wonl

phds.s = wonl.s won?2

phdWon > .
phds.s phds.o wonl.s T Robert Floyd Turing Award
Robert Tarjan  Turing Award
Robert Floyd Robert Tarjan  Robert Floyd Turing Award Adi Shamir Turing Award
Robert Floyd Adi Shamir Robert Floyd Turing Award John Hopcroft  Turing Award

John Hopcroft  Alfred Aho John Hopcroft  Turing Award Alfred Aho Turing Award

Ts,0 (Up: received (Trl p|€S))

phdWon [X won2

phds.o = won2.s A wonl.o = won2.0

allTheData

phds.s phds.o wonl.s wonl.o won?2.s won2.0

Robert Floyd Robert Tarjan Robert Floyd Turing Award  Robert Tarjan  Turing Award
Robert Floyd Adi Shamir Robert Floyd Turing Award ~ Adi Shamir Turing Award
John Hopcroft  Alfred Aho John Hopcroft  Turing Award  Alfred Aho Turing Award




P —— —_——
1

S . \
7student ———:received ——! ?award 1

7 \ ’

Graphs as relations TR S

:advisor ‘received

N/

! ?supervisor 1
 f3uUp )

phds D> wonl

phds.s = wonl.s won?2

phdWon > .
phds.s phds.o wonl.s T Robert Floyd Turing Award
Robert Tarjan  Turing Award
Robert Floyd Robert Tarjan  Robert Floyd Turing Award Adi Shamir Turing Award
Robert Floyd Adi Shamir Robert Floyd Turing Award John Hopcroft  Turing Award

John Hopcroft  Alfred Aho John Hopcroft  Turing Award Alfred Aho Turing Award

Ts,0 (Up: received (Trl p|€S) )

phdWon [X won2

phds.o = won2.s A wonl.o = won2.0

whatWeWant
supervisor student commonAward

Robert Floyd Robert Tarjan  Turing Award
Robert Floyd Adi Shamir Turing Award
John Hopcroft  Alfred Aho Turing Award




P —— —_——
1

S . \
?student ———:received ———! ?award 1

7 \ ’

Notation for join queries TR S

:advisor ‘received

N/

i .
| fsupervisor

[ S U

1
7/

advisor received
s o) s o
Robert Floyd ~ Robert Tarjan Robert Floyd ~ Turing Award
Robert Floyd Adi Shamir Robert Tarjan  Turing Award
John Hopcroft  Alfred Aho Adi Shamir Turing Award
John Hopcroft  Turing Award
Ts,0(Op=advisor ( Triples)) Alfred Aho Turing Award

Ts.0 (Up:received (Trl p|€S))

advisor(7x,?y), received(?x,7z), received(?y, 7z)



_______

______

Notation for join queries TR ya

:advisor ‘received

N/

! ?supervisor 1
 f3uUp )

[ S U

advisor received
s o) s o
Robert Floyd ~ Robert Tarjan Robert Floyd ~ Turing Award
Robert Floyd Adi Shamir Robert Tarjan  Turing Award
John Hopcroft  Alfred Aho Adi Shamir Turing Award
John Hopcroft  Turing Award
Ts,0(Op=advisor ( Triples)) Alfred Aho Turing Award

Ts.0 (Up:received (Trl p|€S))

advisor(7x,?y), received(?x,7z), received(?y, 7z)

advisor(7x,7y) D received(?x,7z) <1 received(?y, 7z)



P —— —_——
1

S . \
?student ———:received ———! ?award 1

7 \ ’

Notation for join queries TR S

:advisor ‘received

N/

! ?supervisor 1
 f3uUp )

advisor received
s o) s o
Robert Floyd ~ Robert Tarjan Robert Floyd ~ Turing Award
Robert Floyd Adi Shamir Robert Tarjan  Turing Award
John Hopcroft  Alfred Aho Adi Shamir Turing Award
John Hopcroft  Turing Award
Ts,0(Op=advisor ( Triples)) Alfred Aho Turing Award

Ts.0 (Up:received (Trl p|€S))

advisor(7supervisor,?student), received(?supervisor,?award), received(?student, ?award)

whatWeWant

7supervisor ?student ?award

Robert Floyd Robert Tarjan  Turing Award
Robert Floyd Adi Shamir Turing Award
John Hopcroft  Alfred Aho Turing Award




Notation for join queries

Basically, joins are important
Graph patterns can be viewed as joins of binary relations

R(7x,?7y) D1 S(7x,7z) D1 T(?y, ?z)

R(7x,7y), S(7x,7z), T(?y, ?z)



How many results can a join query have?

____________

___________

:advisor ‘received

N A

| ?su perwsor

LS —

advisor(?supervisor,?student) [><] received(?supervisor,?award)

Over graphs with a fixed budget 7= 4 for each edge

- Thisjust means |advisor| = |received| = 4

« Turns out this is a very subtle question!



How many results can a join query have?

- — - —

N R s/ R(7x,7y) DX S(7x,7z)
Nt
Over graphs with a fixed budget 7= 4 for each edge

(e) () (=) (=)




How many results can a join query have?

- — - —

N R s/ R(7x,7y) DX S(7x,7z)
Nt
Over graphs with a fixed budget 7= 4 for each edge
\ /
R 3 /




How many results can a join query have?

- — - —

17,1 [y T
Y o

AN /
R s R(7x,7y) D S(7x,7z)
et

Over graphs with a fixed budget 7= 4 for each edge

R S
’x 1z ’x 77
L1 Y2 r1 22
1 Y3 Ir1 Z3

L1  Yg r1 <4




N R s/ R(7x,7y) D S(7x,7z)
\/ > T(?y, 72)

Over graphs with a fixed budget 7= 4 for each edge




Over graphs with a fixed budget 7= 4 for each edge

™x 7y
1 Y1
1y Ya
r4a Y1
T4 Yq

X 7z
o <1
X1 24
L4 21
X4 24

R(?x,7y) DI S(?x,7z)

> T(?y, 72)

output

? ? ?

T ’X ly 1z
Yy 7z L1 Y1~
rr Y1 4

N Y1 21 —_— T Y4 21
g1 T1  Ya z4
Yo %1 T4 Y1 21
Ya  Z4 T4 Y1 24
Ty Ysa 1

T4 Y4 Z4




R s R(7x,7y) D S(7x,7z)
../ |><]T(? ?
7 2y, 72)

Over graphs with a fixed budget 7= 4 for each edge

* |n this instance we got 8!
 |nterestingly, this is the maximum.

Why?



AGM bound

Q = R1(Z1) DA Ra(72) DA -+ D] Ry (7g)

assume |R;| = n;, where nq,...,ny are fixed
wi,...,w;" is a solution for the LP:
minimize:  nyt -ng? - ny
such that: > w; >1 (for every variable y)
R;:yex

4 m m m
® |Q(D)| < ‘Rl|w1 ‘ |RQ‘w2 T ‘Rk|w"’ (for all such D)\

\0 Q(D)| = ‘R1|w71n : |R2"w§n . ‘Rk|wk (on one such D)

’)’?’7

See [AGMOQ8] for details




What would be ideal?

 Best possible algorithm for a query @ :
— O(1) per query result
— So runtime would be O(|Q(D)|) on any instance D
— This is the holy grail of databases!

» So it probably does not exist

But let us try to see how good this would be

(i.e. let’s see how many results there are)



Estimating the output size

Q = Ri(7x,7y) > Ra(?y,72)

Ri[=[Re[=n = Q(D)| <

(in any database D)



Estimating the output size

Q = Ri(7x,7y) > Ra(?y,72)

Ri|=|Rs|=n =  |Q(D)| <n?

(in any database D)



Estimating the output size

Q = Ry(7x,?%y) D Ry(?y,?z)

Ri=[Rof=n = |QD)<n’

(in any database D)

Q = S1(7x,7y) > Sa(7x,7y)
Si|=1S:/=n = jQID)<

(in any database D)



Estimating the output size

Q = Ry(7x,?%y) D Ry(?y,?z)

Ri=[Rof=n = |QD)<n’

(in any database D)

Q = S1(7x,7y) > Sa(7x,7y)
Si|=1S2l=n = QD) <n

(in any database D)



Estimating the output size

Q = S1(?x.7y,72) DX Sa(?y,72,7w,7x) D S3(?w,?y,7x)

|

Q(D)| <

(in any database D)



Estimating the output size

Q = S1(?x.7y,72) DX Sa(?y,72,7w,7x) D S3(?w,?y,7x)

|

Q(D)| < 17|

(in any database D)



Estimating the output size

Q = S1(?x,7y,72) X Sa(?y,7z,7w,7x) DI S3(?w,?y,?x)

|

Q(D)| < 17|

(in any database D)

@ = Ri(T1) DX Ra(72) DI --- DI Ry (7y)

(ZyU---UTg) C T, = Q(D)| < |R7|

(in any database D)



Estimating the output size

Q = Ri(Z1) DA Ry(T2) DA -+ DI Ry (7y)

Variables of the query: (z; U---UTg) =7
il,...,ig S.t. (fil U'..Uf’ig) =7

|

Q(D)| <TI'_, IRP]

(in any database D)



Edge cover (for graphs)

Q = R(?x,7y) D S(7x,?z) D T(?y, 72)

R[-[S]
R[- [T

e output

VA

VAN

e output

IA

e output S|-|T]|



Edge cover (for graphs) ——

Nodes: ?x, ?y, ?z
Edges:R,S, T

e |output| < |R| - |S|
e |output| < |R| - |T|
e |output| < |S|-|T|




Edge cover (for graphs) ——

Nodes: ?x, ?y, ?z
Edges:R,S, T

Q = R(?x,7y) D S(7x,?z) D T(?y, 72)

e |output| < |R| - |S| (R, S edge cover)
e |output| < |R| - |T| (R, T edge cover)
e |output| < |S|-|T| (S, T edge cover)

(in any database D)



Edge cover (for graphs)

Q = R1(Z1) DA Ra(72) DA -+ D] Ry (7g)

All R; are binary, i.e. |z;| =2

The graph G of Q: Edge cover for G
e Nodes: 7 UZo U--- U7, [Cmmm)|e Set R;,,...,R;, of edges in G

e Edges: Ry,...,R; e St. x;, U---UZ;, = nodes of G




Edge cover (for graphs)

Q = R1(Z1) DA Ra(72) DA -+ D] Ry (7g)

All R; are binary, i.e. |z;| =2

The graph G of Q: Edge cover for G
e Nodes: 7 UZo U--- U7, [Cmmm)|e Set R;,,...,R;, of edges in G

e Edges: Ry,...,R; e St. x;, U---UZ;, = nodes of G

(in any database it holds) U,

¢
joutput| < [[._, [R;,]



Edge cover (another perspective) “x_

..

19,1
V0

- o™ — o —

. I 1 | 1 I 1
in EC? ™, 7y, 7z,

IXi—— R——7y, 1 1 1 0
B - B 0 0 0 O
e - B 1 0o 1 1
bD 1 2 1
find: WR,Ws, WT
such that: wr +wg >1 (?x is covered)
wr +wp > 1 (?y is covered)
wg +wr > 1 (7z is covered)

WR, wS, wT & {O, ]_}



T

Edge cover (another perspective) “< pa

R S

17
V0

find: wr,wg, wr <A edge cover

such that: wr +wg >1 (?x is covered)
wgr + wr > 1 (?y is covered)
wg +wr > 1 (7z is covered)

WR,Ws,WT € {0, 1}

loutput| < [R|¥r - [S|®s . |T|wr



Edge cover (we can do one better)*<_ "~

S

..

19,1
V0

- o™ — o —

. I 1 | 1 I 1
in EC? ™, 7y, 7z,

X R——7y, 1 1 1 0
"’?;: S b-':?;: 0 0 0 0
& 1 0o 1 1
bD 1 2 1
find: WR,Ws, WT
such that: wr +wg >1 (?x is covered)
wr +wp > 1 (?y is covered)
wg +wr > 1 (7z is covered)

integers ‘

wRawS,fUUT & {O, 1}




Fractional edge cover

W BB B
X —— R —— 7y 1 1 1 0
"’?;: S b-':?;: 0 0 0 0
7y — T —— 72} 1 0 1 1
bD 1 2 1
find: WR, WS, WT
such that: wr +wg > 1 (7x is covered)
wr + wr > 1 (?y is covered)

—

wg +wr > 1
wgr,ws,wr € [0, 1]

(7z is covered)
(rational)



Fractional edge cover

-

- —

in EC? >0 Wy, 17z,
B——8 . : 5
Ix— 85— 7z ! 1 o 1
Y—T—7 1 o 1 1
by 1 1 1
find: WR,Ws, W
such that: wr +wg > 1 (7x is covered)
wr + wr > 1 (?y is covered)
wg +wr > 1 (7z is covered)
‘ wr,ws,wr € [0,1] (rational)



Fractional edge cover

Q = R1(Z1) DA Ra(72) DA -+ D] Ry (7g)

w1, ...,wy are a fractional edge cover for () if

Z w; > 1  (for every variable y)
iYET;

Oéwzgl (i=1,...,k)

Intuitively: the fraction allows only some tuples
of a relation to participate in the result



AGM bound — upper bound

Q = R1(Z1) DA Ra(72) DA -+ D] Ry (7g)
&

w1, ..., wy a fractional edge cover for ()

U

Q(D)| < [R¢ ™" - |Rp|™2 - v IRy |

(for any database D; |R;| is in D)

See [AGMOQ8] for details



Is the AGM bound tight? N /

- — - —

. I 21 I’?‘I 1751
n EC? \')f_l \_‘X_J '

TR > 32 0
B— S —7z) L Lo 2
YT 7)1 o 1 1
2 1 1 1
find: WR,Ws, W
such that: wgr +wg >1 (?x is covered)
wr +wr > 1 (?y is covered)
ws + wr > 1 (?z is covered)

wg,wg,wr € [0,1] (rational)

AGM bound mm==) |output| < |R|%E - |S|Ws . |T|wT



Is the AGM bound tight? N /

- — - —

. 12,1 l'-?‘l 17,1
IN EC? \')f_l \_'X_J \'Zl

I 2! 2y !

L . Y : s 3 0

7y ! S -l 77! 1 1 1

- - 2 2 0 2

1 7y ) 1 7, !

wr L = 5 0 5 5
2 1 1 1

(for any database with fixed |R| = ng, [S| = ng, |T| = nr)

find: WR,Ws, WT

such that: wgr +wg >1 (?x is covered)
wr +wr > 1 (?y is covered)
ws + wr > 1 (?z is covered)

wg,wg,wr € [0,1] (rational)

AGM bound mm==) |output| < |R|%E - |S|Ws . |T|wT



Is the AGM bound tight? N /

R S
o o o \?Z}/
in EC? ') %, 17z ”
TR > 32 0
B— S —7z) L Lo 2
T E 0§
)3 1 1 1

(for any database with fixed |R| = ng, [S| = ng, |T| = nr)

find: WR,Ws, WT

such that: wgr +wg >1 (?x is covered)
wr +wr > 1 (?y is covered)
ws + wr > 1 (?z is covered)

wg,wg,wr € [0,1] (rational)

AGM bound mmmE) |output| < n%f - ngs - npT



Is the AGM bound tight? SN

- — - —

. I 1 1o 1 1
n EC? \?)f_l \33{_1 l\?zl

1?2y, 1?2,

e Ry 5 5 35 O

oy ! S - 77! 1 1 1

Lot = 2 2 0 2

I‘?—l |’7_'

i e I BN T
> 1 1 1

(for any database with fixed |R| = ng, [S| = ng, |T| = nr)

minimize:
such that:

W, we, wy optimal solution
gt - Ng” - Np’
wr +wg =1 ‘
wr +wr > 1 w w wT
ot wr = 1 loutput| < np® -ng® - ng
wg,ws,wr € [0,1] on any database with
IR| =ng,[S| =ns, |T|=nr



Is the AGM bound tight?

@ = Ri(Z1) DX Ra(T2) DI -+ DI Ry (Ty)
Consider only instances D s.t. |R;| = n;

w1, ..., w; fractional edge cover:

l(for any instance D)

Q(D)| < Ry [*™" - |Ro[™2 - R |



Is the AGM bound tight?

@ = Ri(Z1) DX Ra(T2) DI -+ DI Ry (Ty)
Consider only instances D s.t. |R;| = n;

w1, ..., w; fractional edge cover:

l(for any instance D s.t. |R;| = n;)

QD) <yt -mg? - emy



Is the AGM bound tight?

Q = R1(Z1) DA Ra(72) DA -+ D] Ry (7g)

Consider only instances D s.t. |R;| = n;

w1, ..., w; fractional edge cover:
l(for any instance D s.t. |R;| = ny)
QD) <nyt -ng? -yt

We can find the best fractional edge cover
over all such instances!



Is the AGM bound tight?

Q = R1(Z1) DA Ra(72) DA -+ D] Ry (7g)

Consider only instances D s.t. |R;| = n;

minimize:  nyt -ng? - ny "
such that: >, w; >1 (for every variable y)
R;:yex;
’U)@E[O,l] (Z:L,k)
Q(D)| < nyt ny? ----emt, for wl®, ..., wi optimal solution

(over all such instances D)




AGM bound — lower bound

@ = Ri(Z1) DX Ra(T2) DI -+ DI Ry (Ty)
assume |R;| = n;, where ny,...,ny are fixed

wi®,...,wz" Is a solution for the LP:

minimize: ny' Ny - n’z’k
such that: > w; > 1 (for every variable y)
R;:y€x;

il

There exists a database D where:

QD) = [Ra[“F - [Ro[" - [Ry ¥

See [AGMOQ8] for details



AGM bound — recap

@ = Ri(Z1) DX Ra(T2) DI -+ DI Ry (Ty)
assume |R;| = n;, where ny,...,ny are fixed

wi®,...,wz" Is a solution for the LP:

minimize: ny' Ny - n’z’k
such that: > w; > 1 (for every variable y)
R;:y€x;

[‘ |Q(D)| < ‘R1|w?1n ‘ |R2‘w;n Tt ‘Rk|w? (for all such D)\
\0 Q(D)| = ‘R1|w1n : |R2"w§n’ e ‘Rk|w£n' (on one such D)j

See [AGMOQ8] for details



For our motivating query

minimize:
such that:

in EC? 21 WY 17z
TRy 5 g o
— ’_l
e s r D g
l?y: T »:?z: % 0 % %
D 1 1 1
11 1 : :
5555 5 optimal solution
nBE . %S . pT

wr +wg > 1
wr +wr = 1
ws +wr > 1
wg,ws,wr € [0,1]

3

loutput| < \/nr-ng-nr

on any database with

R| =ng,|S| =ns,|T| =nr



Hyperedge cover (general AGM bound)

Q = R1(Z1) DA Ra(72) DA -+ D] Ry (7g)

(R; are of any arity)

The hypergraph G of Q): Hyperedge cover for G:
e Nodes: T: UZy U - - UTy “ e Set R;,,...,R;, of hyperedges in GG

e Hyperedges: Ry,.... Ry e St. x;, U---U=Z;, = nodes of G

(in any database it holds) U,

¢
joutput| < [[._, [R;,]



Hyperedge cover (for relations)

S1(7?x,7y,7z) D1 Sa(?y,7z,7w) DI S3(?w,?z)



Hyperedge cover (for relations)

S1(7?x,7y,7z) D1 Sa(?y,7z,7w) DI S3(?w,?z)




Hyperedge cover (for relations)

S1(7?x,7y,7z) D1 Sa(?y,7z,7w) DI S3(?w,?z)

S1
2

S




Hyperedge cover (for relations)

S1(7?x,7y,7z) D1 Sa(?y,7z,7w) DI S3(?w,?z)

S1, S,

S,
Hyperedge covers:
2

S1, S3




Worst-case optimal algorithms

 Best possible algorithm for a query @ :
— O(1) per query results
— So runtime would be O(|Q(D)|) on any instance D
— This is the holy grail of databases!

« So it probably does not exist

« Something more realistic:
— Join query: Q = Rl(fl) > Rg(fg) >3] ... ] Rk(fk)
— | give you any instance where |R;| =n;
— The algorithm runs the best it can on any such instance

What does the “best it can” mean?



Worst-case optimal algorithms

@ = Ri(Z1) DX Ra(T2) DI -+ DI Ry (Ty)
assume |R;| = n;, where ny,...,ny are fixed

wi®,...,wz" Is a solution for the LP:

minimize: ny' Ny - n’z’k
such that: > w; > 1 (for every variable y)
R;:y€x;

[‘ |Q(D)| < ‘R1|w?1n ‘ |R2‘w;n Tt ‘Rk|w? (for all such D)\
\0 Q(D)| = ‘R1|w1n : |R2"w§n e ‘RHW? (on one such D)j

See [AGMOQ8] for details



Worst-case optimal algorithms

Q — Rl(fl) > RQ(fz) > ... X Rk(fk)

assume |R;| = n;, where ny, ..., n; are fixed

wi®,...,wz" Is a solution for the LP:

minimize: ny'-ng* - --

e 1Q(D)| = Ry

(e |Q(D)] < |Ry "1 -

.|R2‘w§"’

(i=1,...,k)

™ )
Ceee ‘Rk|wk (for all such D)

Cee ‘Rk|’w£n (on one such D)
/

See [AGMO08] for details



Worst-case optimal algorithms

Q = Ri(ZT1) DX Ra(T2) DI --- DX Ry (wy)

assume |R;| = n;, where ny, ..., n; are fixed

wi,...,w;" is a sol It can actually be this bad!

minimize:  nyt Ny -

4 ™m m m
° |Q(D)| < |R1|w1 - |R2|w2 - - N - ‘Rk|w’<’ (for all such D)\

\o Q(D)| = |R1|’w?1n : |R2|’w§n e ‘RH’W? (on one such D)j

See [AGMO08] for details



Worst-case optimal algorithms

a join algorithm is worst-case optimal if
for any Q — Rl(fl) D] Rg(fg) > ... X Rk(fk)
it runs in O(|R1|™1" - |Rg[%2 - -+ - |RE|WF)

on any instance D with |R;| = n;

where wi*, ..., w;" is a solution for the LP:
minimize:  nyt -ng? - ny*
such that: > w; > 1 (for every variable y)
R;:yex;

0<w; <1  (i=1,...,k)

See [Ngo13] for details



Worst-case optimal algorit

Up to a logarithmic factor!

a join algorithm is worst-casgf Jgtimal if
for any @ = R1(T1) DX Ry%) D - - DX Ri(Tg)
it runs in O(JR1 %Y - |[Ra|®2 -+« |Ry|¥F)

on any instance D with |R;| = n;

where wi*, ..., w;" is a solution for the LP:

I w1 w2 Wi
minimize:  nyt -ng? - n,
such that: > w; > 1 (for every variable y)
Ri:yEEZ-

See [Ngo13] for details



Worst-case optimal algorithms

AGM(Q, D)
for Q — Rl(fl) DX RQ(TQ) > ... X Rk(fk)
D an instance with |R;| = n;

. w™
is the value n;' -ny? - ---- n

where wi*, ..., wy" is a solution for the LP:

. . . ) w]_ w2 wk
minimize: nyt Ny - n,
such that: > w; >1 (for every variable y)
R;:yex;

0<w; <1  (i=1,...,k)

See [Ngo13] for details



Worst-case optimal algorithms

a join algorithm is worst-case optimal if

it runs in time O(AGM (Q, D))

for any join query () and a database D

(up to a logarithmic factor)

See [Ngo13] for details



Are palrwise joins wco?

- — - —

:'?X}\ /l-?z': Q = R(7x,?y) x1 S(7x,7z) > T(?y, 7z)
R\ / S Q(D)| < n2 (AGM bound)
l’;’%: on any database with |R| = |S| = |T| =n

Maybe we can find a good ordering?

>

>] T(?y,72)

R(7x,?7y) S(7x,72)



1y ! A
'yj \?Zl

N,
N

R={z0} X {0, Um}
U {CIZ'(), .. $m} X {yO}

S ={xo} x{20,---,2m}
U {CE‘(), .. :cm} X {ZO}

T ={yo} x {20,---,2m}
U{yo,---Ym} X {20}

Observations:

R =|S|=|T|=2m+1 = AGM(Q,D)= (2m+1)>

IR<xS|=|R<xT|=[S=T|=m?+m



> T(?y,72)

N

R(?x,?y) S(7x,72)

Observations:

R =[S|=|T|=2m+1 = AGM(Q,D)=(2m+1)>

IR<xS|=|R<xT|=[S=T|=m?+m



> T(?y,72)

N

R(?x,?y) S(7x,72)

O(m?) P

R =[S|=|T|=2m+1 = AGM(Q,D)=(2m+1)>

Observations:

IR<xS|=|R<xT|=[S=T|=m?+m



Observations:

R =|S|=|T|=2m+1 = AGM(Q,D)= (2m+1)2

IR<xS|=|R<xT|=[S=T|=m?+m



N

> R(7x,7y)

S(7x,7z) T(?y,?z)

O(m?) P

R =|S|=|T|=2m+1 = AGM(Q,D)= (2m+1)3

Observations:

IR<xS|=|R<xT|=[S=T|=m?+m



N

>] R(7x,7y)

S(7x,7z) T(?y,?z)

O(m?) x

Conclusion:

Pairwise joins are not worst-case optimal!
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Unary joins

Q =Ro(?z) <Ry (?z)p<x--- xRy, _1(7x)
Relations stored in increasing order

e R;.begin() : get before the first value
e R; key() : return the value at current position O(l)
e R;.next() : advance to the next position

e R,;.seek(k) : advance to first element > k } O(log\ R|)



Unary joins

e R;.begin() : get before the first value

R;.key() : return the value at current position

R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Evaluate @ = Rg(?x) < R{(?x) <t Ro(?x)

next()
Rop: —> 1 3 4 5 6 I 3 10

12

12

12



Unary joins

e R;.begin() : get before the first value

R;.key() : return the value at current position

R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Evaluate @ = Rg(?x) < R{(?x) <t Ro(?x)

Ry: —> 1 3 4 5 6 7 8 10
seek(1)
R:~ 2 6 7 8 9

12

12

12



Unary joins

e R;.begin() : get before the first value

R;.key() : return the value at current position

R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Evaluate @ = Rg(?x) < R{(?x) <t Ro(?x)

Ro: — 1 3 4 5 6 7 8 10
seek(1)

R:~ 2 6 7 8 9
seek(2)

12

12

12



Unary joins

e R;.begin() : get before the first value

R;.key() : return the value at current position

R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Evaluate @ = Rg(?x) < R{(?x) <t Ro(?x)

)

Roy: — 1~ 3 4 5 6 7 8 10
seek(1)

R:~ 2 6 7 8 9
seek(2)

12

12

12



Unary joins

e R;.begin() : get before the first value

R;.key() : return the value at current position

R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Evaluate @ = Rg(?x) < R{(?x) <t Ro(?x)

next() seek(2)
Ry: — 1~ 3 4 5 6 7 8 10
seek(1) seek(3)

R;: — > 6 7 8 9

12

12

12



Unary joins

e R;.begin() : get before the first value
e R; key() : return the value at current position
e R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Evaluate @ = Rg(?x) < R{(?x) <t Ro(?x)

next() seek(2)
Ry: — 1~ 3 4 5 6 7 8 10
seek(1) seek(3)
/—\
Ri:— 702 6 7 8 9
seek(2) seek(6)

/ \)
R: — > 4 5 8 10 11

12

12

12



Unary joins

e R;.begin() : get before the first value
e R; key() : return the value at current position
e R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Fvaluate @Q = Ro(?x) < Ry (?z) >t Ry (7x)

o seek(2) seek(8)
= /\
Ro:— 1~ 3 4 5 6 I 3 10
seek(1) seek(3)
//_\
Ri:— 2 6 7 8 9
ceck(2) seek(6)

/ \)
R: — > 4 5 8 10 11

12

12

12



Unary joins

e R;.begin() : get before the first value
e R; key() : return the value at current position
e R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Fvaluate @Q = Ro(?x) < Ry (?z) >t Ry (7x)

seek(8)
next() seek(2)

/—\
Ro:— 1~ 3 4 5 6 I 3 10

seek(1) seek(3) seek(8)

/_\
R;: — > 6 7 8 9

ceck(2) seek(6)

/ \)
R,: — ™2 4 5 8 10 11

12

12

12



Unary joins

e R;.begin() : get before the first value
e R; key() : return the value at current position
e R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Fvaluate @Q = Ro(?x) < Ry (?z) >t Ry (7x)

o seek(2) seek(8)
- /\ﬁ
Rp:— 1~ 3 4 5 6 I 3 10
seek(1) seek(3) seek(8)
//\
Ri:— 72 6~ 7 [8] 9
ceck(2) seek(6)
,—”"”’*_—ﬂ——-i Ai—*“h“‘hh‘““~$
Ry: ™ 72 4 5 8 10 11

12

12

12



Unary joins

e R;.begin() : get before the first value
e R; key() : return the value at current position
e R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Fvaluate @Q = Ro(?x) < Ry (?z) >t Ry (7x)

seek(2) seek(8)
next() _— (2 next()
Rp:— 1~ 3 4 5 6 I 3 > 10
seek(1) seek(3) seek(8)
/\
Ri:— 72 6~ 7 [8] 9
ceck(2) seek(6)
/ \
Ry: ™ 72 4 5 8 10 11

12

12

12



Unary joins

e R;.begin() : get before the first value
e R; key() : return the value at current position
e R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Fvaluate @Q = Ro(?x) < Ry (?z) >t Ry (7x)

seek(8)
next() 240 /\"‘ next()
Ry:—1— 3 4 5 §) ! 3 > 10 12
seek(1) seek(3) seek(8) ———
/\ /\)
Ri:™ 72 6~ 7 |87 9 12
(2) seek(6)
see
/ \
Ry: =~ 2 4 5 8 10 11 12




Unary joins

e R;.begin() : get before the first value
e R; key() : return the value at current position
e R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Fvaluate @Q = Ro(?x) < Ry (?z) >t Ry (7x)

seek(8)
next() 240 /\"‘ next()

Ro:— 1~ 3 4 5 6 I 3 > 10 12

seek(1) seek(3) seek(8) seek(10)

/\ /\)

Ri:— 702 6~ 7 I8 9 12

seek(2) seek(6) seek(12)
Ry: ™ 72 4 5 8 10 11 12




Unary joins

e R;.begin() : get before the first value
e R; key() : return the value at current position
e R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Fvaluate @Q = Ro(?x) < Ry (?z) >t Ry (7x)

seek(2) seek(8) seek(12)
next() ([ rex() T
Ry:—1— 3 4 5 §) ! 3 > 10 12
seek(1) seek(3) seek(8) seek(10)
//_\ /_\
Ri:~ 2 6 7 8] 9 12
seek(2) seek(6) seek(12)
Ry: =~ 2 4 5 8 10 11 12




Unary joins

e R;.begin() : get before the first value
e R; key() : return the value at current position
e R;.next() : advance to the next position

e R;.seek(k) : advance to first element > k

Evaluate Q = Ro(?l‘) D] Rl(‘?az) D] RQ(‘?.CE)

seek(8) K(12)

next() 240 /\’-‘ next() - R

Rp:— 1~ >3~ 4 5 6 7 8 >10 |12
seek(1) seek(3) seek(8) seek(10)

//\ /\

Ri:~ 2 6 7 8] 9 12
seek(2) seek(6) seek(12)

Ry: =~ 2 4 5 8 10 11 12

- \—/




Unary joins

Q =Ro(?z) <Ry (?z) <+ - xR, _1(7x)

Relations stored in increasing order

Leapfrog-next():

Ry.next()
=1
while Ry.key() do
if Rzkey() —— R(i—l) mod nkey() then
return R; key()
else
R;.seek(R(;—1) mod n-key())



Unary joins

Leapfrog-next():
Ro.next()
=1
while Rg.key() do
if R;.key() == R(;_1) mod n-key() then
return R; key()
else
Ri-seek(R(i—l) mod nkey())
i:=(t+1) modn

R;.begin() : get before the first value

R; key() : return the value at current position

R;.next() : advance to the next position

R;.seek(k) : advance to first element > k

next() seek(2) //Se%) next() seek(12)
Ry:—1—  *3— 4 5 6 7 *8 >10 12
seek(1) seek(3) seek(8) seek(10)
R:— 2— S e— 7T =g—9 1
seek(6) seek(12)

seek(2)

R,: — ™2 4 5 8 10 11 12



Runtime

Leapfrog-next():
Ro.next()
=1
while Rg.key() do
if R;.key() == R(i_1) mod n-key() then O(n- (min;|R;|) -log(maxi\R@-\))
return R; key()
else
Ri-seek(R(i—l) mod nkey())
i:=(i+1) modn

seek(8)

next() seek(2) —"___————"’_"_____‘_‘“*-~,‘NH* next() seek(12)
Ry —1— >3 4 5 6 7 8 >10~ 12
seek(1) seek(3) seek(8) ———
. /\ /_\
R;: — > 6~ 7 8 9 12
seek(2) seek(6) seek(12)

R,: — ™2 4 5 8 10 11 12



Runtime Cost of a seek

Leapfrog-next():
Ro.next()
=1
while Rg.key() do
if R;.key() == R(;_1) mod n-key() then 0(?7, :
return R; key()
else
Ri-seek(R(i—l) mod nkey())
i:=(t+1) modn

Cycle through the iters

Max number of seeks

next() seek(2) seek(®) next() seek(12)
/_\ —
seek(1) seek(3) seek(8) seek(10)
seek(2 seek(6) seek(12)

R"_\z/ 5 T §— 10 11 " 12



Runtime

Leapfrog-next():
Ro.next()
=1
while Rg.key() do
if R;.key() == R(;_1) mod n-key() then
return R;.key()
else
Ri-seek(R(i—l) mod nkey())
i:=(i+1) modn

How many steps does the algorithm take to detect there are 0 results?

0 kk+1 2k 2k +1 3k



Runtime

Leapfrog-next():
Ro.next()

=1 leapfrog: O(1)
while Rg.key() do
if R;.key() == R(;_1) mod n-key() then
return R;.key()
else
Ri-seek(R(i—l) mod nkey())
i:=(i+1) modn

pairwise: |R; > R;| =k

How many steps does the algorithm take to detect there are 0 results?

0 kk+1 2k 2k +1 3k



+
+

*
.

n .n_..l._n_.:l_._...l_._“... S

LN R . LN B * .
' lﬁ . .o '
. . .. . . ‘s .

c. - 4 c- cJo
Otr

*

* * * & * *
.h t * LR Y * *
* ﬁ 'ﬁ * ‘J‘Q .  * *
- - *
-. * - * * *
d ' :

-”0-‘ * o *

- +* - *  *
0:.0. -.00 *

.
..
.
.

*
.
-
*
..
*

. C.

+ . + .
+ e .
.. LI
+ .
. ..
. .
* * .
+ . .

+ . . .

. -
. * *

‘.

+ - . . .
. . - .
. * * . .

+ * ..

* + -
. . L + .

+

+ L)
-
-+ L
. .
.
+ . .
. .
.
.
.
* . +
*
. *

.
[ ]

iejoin

(now with relations)
i

.

..
*
-
.
.
.
.
*
»

-
-
-

.

*
-
- .
I
-

.
.
.
.

.
*

*
*

.
0-00
. . +
q. .ol
* e *
*
*
._.-
LR . .
. [N .
. * e pe
. ' .
. *
- 0-
‘. .. - - 001
+ o+ . h + e + &

.
- .

S L
u-lll-E“ d..-b.ldpc

Leapfrog Tr




Evaluation of a join query N s

Q(7x,7y,7z) = R(7x,?y) x S(7x,7z) > T(?y, 7z)

Different evaluation philosophy

pairwise joins Leapfrog Triejoin
>] First ?x, then ?y, then ?7z:
for each ?x that makes sense do
> T(’)y ?Z) for each 7y that makes sense do

(Given this particular ?x)
for each 7z that makes sense do

R(7X,?y) S(?X,?Z) (Given these particular ?x, ?y)

return (7x,7y,7z)

Join at a time strategy Variable at a time strategy



Evaluation of a join query N /"-'-‘

Q(7x,7y,7z) = R(7x,?y) x S(7x,7z) > T(?y, 7z)

Different evaluation philosophy

pairwise joins Leapfrog Triejoin

>

First ?x, then ?y, then ?7z:
for each a € R(7?x,__) N S(?x,__) do
> T(?yv?z) for each b € R(a,?7y) N T(?7y,__) do
for each ¢ € S(a,?72) N T(b,72) do
return (a, b, c)

R(7x,?7y) S(7x,72)

Join at a time strategy Variable at a time strategy



Leapfrog Triejoin

Q(Y1,Y2,- - Ym) = R1(T1) > Ra(T32) > - - - > Ry (Tk)

Global Variable Ordering (GAO)

Fix an order of query variables

Say Y1, Y2, s Ym
In each R;(Z;)
T; are ordered

according to y1,...,Ym



Leapifrog Triejoin

Q(Y1,Y2,- - Ym) = R1(T1) > Ra(T32) > - - - > Ry (Tk)

Global Variable Ordering (GAO)

\ / Fix an order of query variables

N._/ SaY Y1, Y25+ Ym
In each R;(Z;)

’x,?7y,72 = R(?x,7y) bx S(7x,7z) >a T(?y, ?z)

?x,72,7y = R(7?x,?7y) >x S(7x,7z) a1 T(7z, ?y) T,; are ordered

?y,72,7x = R(?y,7x) x S(7z,7x) > T(?y, ?z) according to y1,...,Ym



Leapifrog Triejoin

Q(Y1,Y2,- - Ym) = R1(T1) > Ra(T32) > - - - > Ry (Tk)

Global Variable Ordering (GAO)

’x,?7y,72 = R(?x,7y) bx S(7x,7z) >a|T(?y, ?2)

?x,72,7y = R(7?x,7y) >x S(7x,7z) T (7z, ?y)

7y, 72,7 = R(?y,7x) <1 S(72,7x) > T(?y, 7z)



Leapifrog Triejoin

Q(Y1,Y2,- - Ym) = R1(T1) > Ra(T32) > - - - > Ry (Tk)

Global Variable Ordering (GAO)

\._/ y 7z 7z My

- 1 3 3 1

’x,?7y,72 = R(?x,7y) bx S(7x,7z) >a|T(?y, ?2) ; 171 Z ;
7%,72,7y = R(7x,?y) a1 S(7x,7z) x<1|T(?z, ?y) 3 5 5 3

et R R T(?yv



Leapifrog Triejoin

Q(Y1,Y2,- - Ym) = R1(T1) > Ra(T32) > - - - > Ry (Tk)

Partially instantiating the join w.r.t. GAO

R; [CL1, c o vy An—1, yn} = Ty, (Uylza»l/\yzzaz/\"'/\yn—1=an—1 (R%))



Leapfrog Triejoin
GAO
A
Q(@lay27 SRR 7ym\) — Rl(ﬂ?_l) > R2(.’II_2) DJ - - ] Rk(l'_k)

Partially instantiating the join w.r.t. GAO

Ri [al, ey pn_1, yn} — Ty, (Uylza,l/\ygzag/\---/\yn_1=an—1 (R%))
W_/ - _J/
~

some values goes in the GAO order (y; then ys - --)




Leapfrog Triejoin
GAO
A
Q(@lay27 SRR 7ym\) — Rl(ﬂ?_l) > R2(ZB—2) DJ - - ] Rk(l'_k)

Partially instantiating the join w.r.t. GAO

R,i [al, ey pn_1, yn} — ’ﬂ'yn (O-yl:alAyQZO,Q/\"'Ayn_lzan—l (Rz))
. _J A\ _J
Y Y

some values ignore variables not in R;




Leapifrog Triejoin

GAO

le y27-°-7ym\) R1 33’1 NR2($2)N"'NRk($_k)

Partially instantiating the join w.r.t. GAO

Ri [al, ey pn_1, yn} — Ty, (Uylza,l/\ygzag/\---/\yn_1=an—1 (R%))
— _/
~

ignore variables not in R;

x,y, z,w our GAO

T|z] ={1,3}

‘ T(1,y| = {3,4}

T|1,3,7,w] =1{2,5,9}

Ol & W WwWWw|( @ |-

W = = =8
~N oo oo | E

L ignore the z position



Leapfrog Triejoin
GAO
p A
Q(y1, Y2, -+ +ym) = Ru(T1) > Ry (T3) b - - - b3 Ry (T)

Partially instantiating the join w.r.t. GAO

R,,; [CLl, ey pn_1, yn} — Ty, (Uylza,l/\ygzag/\---/\yn_1:an—1 (R%))
— _/
~

ignore variables not in R;

Partially instantiating the query w.r.t. GAO

Q[al,...,an_l,yn] =R, [al,...,an_l,yn} > .- D] Rk[al,...,an_l,yn]



Leapfrog Triejoin
GAO
p A
Q(ylay27 SRR 7y”m) — Rl(.ﬂl?_l) > R2(x_2) DJ - - ] Rk(l'_k)

Partially instantiating the join w.r.t. GAO

Ri [CLl, ey pn_1, yn} — Ty, (Uylza,l/\ygzag/\---/\yn_1=an—1 (R%))
— _/
~

ignore variables not in R;

Partially instantiating the query w.r.t. GAO

Q[al,...,an_l,yn] =R, [al,...,an_l,yn] > .- D] Rk[al,...,an_l,yn]

\— _/
V

ignore R; if it does not contain y,,




Leapfrog Triejoin
GAO
p A
Q(ylay27 SRR 7y”m) — Rl(ﬂ?_l) > R2(x_2) DJ - - ] Rk(l'_k)

Partially instantiating the join w.r.t. GAO

Ri [al, ey pn_1, yn} — Ty, (Uylza,l/\ygzag/\---/\yn_1=an—1 (R%))
— _/
~

ignore variables not in R;

Partially instantiating the query w.r.t. GAO

Q[al,...,an_l,yn] =R, [al,...,an_l,yn] > .- D] Rk[al,...,an_l,yn]

\— _/
V

unary join




Leapifrog Triejoin

Q(Y1,Y2,- - Ym) = R1(T1) > Ra(T32) > - - - > Ry (Tk)

Q[al,...,an_l,yn] = R, [al,...,an_l,yn} D - e D] Rk[al,...,an_l,yn]

Leapfrog-TrieJoin(GAO = y1,...,Ym):
for each a; € Leapfrog-next(Q|y:1]) do
for each a, € Leapfrog-next(Q a1, y2]) do
for each a3 € Leapfrog-next(Q [al,ag,yg]) do

for each a,, € Leapfrog—next(Q[al, as,...,0m—1, ym]) do
Solutions + (a1, asg, ..., am)



Leapirog Triejoin

Q(y1,Y2,---,Ym) = R1(Z7) <

Q[al, . o .,an_l,yn] — R1 [al, ceeypn_—1,

Leapfrog-TrieJoin(GAO = y1,...,y
for each a; € Leapfrog-next(Qgr7|) do
for each ay € Leapfrog—next(Q[al,y2]) do
for each a3 € Leapfrog-next(Q [al, ag,yg]) do

for each a,, € Leapfrog-next(Q|a1,as,...,am—1,Ym|) do
Solutions + (a1, a2, ..., Gm)



Leapifrog Triejoin

Q(Y1,Y2,---,Ym) = R1(Z1) > Ra(T2) > - - - > Ry (T

A bunch of nested fors is optimal? —hyn] > - - - D Ry, [a’lv ceey n—1, yn]

Leapfrog-TrieJoin(GAO =0, ..., ¥m):
for each a; € Leapfrog-next(Q|y:1]) do
for each ay € Leapfrog—next(Q[al,y2]) do
for each a3 € Leapfrog-next(Q [al,ag,yg]) do

for each a,, € Leapfrog-next(Q [a,l, as,...,0m—1, ym]) do
Solutions + (a1, a2, ..., Gm)



Leapfrog Triejoin AGM bound is tight:

There is a case where you
saturate all these intersections!

Leapfrog-TrieJoin(GAO =
for each a; € Leapfrog-next(Q[y:]) do
for each ay € Leapfrog—next(Q[al,y2]) do
for each a3 € Leapfrog-next(Q [al, ag,yg]) do

for each a,, € Leapfrog-next(Q|a1,as,...,am—1,Ym|) do
Solutions + (a1, a2, ..., Gm)



Leapfrog Triejoin AGM bound is tight:

There is a case where you
saturate all these intersections!

Leapfrog-TrieJoin(GAO =
for each a; € Leapfrog-next(Q[y:]) do
for each ay € Leapfrog—next(Q[al,y2]) do
for each a3 € Leapfrog-next(Q [al,ag,yg]) do

for each a,, € Leapfrog-next(Q [a,l, as,...,0m—1, ym]) do
Solutions + (a1, a2, ..., Gm)

It’s worst-case optimal!



Where are the Tries?

Q[al,...,an_l,yn] = R; [al,...,an_l,yn} D - - D Rk[al,...,an_l,yn]

Leapfrog-TrieJoin(GAO = y1,...,Ym):
for each a; € Leapfrog-next(Q|yi]) do
for each a; € Leapfrog—next(Q[al,yg]) do
for each a3 € Leapfrog-next(Q a1, az,y3]) do

for each a,, € Leapfrog-next(Q a1, as, ..., am-1,Ym]|) do
Solutions < (a1, as, ..., an)

LeapFrog-next():

Ro.next()
=1
while Rj.key() do
if R;.key() == R(;_1) mod n-key() then
return R; key()
else
Ri'seek(R(z’—l) mod nkey())
i:=(i+1) modn



Where are the Tries?

Q[al,...,an_l,yn] = R; [al,...,an_l,yn} D - - D Rk[al,...,an_l,yn]

Leapfrog-TrieJoin(GAO = y1,...,Ym):
for each a; € Leapfrog-next(Q|yi]) do
for each a; € Leapfrog—next(Q[al,yg]) do
for each a3 € Leapfrog-next(Q a1, az,y3]) do

for each a,, € Leapfrog-next(Q a1, as, ..., am-1,Ym]|) do
Solutions < (a1, as, ..., an)
To compute Qlay, ..., Qn_1,Ynl: LeapFrog-next():

Ro.next()

Iterator interface for 1l
while Rj.key() do

Ri[ala ceeyp—1, yn] if R;.key() == R(i—l) mod n-key() then

return R;.key()
: else
(with O(log|R;|) seek)

Rz’-seek(R(z’—l) mod n-Key())
i:=(i+1) modn



Relation as a Trie

(Tikz image of the Trie by Cristian Riveros, example from [Leapfrog])

-
r Yy =z

1 3 4 y 1/\3
1 35 . RARTTmmTooo-

1 4 ¢ mm) T |
1 4 38 Y---3 4 5
Lo e VAN N |
1 5 2 L

5 5 G z--4 5 6 8 2



Relation as a Trie

.
r Yy =z T
1 3 4 y 1/\3
i 3 5 AT

1 4 ¢ mm) T |
1 4 8 Yy---3 4 5 b
1 49 /N T~ | |
;gg z--4 56 8 9 2 2

/e Tlai,...an_1,yn].begin() : get before the first value

o Tlay,...an—1,Yn|.key() : return the value at current position

lterator interface <

e Tlay,...a,_1,yn].next() : advance to the next position

]
]
]
\_ ® Tlai,...an—1,yn].seek(k) : advance to first element > k

(Tikz image of the Trie by Cristian Riveros, example from [Leapfrog])



Relation as a Trie

T
x Yy z T
1 3 4 1/\3
1 3 5 A-----777°
1 4 8 y---3 4 5 5
LA B /N I |
L > 2 z--4 56 89 2 2
3 5 2

/~ o T[1,4,y].begin() : before the leftmost child

_ e T|1,4,y|.key() : value at current position
lterator interface < el
e T[1,4,y].next() : next sibling
\_® T[l,4,y|.seek(k) : binary search O(log|T|)

(Tikz image of the Trie by Cristian Riveros, example from [Leapfrog])



Relations are usually Tries

.
r Yy =z T
1 3 4 y 1/\3
i 35 AT

1 4 ¢ mm) T |
1 4 8 Yy---3 4 5 b
1 49 /N T~ | |
;gg z--4 56 89 2 2

Most common way to store a relation?

B+ tree
Supports search of a prefix of T[x,y,z] in O(log|T|)

Therefore seek can be done in the neccessary time



Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / : :
\/ ’x Ty A

~J
<
I~
(@]
~
(6)]

e

>
N R~ =
(&3 N~ & N =N

>I\)

GAO 7x, ?y, 7z
for each z € Leapfrog-next(Q|[?x|) do S S

for each y € Leapfrog-next(Q[w, ?y]) do 7z A

for each z € Leapfrog—next(Q[m,y, ?z]) do

17 ’X: 1 2
Sol ¢ (2.9, 2) 1 8 O

1 9

> g ?z.7 8 9 8

T T

y 7z

4 y:

5
3 8 9

o1 1 O

O 00 W =l | .
~J

N
~— &




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(&3 N~ & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 1% 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol «+ (z,y, 2) I 2.7 8 9 8
T T
y 7z
4 y:

5
3 8 9

o1 1 O

O 00 W =l | .
~J

N
-~




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valido, < W?X(R) N W?X(S)
for each z € Valids, do S S

Validm’?y — Wﬂ?y(R[x, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 1% 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol «+ (z,y, 2) I 2.7 8 9 8
T T
y 7z
4 y:

5
3 8 9

o1 1 O

O 00 W =l | .
~J

N
-~




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valido, < W?X(R) N W?X(S)
for each z € Valids, do S S

Validm’?y — Wﬂ?y(R[x, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 1% 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol «+ (z,y, 2) I 2.7 8 9 8
T T
y 7z
4 y:

5
3 8 9

o1 1 O

O 00 W =l | .
~J

N
-~




Leapirog in a triangle R(?,7y) b S(7,72) b T(7y, 72)

Unary leapfrog

R R

~J
<
I~
(@]
~
(6)]

NN ==
(S G ) I
o

GAO 7%, ?y, 7z

Valid?x — W?X(R) M W?X(S)
for each z € Valids, do S S

Valid, 7y < m2y (R, ?y]) N 72, (T) ™ 7z A

for each y € Valid, -, do 1 7 % 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol + (2,9, 2) 2 8 AT 89 8
T T
Valido, = {1, 2} TP
4 7 y: 4 5
;o TN
5 8
5 g 7z 7 3 8 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valido, < W?X(R) N W?X(S)
for each z € Valids, do S S

Validm’?y — Wﬂ?y(R[x, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 X 1 2
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol «+ (z,y, 2) 2 8 2.7 89 8
T T
Validyy = {1,2} x=1 72

5
3 8 9

o1 1 O
O 00 W ~
~J
N
-~




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Valid, 7y + w2y (R[z, 7y]) N w2y (T) % 12 A

for each y € Valid, », do 17 1% 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol « (:r’y’z) 2 8 Z. 7 8 9 8
T T
Validey = {1,2} =1 i
Validy 7, = {4,5) 1 5%

5
3 8 9

o1 1 O
O 00 W ~
~J
N
-~




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
w
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Valid, 7y + w2y (R[z, 7y]) N w2y (T) % 12 A

for each y € Valid, », do 17 1% 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol « (:r’y’z) 2 8 Z. 7 8 9 8
T T
Validey = {1,2} =1 i
Validy 7, = {4,5) 1 ?y:

5
3 8 9

o1 1 O
O 00 W ~
~J
N
~N—




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Valid, 7y + w2y (R[z, 7y]) N w2y (T) % 12 A

for each y € Valid, 7, do 1 7 1% 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol « (:r’y’z) 2 8 Z. 7 8 9 8
T T
Validey = {1,2} =1 i
Validy 7y = {4,5} y =4 4 ?y:

5
3 8 9

o1 1 O
O 00 W ~
~J
N
~N—




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Validm’?y — Wﬂ?y(R[x, ?yD N ﬂ_‘_?y(T) x 7z A

for each y € Valid, -, do 1 7 1% 1 9
Valid,, .7, < m2,(S[z, 72]) N w2,(T|y, 72]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol « (z,y, 2) I 2.7 8 9 8
T T
Validyy = {1,2} x=1 W
Validy 7y = {4,5} y =4 4 ?y:

-~

5
3 8 9

7
5 3
Valid1 4772 — {7} 5 8 2.
= _Z_
5 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

AN / R R
\/ ’x ly A

~J
<
I~
(@]
~
(6)]

.

1 X
N N ==
SIS, N

>I\)

GAO 7?x, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Validm’?y — Wﬂ?y(R[x, ?yD N ﬂ_‘_?y(T) x 7z A

for each y € Valid, -, do 1 7 1% 1 9
Valid,, .7, < m2,(S[z, 72]) N w2,(T|y, 72]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol « (z,y, 2) I 2.7 8 9 8
T T
Validyy = {1,2} x=1 W
Validy 7y = {4,5} y =4 4 ?y:

-~

5
3 8 9

-
5 3
Validi a2, = {7} 2=7 g 3 ’z:




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

L7y ) T > 7z
AN / R R
R S x Tty A
\.’7‘1/ 1 4 ?X: 1 2
! Px 1 5
N ANAN
GAO 7?x, ?y, 7z 2 5 Y
Valid?x < W?X(R) M W?X(S)
for each = € Valid do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 1% 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol + (z,y,2) 2 8 &7 89 8
Sol T T
Valide = {1,2} 2 =1 ° Y 7
X y 1z ' ' 5
Validy »y = {4,5} y=4 1 a4 7 4 ry.

-~

5
3 8 9

-
5 3
Validi g2, = {7} 2=7 g g ?z:




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Validm’?y — Wﬂ?y(R[x, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 1% 1 9
Valida y 22 <= m22(S[z, 72]) N2 (Tly, ?2]) 1 8 A\ ‘
for each 2> € Valid, ,», do 1 9 >
Sol « (z,y, 2) I 2.7 8 9 8
Sol T T
Valide = {1,2} 2 =1 ° Y 7
X y 1z ' ' 5
Validl,?y = {4,5} = 4 1 4 7 4 . y

5
3 8 9

o1 1 O
O 00 W ~
~J
N
-~




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each z € Valid+, do S S

Valid, 7y + w2y (R[z, 7y]) N w2y (T) % 12 A

for each y € Valid, 7, do 1 7 1% 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol «+ (z,y, 2) 2 8 Lo U8B €
Sol T T
Valide = {1,2} 2 =1 ° Y 7
X y 1z ' ' 5
Validy »y = {4,5} y=4 1 a4 7 4 ry.

5
3 8 9

o1 1 O
O 00 W ~
~J
N
~N—




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
w
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each z € Valid+, do S S

Valid, 7y + w2y (R[z, 7y]) N w2y (T) % 12 A

for each y € Valid, 7, do 1 7 1% 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol + (x,y, 2) 2 8 o @R ¢
Sol T T
Valide = {1,2} 2 =1 ° Y 7
X y 1z ' ' 5
Valid; 7y = {4,5} y=5 1 a4 7 4 ry:.

5
3 8 9

o1 1 O
O 00 W ~
~J
N
-~




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
w
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Validm’?y — Wﬂ?y(R[x, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 1% 1 9
Validy,y 72 <= m22(S[z, 72]) N m2,(Ty, 72]) 1 8 A\ ‘
for each 2> € Valid, ,», do 1 9 >
Sol « (z,y, 2) I 2.7 8 9 8
Sol T T
Valide = {1,2} 2 =1 ° Y 7
X y 1z ' ' 5
Valid; 7y = {4,5} y=5 1 a4 7 4 ry.

-

5
3 8 9

7
5 3
[ = 5 8
VaI|d1,5,?z {8, 9} : o ?Z:




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

L7y ) T > 7z
AN / R R
R S x Tty A
\.’7‘1/ 1 4 ?X: 1 2
! Px 1 5
N AAN
GAO 7?x, ?y, 7z 2 5 Y
Valid?x < W?X(R) M W?X(S)
for each = € Valid do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 1% 1 9
Valid, .7, < m2,(S[z, 72]) N 7w2,(T |y, 72]) 1 8 /’\ ‘
for each 2> € Valid, ,», do 1 9 >
Sol «+ (z,y, 2) I 2.7 8 9 8
Sol T I
Valid,, = {1, 2 =1
aldz {1,2} = ™ 7y 7z y 7z -
Valid; 7y = {4,5} y=5 R é51 g ry: 4 5
. 1 5 8 I
— 5 8
Validy 5.2, = {8,9} 1 5 9 R 7z 7 3 8 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
w
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, », do 1 7 % 1 9
Validy 5 7, < m22(S[z, 72]) N 72, (T[y, 72]) 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol + (2,9, 2) 2 8 AT 89 8
Sol T I
Valids, = {1, 2 =1
aldz {1,2} = ™ 7y 7z y 7z -
Valid; 7y = {4,5} y=5 T, 4 7 ry: 4 5
’ 5 3
15 8 5 8§ /N
1 5 9 - [y 7 3 8 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, 7, do 1 7 1% 1 9
Validy 7, < W‘?z(s[i’v ?Z]) N W?z(T{yv ?ZD 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol + (2,9, 2) 2 8 AT 89 8
Sol T T
Valido, = {1,2 =1
1d? { } L T y 7z ,
R, 4 7 ry: 4 5
5 3
15 8 5 8 /N
5
1 5 9 5 9 y4 7 3 8 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each z < Valids, do S S

Valid, 7y + w2y (R[z, 7y]) N w2y (T) % 12 A

for each y € Valid, -, do 1 7 % 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol + (2,9, 2) 2 8 AT 89 8
Sol T !
Valido, = {1,2 =1
alids { } L T y 7z ,
VR, 4 7 ry: 4 5
5 3

1 5 8 5 8 /N
1 5 9 - 1z 7 3 8 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each z < Valids, do S S

Valid, 7y + w2y (R[z, 7y]) N w2y (T) % 12 A

for each y € Valid, -, do 1 7 % 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol + (2,9, 2) 2 8 AT 89 8
Sol T !
Valido, = {1,2 =2
alids { } L T y 7z ,
VR, 4 7 ry: 4 5
5 3

1 5 8 5 8 /N
1 5 9 - 1z 7 3 8 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each z € Valid+, do S S

Valid, 7y + w2y (R[z, 7y]) N w2y (T) % 12 A

for each y € Valid, », do 1 7 % 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol + (2,9, 2) 2 8 AT 89 8
Sol T !
Validoy, = {1,2 =2
ahd? {1,2} = ™ 7y 7z y 7z :
Validg 7, = {4,5} 1 4 7 50 2k * 2
’ 5 3
15 8 5 8§ /N
1 5 9 - 1z 7 3 8 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, », do 1 7 % 1 9
Validy 5 7, < m22(S[z, 72]) N 72, (T[y, 72]) 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol + (2,9, 2) 2 8 AT 89 8
Sol T T
Valido, = {1, 2 =2
ahd? {1,2} = ™ 7y 7z y 7z :
Validg 7y = {4,5} y=4 T, 4 7 ry: 4 5
’ 5 3
15 8 5 8§ /N
1 5 9 - [y 7 3 8 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

L7y ) T > 7z
AN / R R
R S x Tty A
\.’7‘1/ 1 4 ?X: 1 2
! Px 1 5
N ANVAN
GAO 7?x, ?y, 7z 2 5 Y
Valid?x < W?X(R) M W?X(S)
for each = € Valid do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 1% 1 9
Valid, .7, < m2,(S[z, 72]) N 7w2,(T |y, 72]) 1 8 /’\ ‘
for each 2> € Valid, ,», do 1 9 >
Sol «+ (z,y, 2) I 2.7 8 9 8
Sol T T
Valid, = {1,2 =2
ahd? {1,2} = ™ 7y 7z y 7z :
Validg 7y = {4,5} y=4 1 4 7 é51 g ry. 4 5
L > 8 /N
: _ 5 8
Valida 4,2, = 0 1 5 9 = @ 77 7 3 8 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, », do 1 7 % 1 9
Validy 5 7, < m22(S[z, 72]) N 72, (T[y, 72]) 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol + (2,9, 2) 2 8 AT 89 8
Sol T T
Valido, = {1, 2 =2
ahd? {1,2} = ™ 7y 7z y 7z :
Validg 7y = {4,5} y=4 T, 4 7 ry: 4 5
’ 5 3
15 8 5 8§ /N
1 5 9 - [y 7 3 8 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, », do 1 7 % 1 9
Validy 5 7, < m22(S[z, 72]) N 72, (T[y, 72]) 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol + (2,9, 2) 2 8 AT 89 8
Sol T I
Valids, = {1, 2 =2
ahd? {1,2} = ™ 7y 7z y 7z :
Validg 7y = {4,5} y=5 T, 4 7 ry: 4 5
’ 5 3
15 8 5 8§ /N
1 5 9 - [y 7 3 8 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 % 1 9
Validy 5 7, < m22(S[z, 72]) N 72, (T[y, 72]) 1 8 /’\ ‘
for each 2> € Valid, ,», do 1 9 >
Sol + (.9, 2) 2 8 AT 89 8
Sol T I
Valido, = {1, 2 =2
ahd? {1,2} = ™ 7y 7z y 7z :
Validg 7y = {4,5} y=5 T, 4 7 ry: 4 5
’ 5 3
158 5 8§ /N
1 5 9 - [y 7 3 8 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

R\ /5 x Tty A

>m

vy 4 5 a4

(8]

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = € Valids, do

Validm’?y — Wﬂ?y(R[x, ?yD N ﬂ"_?y(T) x 7z A

N / : :

for each y € Valid, -, do 1 7 1% 1 9
Validy 5 7, < m22(S[z, 72]) N 72, (T[y, 72]) 1 8 /’\ ‘
for each 2> € Valid, ,», do 1 9 >
Sol + (.9, 2) 2 8 &7 8 9 8
Sol T !
Validy, = {1, 2 = 7
ahd? {1,2} = ™ 7y 7z y 7z :
Validg 7y = {4,5} y=5 T, f51 g ry: 4 5
i L > 8 /N
— 5 8
Validy 5.2, = {8} 1 5 9 : ¢ 77 7 3 8 9




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

R\ /S x Tty A

\ / i R
o 1 4 > 1 2
7] 1 5
S VAN
GAO 7%, ?y, 7z 2 5 Y
Valid?x < W?X(R) M W?X(S)
S

for each = < Valids, do S

Validm’?y — Wﬂ?y(R[x, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 % 1 9
Valida y 22 <= m22(S[z, 72]) N2 (Tly, ?2]) 1 8 A\ ‘
for each 2> € Valid, ,», do 1 9 >
Sol « (z,y, 2) I 2.7 8 9 8
Sol T I
Valide, = {1, 2 =3
ahd? {1,2} = ™ 7y 7z y 7z :
Validg 7y = {4,5} y=5 1 a7 f51 g ry:. 4 5
i 1 > 8 /N
— 5 8
Validy 5.2, = {8} 1 5 9 : ¢ 77 7 3 8 9
2 5 8




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 % 1 9
Validy 72 <= m2(S[w, 72]) N 722 (T [y, 72]) 1 8 /’\ ‘
for each 2> € Valid, ,», do 1 9 >
Sol + (.9, 2) 2 8 AT 89 8
Sol T I
Valido, = {1, 2 =2
ahd? {1,2} = ™ 7y 7z y 7z :
Validy oy = {4,5} y=25 1 4 7 50 2k + 2
’ 5 3
15 8 5 8§ /N
1 5 9 - [ 7 3 8 9
2 5 8




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Valid, 7y + w2y (R[z, 7y]) N w2y (T) % 12 A

for each y € Valid, », do 1 7 % 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol + (2,9, 2) 2 8 AT 89 8
Sol T I
Valido, = {1, 2 =2
ahd? {1,2} = ™ 7y 7z y 7z :
Validg 7y = {4,5} y=5 1 1 7 4 7 ry: 4 5
’ 5 3
15 8 5 8§ /N
1 5 9 - [ 7 3 8 9
2 5 8




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Valid, 7y + w2y (R[z, 7y]) N w2y (T) % 12 A

for each y € Valid, », do 1 7 % 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol «+ (z,y, 2) I 2.7 8 9 8
Sol T T
Valido, = {1,2 =2
Id? {1,2} = ™ 7y 7z y 7z ,
PE— 4 7 ’y: 4 5
5 3
15 8 5 8 /N
1 5 9 - 7z 7 3 8 9
2 5 8




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7%, ?y, 7z

Valido, + ﬂ'?x(R) N W?X(S)
for each z € Valids, do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 1% 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol + (2,9, 2) 2 8 AT 89 8
Sol T !
Valid, = {1,2 =2
Id? {1,2} = ™ 7y 7z y 7z ,
T 4 7 7y: 4 5
5 3
1 > 8 5 8 /N
1 5 9 - 7z 7 3 8 9
2 5 8




Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(&3 N~ & N =N

>I\)

GAO 7%, ?y, 7z
Valido, + ﬂ'?x(R) N 7T?X(S)
for each z € Valid+, do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 1% 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8 /’\ ‘
for each 2 € Valid, ,», do 1 9 >
Sol + (2,9, 2) 2 8 AT 89 8
Sol T !
x y 7z vy 'z 5
: 4
Done! 1 4 ; 4 7 ry. 5
5 3
1 > 8 5 8 /N
1 5 9 - 7z 7 3 8 9
2 5 8




Relations are usually Tries

Most common way to store a relation?

B+ tree

So we can do Leapfrog on relations
(Is it really this easy?)

.
r Yy =z T
1 3 4 y 1/\3
i 35 AT

1 4 ¢ mm) T |
1 4 8 Yy---3 4 5
1 49 /N T |
;gg z--4 56 8 9 2



Leapirog in a triangle R(7,7y) b S(7,72) b T(7y, 72)

N / R R
o - PN
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~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

[ GAO 7?x, ?y, 7z ]

Valid?x < W?X(R) M W?X(S)
for each = < Valids, do S S

Validm;_?y — ﬂi?y(R[:U, ?yD N ﬂ"_?y(T) x 7z A

for each y € Valid, -, do 1 7 1% 1 9
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol «+ (z,y, 2) I 2.7 8 9 8
T T
y 7z
4 y:

5
3 8 9

o1 1 O

O 00 W =l | .
~J

N
-~




Leapfrog in a triangle R(7y.7x) b S(72,7%) b T(72.7)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(&3 N~ & N =N

>I\)

GAO 7z, 7y, x:

Valids, < W?Z(S) M W?Z(T)
for each z € Valid-, do S S

Valid, 2, 2y (T[z, ?y]) N 72, (R) ™ 7z A

for each y € Valid. -, do 1 7 1% 1 9
Valid, 7« = m2x(S[z, 7x]) N w2« (R[y, 7X]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol «+ (z,y, 2) 2 8 Lo U8B €
T T
y 7z
4 y:

5
3 8 9

o1 1 O

O 00 W =l | .
~J

N
-~




Leapfrog in a triangle R(7y.7x) b S(72,7%) b T(72.7)

N / R R
o - PN

~J
<
I~
(@]
~
(6)]

3

v X
N N ==
(63 B - & N =N

>I\)

GAO 7z, 7y, x:

Valids, < W-?Z(S) M W?Z(T)
for each z € Valid-, do S S

Validz;_;y — Wﬂ?y(T[Z, ?y]) N ﬂ'?y(R) x 7z A

for each y € Valid. -, do 1 7 1% 1 9
Valid, 7« = m2x(S[z, 7x]) N w2« (R[y, 7X]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol «+ (z,y, 2) I 2.7 8 9 8
T T
y 7z
4 y:

5
3 8 9

o1 1 O

O 00 W =l | .
~J

N
~N—




Leapfrog in a triangle R(7y.7x) 54 §(72,7) b T(72,7y)

N / : R
R S ™ Ty A

~J
<
I~
(@]
~
(6)]

.

1 X
NN =
SIS, N

>I\)

GAO 7z, ?y, x:

Valids, < 71"_?2(5) M TF?Z(T)
for each z € Valid», do S S

Valid. 2y < oy (T2, ?y]) N 7oy (R) ™ 7z A

for each y € Valid. -, do 1 7 1% 1 9
Valid, 7« = m2x(S[z, 7x]) N w2« (R[y, 7X]) 1 8

for each z € Valid, ,», do 1 9 - /’\ ‘

5 3 ’z.7 8 9 8

Sol «+ (z,y, 2)

T

Cannot do efficient intersection!

5
3 8 9

-~

(We need a Trie starting with ?z)




Leapfrog in a triangle R(7y.7x) b S(72,7%) b T(72.7)

R\ /s Y A

N S R X
- 1 4 x: 1 2
7x 1 5
2 4 v 4/\5 4/\5
GAQO 7z, 7y, 7x: 2 > v
Valids, < m2,(S) N 72,(T)
S

for each z € Valid-, do S

Valid. 7y < m2y(T[2, 7y]) N 72y (R) ™ 7z A

for each y € Valid, », do 17 1% 1 9
Valid, 7« = m2x(S[z, 7x]) N w2« (R[y, 7X]) 1 8
for each z € Valid, ,», do 1 9 5 /’\ ‘
Sol + (x,y, 2) 2 8 2 0 88 ¢
T T
y 7z
e To support any GAO: 2 2y

— We need all the permutations of the attributes
— Table with n attributes = n! permutations

5
3 8 9

o1 1 O

O 00 W =l | .
~J

N
~N—




How many permutations?

* This can get expensive
— Need many permutations
— Many many many permutations
— Basically all column orderings of your tables
— 3! =6 for RDF
— 41+ 21+ 3 =to0 many for PGs

RDF Triples(subject, predicate, object)

Connections(src, label, tgt, eld)
PGs Labels(objectId, label)
Properties(objectId, key, value)




Leapfrog is “sensitive”

GAO 7?x, ?y, 7z

Valid?x < W?X(R) M W?X(S)

for each = € Valids, do
Validm’?y < Wﬂ?y(R[:E, ‘7y}) M Wﬂ?y(T)
for each y € Valid, -, do

Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72])

for each 2 € Valid, ,», do
Sol + (x,y, 2)

R(7x,7y) >t S(7x,7z) b T(?y, 7z)

R S
™y ™x 7z
Iy (' Zq Z1
T2 Y2 o 22
Ln YUn Ln Zn,

T
y 7z
y1 =
" 22
i Zn,

RS T = {(21,y1,21)}



Leapfrog is “sensitive”

GAO 7?x, ?y, 7z

Validoy < mox(R) N T74(S)

for each = € Valids, do
Validm,?y — ﬂ_?y(R[xa ?yD M ﬂ-?y(T)
for each y € Valid, », do

Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72])

for each 2 € Valid, ,», do
Sol + (x,y, 2)

Validow = {x1,..., 2.}

R(7x,7y) >t S(7x,7z) b T(?y, 7z)

R S
™y ™x 7z
Iy (' Zq Z1
T2 Y2 o 22
Ln YUn Ln Zn,

T
y 7z
y1 =
" 22
i Zn,

RS T = {(21,y1,21)}



Leapfrog is “sensitive”

GAO 7?x, ?y, 7z

Validex < mox(R) N ox(S)

for each = € Valids, do
Valid, 2y < oy (R[z, ?y]) N 2y (T)
for each y € Valid, », do

Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72])

for each 2 € Valid, ,», do
Sol + (x,y, 2)

Validow = {x1,..., 2.}

... do something for each x;

R(7x,7y) >t S(7x,7z) b T(?y, 7z)

R S
™y ™x 7z
Iy (' Zq Z1
T2 Y2 o 22
Ln YUn Ln Zn,

T
y 7z
y1 =
" 22
i Zn,

RS T = {(xl,yl,zl)}



Leapfrog is "sensitive” R(7,2y) 4 $(7x,72) 3 T(?y, 72)

Nz T gt
\ / R S
R \ / > ™ Py > 7z
|’7;| Iy Y1 Zq zZ1

v
T2 Y2 o 22

‘ GAO ?y, 7x, 7z f : | :
Ly Un Tp Zn,
Validoy < mox(R) N o, (S) E— E—
for each = € Valids, do T
Validm’?y < Wﬂ?y(R[:E, ‘7y}) M W?y(T)
for each y € Valid, -, do
Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) Y1 =1
for each 2 € Valid, ,», do Y1 22
Sol + (x,y, 2)

41 Zn

RS T = {(21,y1,21)}



Leapfrog is “sensitive”

GAO ?y, 7x, 7z

Valid?y <« W?y(R) M W?y(T)

for each y € Valid», do
Validy 7« <— mx(R[y, 7x]) N 72« (S)
for each x € Valid, », do

Validy ;. 7, < m2,(S[z, 7z]) N7, (Ty, 72])

for each 2 € Valid, ,», do
Sol + (x,y, 2)

R(7x,7y) >t S(7x,7z) b T(?y, 7z)

R S
™y ™x 7z
Iy (' Zq Z1
T2 Y2 o 22
Ln YUn Ln Zn,

T
y 7z
y1 =
" 22
i Zn,

RS T = {(21,y1,21)}



Leapfrog is “sensitive”

GAO ?y, 7x, 7z

Valid?y <« W?y(R) M W?y(T)

for each y € Valid», do
Validy 7« <— mx(R[y, 7x]) N 72« (S)
for each x € Valid, », do

Validy ;. 7, < m2,(S[z, 7z]) N7, (Ty, 72])

for each 2 € Valid, ,», do
Sol + (x,y, 2)

R(7y,7x) > S(7x,7z) > T(?y, ?z)

R S
y o x ™x 7z
1 I T 21
Ya  T9 T2 22
YUn Ln Ln Zn,

T
y 7z
y1 =
" 22
i Zn,

RS T = {(21,y1,21)}



Leapfrog is “sensitive”

GAO ?y, 7x, 7z

Valid?y — W?y(R) M W?y(T)

for each y € Valid,, do
Validy 7« <— mx(R[y, 7x]) N 72« (S)
for each x € Valid, », do

Validy ;. 7, < m2,(S[z, 7z]) N7, (Ty, 72])

for each 2 € Valid, ,», do
Sol + (x,y, 2)

Validsy = {y1}

R(7y,7x) > S(7x,7z) > T(?y, ?z)

R S
y o x ™x 7z
1 I T 21
Ya  T9 T2 22
YUn Ln Ln Zn,

T
y 7z
y1 =
" 22
i Zn,

RS T = {(21,y1,21)}



Leapfrog is “sensitive”

GAO ?y, 7x, 7z

Valid?y <« W?y(R) M W?y(T)

for each y € Valid,, do
Validy;_zx — 7T?X(R[y, ‘?XD M W'.?X(S)
for each x € Valid, », do

Validy ;. 7, < m2,(S[z, 7z]) N7, (Ty, 72])

for each 2 € Valid, ,», do
Sol + (x,y, 2)

Validsy = {y1}

R(7y,7x) > S(7x,7z) > T(?y, ?z)

R S
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Leapfrog is “sensitive”

GAO ?y, 7x, 7z

Valid?y <« W?y(R) M W?y(T)

for each y € Valid,, do
Validy;_zx — 7T?X(R[yg ‘?XD M W'.?X(S)
for each x € Valid, », do

Validy ;. 7, < m2,(S[z, 7z]) N7, (Ty, 72])

for each 2 € Valid, ,», do
Sol + (x,y, 2)

Validzy = {11}
Validy, 7 = {z1}

R(7y,7x) > S(7x,7z) > T(?y, ?z)

R S
y o x ™x 7z
1 I T 21
Ya  T9 T2 22
YUn Ln Ln Zn,

T
y 7z
y1 =
" 22
i Zn,

RS T = {(21,y1,21)}



Leapfrog is “sensitive”

GAO ?y, 7x, 7z

Valid?y <« W?y(R) M W?y(T)

for each y € Valid», do
Validy 7« <— mx(R[y, 7x]) N 72« (S)
for each x € Valid, », do

Valid, ;. 7, < m2,(S[z, 72]) N 7w2,(T |y, 72])

for each 2> € Valid, ,», do
Sol « (z,y, 2)

Validzy = {11}
Validy, 7 = {z1}

R(7y,7x) > S(7x,7z) > T(?y, ?z)

R S
y o x ™x 7z
1 I T 21
Ya  T9 T2 22
YUn Ln Ln Zn,

T
y 7z
y1 =
" 22
i Zn,

RS T = {(21,y1,21)}



Leapfrog is "sensitive” R(7.7) b §(?,72) b0 T(?y, 72)

:7y: T > 7z |
N / R s
R \ / S 7y X ™x 7z
195 1 Yy n 1T =
- Y2 I T 22
GAO ?y, ?x, ?z: y: g,-: g;: z:
Validzy < 72y (R) N7y (T) _ - "
for each y € Valid», do T
Validy,?x — 7'T'?X(R[y: ?XD M 7T'?X(S) 2 2
for each x € Valid, 7 do Yz
Valid, ;. 7, < m2,(S[z, 72]) N 7w2,(T |y, 72]) Y1 =1
for each 2> € Valid, ,», do Y1 22
Sol + (x,y, 2)
41 Zn
Valids, = {yl}
2y
R ST = {(z1,y1,21)}

Validy, 7 = {z1}
Validy, 2, 7z = {21}



Leapfrog is “sensitive”

GAO ?y, 7x, 7z

Valid?y <« W?y(R) M W?y(T)

for each y € Valid», do
Validy 7« <— mx(R[y, 7x]) N 72« (S)
for each x € Valid, », do

Valid, ;. 7, < m2,(S[z, 72]) N 7w2,(T |y, 72])

for each 2> € Valid, ,», do
Sol « (z,y, 2)

Validzy = {11}
Validy, 7 = {z1}

Validy, o,.72 = {21

Optimal!

R(7y,7x) > S(7x,7z) > T(?y, ?z)

R S
y o x ™x 7z
1 I T 21
Ya  T9 T2 22
YUn Ln Ln Zn,

T
y 7z
y1 =
" 22
i Zn,

RS T = {(21,y1,21)}



Leapfrog is "sensitive” R(7,2y) 4 $(7x,72) 3 T(?y, 72)

:7y: T >:?Z:
\ / R S
> \ / : >y ™x 7z
x|
Hmm... are you not
GAO ?x, ?y, ?z: supposed to be
Valido, < ﬂ'?x(R) N W?X(S) optlma|7

for each = € Valids, do
VaIidm’?y < W?y(R[:E, ‘7y]) M ’R'?y(T)
for each y € Valid, -, do

Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) Y1 =1

for each 2 € Valid, ,», do Yy 22
Sol «+ (z,y, 2) :

Y 2n

Validey = {21, ..., 2,
{ ! } RNSNTZ{(ZBl,yl,Zl)}

... do something for each x;



Leapfrog is “sensitive” R(7,2y) 1 S(7,72) b1 T(2y, 72)

I’'m optimal in the worst case!
(and this is not the worst case)

Hmm... are you not

GAO ?x, ?y, ?z: supposed to be
Validoy, < TF?X(R) N W?X(S) Optlmal?
for each = € Valids, do
Validm’?y — W?y(R[CE, ?y]) M W?y(T)
for each y € Valid, -, do

Validy 7, < m2,(S[z, 7z]) N7, (Ty, 72]) Y1 =1

for each 2 € Valid, ,», do Yy 22
Sol «+ (z,y, 2)

Y 2n

Validey = {21, ..., 2,
{ ! } RI><ISI><IT:{(ZB1,y1,Z1)}

... do something for each x;



Worst-case optimal joins wrapup

« Storage can be expensive
— 1.8TB for full Wikidata (4 permutations, B+ trees)
— Simple compression of B+trees ~ 900GB

— Compressed representation possible ([Ring, QDags))
* These simulate all the permutations

» Cashing reusable things migh be a bad idea

— For Truthy this worked great
— But in full WikiData it gets to T0GB

« Elephantin the room (no, it's not Postgres):
— 4 permutations or more need to be updated/versioned
— Still works decent in our setup, but is expensive



Worst-case optimal joins wrapup

e (Guarantee to run in the best time in the worst case!
— Basically never more steps then the number of query results
— Qutperform classical pairwise join plans on ,worst” instances

» Benefits of LeapfrogTriejoin
— Works with B+trees
— Works with MVCC/SI and updates out of the box



Worst-case optimal joins — our take

 RDF:
— SPO, POS, OSP, PSO

e PGs:

— eld is key — stays last, so same orders as RDF

Allows answering all queries where edge label is known!
— These are usually the ones you would be interested in
— Since search is not done in the void

For missing permutations:
— Cost-based implementations (Sellinger and Greedy)



Is Leapfrog/WCO dlly gOOd? (apples to apples)

« Now we can test different algorithms in the same engine
— Important: data on disk buffered to main memory

« Wikidata-based benchmark:
— 1.25B edges
— 300M nodes
— 60000 edge labels

— Queries from the public log (so real ones)

* Only non-bot queries
« Eliminating duplicates (check [WDBENCH])
» 436 complex joins

— Start with a cold engine, data loaded as needed



Is Leapfrog/WCO dlly gOOd? (apples to apples)

Engine Supported Error Timeouts Average Median
MillenniumDB LF 436 0 0 4.84 0.24
MillenniumDB GR 436 0 1 10.19 0.30
MillenniumDB SL 436 0 1 10.04 0.27
436 0 3 31.79 2.42
426 10 0 35.43 4.90
Jena LF 418 18 0 16.78 3.39
436 0 0 7.87 5.11
405 31 0 75.59 6.84

Time (secs)
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What does a path query return?

/(a\ RPQ:
- RN
\ a / b a*b —»{?reachable]
a

~
Result: All nodes:
w——— » Reachable from start in our graph
end  Viaa path

* Whose edge label matches a*b



What does a path query return?

/(n—l)\ RPQ:

- RN
start a ng — b a*b —»{?reachable]
SO i
A
What if | also want the
Result: All nodes:
> » Reachable fro
’reachable
end * Viaapath

* Whose edge label matches a*b



What does a path query return?

/(a\ RPQ:
- RN
a / b a*b —»{?reachable]
a

\ a
~
Result: | also want the path:
>reachable « Path #1: start>nl1->n3->end

« Path #2: start=>>n1->n2->n3->end
« Path #3: start=>>n2->n3->end

end




What does a path query return?

/(n—l)\ RPQ:
- RN
a / b a*b —»{?reachable]
a

\ a
~
Result: | also want the path:
> reachable  Path #1: start=>n1-=>n3-2>end

« Path #2: start=>>n1->n2->n3->end
« Path #3: start=>>n2->n3->end

end




What GQL proposes — you tell me

a*b —»(?reachablej

?p = ANY WALK (start)=[a*b]=>(7reachable)

?p = ANY SHORTEST WALK (start)=[a*b]=>(7reachable)

?p = ALL SHORTEST WALK (start)=[a*b]=>(7reachable)

Result: | also want the path:

 Path #1: start=>n1-=>n3-2>end
 Path #2: start=>n1->n2->n3->end
» Path #3. start=>n2->n3-2>end

‘reachable

end




What GQL proposes — you tell me

a*b —»(?reacha bIeJ

?p = ANY WALK (start)=[a*b]=>(?reachable)

7p = ANY SHORTEE WALK (start)=[a*b]=>(7reachable)

?p = ALL SHORTE K (start)=[a*b]=>(7reachable)

Why WALK?
Restliz Mathematicians call a path a walk
?’reachable
end « Path #2: start>>n1->n2->n3->end

« Path #3: start=>>n2->n3->end



What GQL proposes — you tell me

For each ?reachable one path

T+ o 2l (hondeterministic)

?p = ANY WALK (start)=[a*b]=>(7reachable)

?p = ANY SHORTEST WALK (start)=[a*b]=>(7reachable)

?p = ALL SHORTEST WALK (start)=[a*b]=>(7reachable)

Result: | also want the path:

 Path #1: start=>n1-=>n3-2>end

» Path #2: start=>n1=2>n2->n3->end
» Path #3. start=>n2->n3-2>end

‘reachable

end




What GQL proposes — you tell me

For each ?reachable one shortest
path (nondeterministic)

?’reacha

w0

7p = ANY WALK (ste

2 b|=>(7reachable)

?p = ANY SHORTEST WALK (start)=[a*b]=>(7reachable)

?p = ALL SHORTEST WALK (start)=[a*b]=>(7reachable)

Result: | also want the path:

 Path #1: start=>n1-=>n3-2>end
 Path #2: start=>n1->n2->n3->end
» Path #3:[ start=>n2->n3->end

‘reachable

end




What GQL proposes — you tell me

For each ?reachable

2*b —>[?reachab|ej all shortest paths

7p = ANY WALK (start)=[a*b]=>(7re;

7p = ANY SHORTEST WALK (start)#Ta*b]=>(7reachable)

?p = ALL SHORTEST WALK (start)=[a*b]=>(7reachable)

Result: | also want the path:
« Path #1:(start>n1>n3-2>end )

« Path #2: start=>n1->n2->n3->end
» Path #3:[ start=>n2->n3->end

‘reachable

end




This would be too much

| start } a* »(?reachablej

’p = ALL WALK (start)=[a*]=>(7reachable)




This would be too much

| start } a* »(?reachable]

’p = ALL WALK (start)=[a*]=>(7reachable)

For each ?reachable

all paths




This would be too much

| start } a* »(?reachablej

’p = ALL WALK (start)=[a*]=>(7reachable)

A is reachable from start by:

¢ sStart2>A

e start>A->B->start2>A

e start>A->B->start>A->B->start2>A



This would be too much

| start } a* »[?reachable]

’p = ALL WALK (start)=[a*]=>(7reachable)

A is reachable from start by: -

Infinite ®
e start2>A (NOT GOOD FOR YOUR PC)
e start>A->B->start2>A

o« start>A—>B->start>A—>B->start2>A



But this 1s OK — ALL SIMPLE

| start } a* »(?reachable]

?p = SIMPLE (start)=[a*]=>(7reachable)

No node is repeated
in the path




SIMPLE Path semantics

| start } a* »(?reachablej

?p = SIMPLE (start)=[a*]=>(7reachable)

~

A is reachable from start by:
e start->A
e start>A->B->start>A x

(No infinite looping)



What else?

| start } a* »[?reachable]

?p = TRAIL (start)=[a*]=>(7reachable)

No edge is repeated

in the path;
(We need property graphs)




What else?

| start } a* »(?reachablej

?p = TRAIL (start)=[a*]=>(7reachable)

_— T~
e3: a —[start ; Animalj [nl : Creature]
\ /

Good trails:

e start->nl

e Start->nl->start

e sStart>nl->start>n2

(No infinite looping — limited by the number of edges)



What else?

| start } a* »[?reachable]

?p = TRAIL (start)=[a*]=>(7reachable)

el : a

_— T~
e3: a —[start ; Animalj [nl : Creature]
\ /

e2 : a

Good tralls:

« start->nl

e sStart>nl->start

e start>nl->start>n2

(No infinite looping — limited by the number of edges)



ALL OPTIONS

?p = ANY WALK (start)=[regex]=>(7reachable)

?p = ANY SHORTEST WALK (start)=[regex]=>(7reachable)

?p = ALL SHORTEST WALK (start)=[regex]=>(7reachable)

?p = ANY SIMPLE (start)=[regex]=>(7reachable)
?p = ANY SHORTEST SIMPLE (start)=[regex]=>(?reachable)

?p = ALL SHORTEST SIMPLE (start)=[regex]=>(7reachable)

?p = SIMPLE (start)=[regex]=>(7reachable)

?p = ANY TRAIL (start)=[regex]=>(7reachable)



ALL OPTIONS Let's solve all these!!!

?p = ANY WALK (start)=[regex]=>(7reachable)

?p = ANY SHORTEST WALK (start)=[regex]=>(7reachable)

?p = ALL SHORTEST WALK (start)=[regex]=>(7reachable)

?p = ANY SIMPLE (start)=[regex]=>(7reachable)
?p = ANY SHORTEST SIMPLE (start)=[regex]=>(7reachable)

?p = ALL SHORTEST SIMPLE (start)=[regex]=>(7reachable)

?p = SIMPLE (start)=[regex]=>(7reachable)

?p = ANY TRAIL (start)=[regex]=>(7reachable)



PROVISO:

ALL OPTIONS Starting node is fixed!

?p = ANY WALK (start)=[regex]=>(7reachable)

?p = ANY SHORTEST WALK (start)=[regex]=>(7reachable)

?p = ALL SHORTEST WALK (start)=[regex]=>(7reachable)

?p = ANY SIMPLE (start)=[regex]=>(7reachable)
?p = ANY SHORTEST SIMPLE (start)=[regex]=>(7reachable)

?p = ALL SHORTEST SIMPLE (start)=[regex]=>(7reachable)

?p = SIMPLE (start)=[regex]=>(7reachable)

?p = ANY TRAIL (start)=[regex]=>(7reachable)
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EXAMPLES

Puente
Cal y Canto Patronato
Rio Mapocho
Santa Plaza de
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EXAMPLES

« Letustry outafew examples

https://mdb.imfd.cl/path_finder/

https://www.metro.cl/el-viaje/plano-de-red



https://mdb.imfd.cl/path_finder/
https://www.metro.cl/el-viaje/plano-de-red
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What should theoreticians study?

PrROBLEM: Am | an answer?

INPUT: Database D

query q
solution mapping u

OutpuT:  YESiff pis in q(D)

» Usual approach: decision problems



What should theoreticians study?

PrROBLEM: Am | an answer?

INPUT: Database D

query q
solution mapping u

OutpuT:  YESiff pis in q(D)

e Does this make sense”?
— Join-eval is PTIME, but join + project NP-hard

» Algorithm for finding solutions:
— Try all tuples one at a time



With graph databases this 1s even worse!

PrROBLEM: Am | an answer?

INPUT: Graph database G
path query ¢ linking src to tgt
path p from src to tgt

OutpuT:  YESiff pisin ¢(G)

» For any reasonable notion of path query in PTIME

 How do we generate the results?
— |terate over all possible paths from srcto tgt



I[s this reasonable?

Sometimes there is an exponential number of those!

query := 7p = ALL SHORTEST WALK (start) = [a*] => (end)

/':'17\8-.L

a \a* a \a‘@/aY



Is this reasonable?

Or infinite!

query := 7p = ALL PATHS (start) = [a*] => (end)

- ° ~

This Is actually a semantic issue!

« start>A—->end

« start>A—>end->start>A->end

o start>A—>end->start>A->end->start>A->end




Enumeration algorithms

What do | do when the output is exponential?

Measure the complexity in terms of |Input| + [Output]

Desiderata:

e Single pass over the data

 Enumerate results one by one without repetitions
 |deally as soon as they are detected (pipelining)



Enumeration algorithms

What do | do when the output is exponential?

Enumeration algorithms:
* A pre-processing phase that ,encodes” the outputs
 Enumeration phase that produces the results

Ideal case — constant delay:

« Single pass over the data O(|G])

« Produce each output in time O(1)
« S0 complexity is |[Input|+|Output|



Enumeration algorithms

What do | do when the output is exponential?

Can we produce a path in O(1)?
* NT=>2n2->n32n4->nd->... ... ... >N,

Graph/path case — output-linear delay:
« Single pass over the data O(|G])

« Produce each output path p in time O(|p|)
— We take O(1) for each element of the path we output
— Basically the time needed to write down the path

« S0 complexity is |[Input|+|Output|



Enumeration algorithms

These have been studied by the PODS community a lot!

Constant delay notion over relational
« Qutput is a single element per variable
« Usually O(c-|Input|) complexity with large ¢ [Segoufin13]

Output-linear delay needed in general
« Used for RegEx analysis [REmatch]
* And very natural for path outputs



Enumeration algorithms

What do | want for graphs/paths?

Desiderata:

« Single pass over the data O(|g|-|Input])
— That can be done incrementally
— Finding the first result pauses the algorithm
— So the complexity will usually be proportional to path size
* Enumerate results one by one without repetitions
— As soon as they are detected (pipelining)
— With output-linear delay (even in the pipelined setting)

Let me show you how this was solved in ‘87
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ANY WALK

ANY (SHORTEST)? WALK (v) = [regex] => (?z)

/Theorem. Let G be a graph database and q the query: )
ANY (SHORTEST)? WALK (v) = [regex| => (7x)

Computing the output of q over G can be done with O(|regex| x |G|) pre-
processing and output-linear delay.
\J _/

How?



Here 1s how

The product construction [MW95]:
— Graph is an automaton
— Regular expression is an automaton
— Do the cross product (on-the-fly to be "efficient”)
— Do reachability check from start states to end states

Which algorithms can do this?
— BFS
— DFS
— A*
— IDDFS

See [MWO5,BDRV17,B13,FMRV23] for details



Basic 1dea

ANY WALK (v) = [a*b] => (7x)

a



Basic 1dea

ANY WALK (v) = [a*b] => (?z)
2 i
()= G

Product graph:

/" \
v, qo v, qp
\ /



Basic 1dea

ANY WALK (v) = [a*b] => (?z)
2 i
()= G

Product graph:

/ \
v, qo v, qF
\ /



Basic 1dea

ANY WALK (v) = [a*b] => (?z)
2 i
()= G

Product graph:

/"’ \
v, qo v, qF
\ /



ANY WALK - on-the-fly

Algorithm 1 Algorithm for 7p = ANY WALK ( (v) = [regex] => (7z) )

1: function ANYWALK(G, q)

2 A + Automaton(regex) > qo init; g final
3 Open.init() > Queue/Stack
4: Visited.init() > Dictionary
5: start < (v, qo, L)

6 Open.push(start)

7 Visited.push(start)

8 while !Open.isEmpty() do

9 curr=0pen.pop() > curr = (n,q, prev)
10: if ¢ == qr then > A solution is found
11: getPath(curr)

12: for next = (n,q") € Neighbours(curr) do

13: if !(next € Visited) then

14: next = (n, ¢, curr)

15: Open.push(next)

16: Visited.push(next)




Let's see

start « (v, qo, L)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
curr=0pen.pop()
if ¢ == qr then
getPath(curr)
for next = (n’,q’) € Neighbours(curr) do
if !(next € Visited) then
next = (n, ¢, curr)
Open.push(next)
Visited.push(next)

ANY WALK (v) = [a*b] => (?z)



Let's see

start « (v, qo, L)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
curr=0pen.pop()
if ¢ == qr then
getPath(curr)
for next = (n’,q’) € Neighbours(curr) do
if !(next € Visited) then
next = (n, ¢, curr)
Open.push(next)
Visited.push(next)

ANY WALK (v) = [a*b] => (?z)

a

OO



Let's see

start « (v, qo, L)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
curr=0pen.pop()
if ¢ == qr then
getPath(curr)
for next = (n/, ¢) € Neighbours(curr) do
if !(next € Visited) then
next = (n, ¢, curr)
Open.push(next)
Visited.push(next)

ANY WALK (v) = [a*b] => (?z)

a

OO



Let's see (v: 90, 1)
Open:

start + (v, qo, L)
Open.push(start)
Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then Visited:
getPath(curr)
for next = (n/, ¢) € Neighbours(curr) do
if !(next € Visited) then
next = (n, ¢, curr) (v, qo0)
Open.push(next)
Visited.push(next)

ANY WALK (v) = [a*b] => (?2) /
a a\
S )
e




Let's see (v: 90, 1)

start « (v, qo, L) Open-
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then Visited:
getPath(curr)
for next = (n/, ¢) € Neighbours(curr) do
if !(next € Visited) then
next = (n, ¢, curr) (v, qo0)
Open.push(next)
Visited.push(next)

ANY WALK (v) = [a*b] => (?2) /
a a\
S )
e




Let's see

start « (v, qo, L) Open-
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then Visited:
getPath(curr)

for next = (n/, ¢) € Neighbours(curr) do
if !(next € Visited) then

next = (n, ¢, curr) (v, q0)
Open.push(next)
Visited.push(next) T
curr
ANY WALK (v) = [a*b] => (?2)
a - ~
o ko)
a a
.t
T




Let's see

start « (v, qo, L) Open:

Open.push(start)
Visited.push(start)
while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then
getPath(curr)

for next = (n’,q") € Neighbours(curr) do
if !(next € Visited) then

next = (n’, ¢, curr) (v, q0)
Open.push(next)
Visited.push(next) T

curr

ANY WALK (v)

]
o
*
.
]
V
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>
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Visited:



Let's see (n1, qo, curr)

start « (v, qo, L) Open:
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qp then Visited:
getPath(curr)
for next = (n’,q") € Neighbours(curr) do (71, 40)
if (next € Visited) then e
next = (n, ¢, curr) (v, qo0)
Open.push(next)
Visited.push(next) T
curr
ANY WALK (v) = [a*b] => (?2)
a
~a
v a 13 b ->u
] l . /r .
I




Let's see

start « (v, qo, L)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
curr=0pen.pop()
if ¢ == qr then
getPath(curr)
for next = (n’,q") € Neighbours(curr) do
if !(next € Visited) then
next = (n, ¢, curr)
Open.push(next)
Visited.push(next)

ANY WALK (v) = [a*b] => (?z)

Open:

(nla qo, CUI’I’)

/

(UaQO)

!

curr

Visited:

(71, q0)

/

° ~
S YIS
T a\l 2



Let's see (n1, qo, curr)

start « (v, qo, L) Open:
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if g ==gr then Visited:
getPath(curr)
for next = (n’,q") € Neighbours(curr) do (71, 40)
if |(next € Visited) then e
next = (n, ¢, curr) (v, qo0)
Open.push(next)
Visited.push(next) T
curr

ANY WALK (v) = [a*b] => (?2)

g

d
e ()




Let's see (n1, qo, curr)

(TLQ) qo, CUI’I’)

start « (v, qo, L) Open:
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then Visited:
getPath(curr)
for next = (n’,¢") € Neighbours(curr) do (n1,qo0)
if (next € Visited) then e
next = (n, ¢, curr) (v, qo0)
Open.push(next)
Visited.push(next) T \
curr (7127610)
ANY WALK (v) = [a*b] => (?2) /
a

43

e--@
!




Let's see (n1, qo, curr)

(TLQ) qo, CUI’I’)

start « (v, qo, L) Open-
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then Visited:
getPath(curr)
for next = (n/, ¢) € Neighbours(curr) do (71, qo)
if |(next € Visited) then —
next = (n, ¢, curr) (v, q0)
Open.push(next)
Visited.push(next) T \
curr (2, qo)
ANY WALK (v) = [a*b] => (?2) /
a
S
- @




Let's see (n2, qo, curr)

start « (v, qo, L) Open:
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then curr Visited:
getPath(curr)

for next = (n/, ¢) € Neighbours(curr) do (71, qo)

if |(next € Visited) then —
next = (n, ¢, curr) (v, q0)
Open.push(next) \

Visited.push(next) (n2,q0)
2,40

ANY WALK (v) = [a*b] => (7z) —_—

o i e ()
\ d




Let's see (n2, qo, curr)

start « (v, qo, L) Open:
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then curr Visited:
getPath(curr)

for next = (n’,¢") € Neighbours(curr) do (n1,qo0)

if (next € Visited) then e
next = (n, ¢, curr) (v, qo0)
Open.push(next) \

Visited.push(next) (n2,q0)
2,40

ANY WALK (v) = [a*b] => (7z) —_—

o i e ()
\ d




Let's see (n2, o, curr)

start « (v, qo, L) Open:
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then curr Visited:
getPath(curr)

for next = (n’,q") € Neighbours(curr) do (71, 40)

if (next € Visited) then e
next = (n, ¢, curr) (v, qo0)
Open.push(next) \

Visited.push(next) (n2,q0)
2,40

ANY WALK (v) = [a*b] => (7z) —_—
~
prENe)




Let's see (n2, o, curr)

start « (v, qo, L) Open:

Open.push(start)
Visited.push(start)
while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == gr then curr Visited:
getPath(curr)
for next = (n’,¢') € Neighbours(curr) do (71, 40)

N
if |(next € Visited) then e
\

next = (n’, ¢, curr) (v, q0)
Open.push(next)

Visited.push(next) (n2,q0)
2,40

ANY WALK (v) = [a*b] => (7z) —_—
~
prENe)




Let's see (n2, o, curr)

start « (v, qo, L) Open:
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then curr Visited:
getPath(curr)

for next = (n’,q") € Neighbours(curr) do (71, 40)

if (next € Visited) then e
next = (n, ¢, curr) (v, qo0)
Open.push(next) \

Visited.push(next) (n2,q0)
2,40

ANY WALK (v) = [a*b] => (7z) —_—

0 ! - ()
\ d




Let's see (n2, qo, curr)

(n?n qo, CUFI’)

start « (v, qo, L) Open:
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then curr Visited:
getPath(curr)

for next = (n’,¢") € Neighbours(curr) do (n1,90) <— (73, 90)

if (next € Visited) then e
next = (n, ¢, curr) (v, qo0)
Open.push(next) \

Visited.push(next) (n2,q0)
2,40

ANY WALK (v) = [a*b] => (7z) —_—

0 ! - ()
\ d




Let's see (n2, qo, curr)

(n?n qo, CUFI’)

start « (v, qo, L) Open:
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then curr Visited:
getPath(curr)

for next = (n/, ¢) € Neighbours(curr) do (71, q0) <— (n3,q0)

if |(next € Visited) then —
next = (n, ¢, curr) (v, q0)
Open.push(next) \

Visited.push(next) (n2,q0)
2,40

ANY WALK (v) = [a*b] => (7z) —_—

o i e ()
\ d




Let's see (13, 4o, curr)

start « (v, qo, L) Open:
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then Visited:
getPath(curr)
for next = (n/, ¢) € Neighbours(curr) do (71, q0) <— (n3,q0)

if |(next € Visited) then —
next = (n, ¢, curr) (v, q0)
Open.push(next) \

Visited.push(next) (n2,qo) g—
2,40 curr

ANY WALK (v) = [a*b] => (?2)




Let's see (13, 4o, curr)

start « (v, qo, L) Open-
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == gr then Visited:
getPath(curr)
for next = (n’,q") € Neighbours(curr) do (n1,4q0) <— (n3,90)

if !(next € Visited) then

next = (n’, ¢, curr) (v, q0)
Open.push(next)
Visited.push(next) \

ANY WALK (v)
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Let's see (13, 4o, curr)

start « (v, qo, L) Open:

Open.push(start)
Visited.push(start)
while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then Visited:
getPath(curr)
for next = (n’,¢') € Neighbours(curr) do (n1,4q0) <— (n3,90)

if !(next € Visited) then

next = (n’, ¢, curr) (v, q0)

Open.push(next)
Visited.push(next)

ANY WALK (v)

]
o
*
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]
V
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Let's see (13, 4o, curr)

start « (v, qo, L) Open:
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then Visited:
getPath(curr)
for next = (n/, ¢) € Neighbours(curr) do (71, q0) <— (n3,q0)

if |(next € Visited) then —
next = (n, ¢, curr) (v, q0)
Open.push(next) \

Visited.push(next) (n2,qo) g—
2,40 curr

ANY WALK (v) = [a*b] => (?2)




Let's see

start « (v, qo, L) Open-
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then Visited:
getPath(curr)
for next = (n/, ¢) € Neighbours(curr) do (71, q0) <— (n3,q0)

if !(next € Visited) then

/
next = (n’, ¢, curr) (v, q0)
\

Open.push(next) curr

Visited.push(next) (n2,q0)
2,40

ANY WALK (v) = [a*b] => (7z) /,\

\

)




Let's see

start « (v, qo, L) Open-
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then Visited:
getPath(curr)
for next = (n’,¢") € Neighbours(curr) do (n1,90) <— (73, 90)

if !(next € Visited) then

/ /
next = (n’, ¢, curr) (v, q0)
\

Open.push(next) curr

Visited.push(next) (n2,q0)
2,40

ANY WALK (v) = [a*b] => (7z) /,\

\

)




Let's see

start « (v, qo, L)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
curr=0pen.pop()
if ¢ == qr then
getPath(curr)
for next = (n’,q") € Neighbours(curr) do
if !(next € Visited) then
next = (n, ¢, curr)
Open.push(next)
Visited.push(next)

ANY WALK (v) = [a*b] => (?z)

Open:

Visited:

(71, 90) <— (13, 90)



Let's see (v, qF, curr)

start « (v, qo, L) Open-
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then Visited:
getPath(curr)
for next = (n’,q") € Neighbours(curr) do (n1,q0) <— (n3,90) <— (v',qF)
if |(next € Visited) then —
next = (n, ¢, curr) (v, q0) T
Open.push(next)
Visited.push(next) \(n ) curr
2,40
ANY WALK (v) = [a*b] => (?2) l
a - a ~
;
a7
\




Let's see (v, qF, curr)

start « (v, qo, L) Open:
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ :t:P qti(then) Visited:
getPath(curr
for next = (n/, ¢) € Neighbours(curr) do (n1,q0) <— (n3,q0) <— (V' qr)
if !(next € Visited) then e
next = (n, ¢, curr) (v, qo) T
Open.push(next)
Visited.push(next) \(n ) curr
2,40
ANY WALK (v) = [a*b] => (?2) / l
a a
S
v a ns — b »| 2’
_y e




Let's see

start « (v, qo, L) Open-
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then Visited:
getPath(curr)
for next = (n/, ¢) € Neighbours(curr) do (n1,q0) <— (n3,q0) <— (V' qr)
if !(next € Visited) then e
next = (n, ¢, curr) (v, qo) T
Open.push(next)
Visited.push(next) \(n ) curr
2,40
ANY WALK (v) = [a*b] => (?z) l
a - a

: ' l e
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Let's see

start « (v, qo, L) Open-
Open.push(start)

Visited.push(start)

while !Open.isEmpty() do

curr=0pen.pop()

if ¢ == qr then Visited:
getPath(curr)
for next = (n/, ¢) € Neighbours(curr) do (n1,q0) <— (n3,q0) <— (V' qr)
if !(next € Visited) then e
next = (n’, ¢, curr) (v, qo) T
Open.push(next)
Visited.push(next) \(n ) curr
2,40
ANY WALK (v) = [a*b] => (?z) l
a - a

: ' l e
b d 2
() Coem



ANY WALK

ANY WALK (v) = [regex| => (7x)

ANY SHORTEST WALK (v) = [regex] => (7x)

/Theorem. Let G be a graph database and q the query:

ANY (SHORTEST)? WALK (v) = [regex| => (7x)

\pmcessz'ng and output-linear delay.

N

Computing the output of q over G can be done with O(|regex| x |G|) pre-

/




Does this work 1n practice?

* MillenniumDB implements it:
— Algorithm works off the bat with B+trees
— Basically EDGE(src, type, tgt, edgeld) relation

— Classical iterator interface
» Results returned as soon as available
» Algorithm pauses when a result is found

« Try it for yourself:

https://mdb.imfd.cl/path_finder/

See [MDB, FMRV23]

DB>


https://mdb.imfd.cl/path_finder/

Does this work 1n practice? m<

DB>

« Wikidata-based benchmark [WDBench]:

— 1.25B edges (60000 edge labels)/300M nodes
— 659 (non-bot) user defined queries ((MKGGB18])
— (700,000 limit — some queries have >10M results, Tmin timeout)

WALK SEMANTICS
I
I
4 | 1
10 i
I
1
I
I
I
I
1

103 4

Time (ms)

101 .

See [MDB, FMRV23]

I (1) MDB-BFS (Any) (2) MDB-DFS (Any)} [(3) SPARQL-1 [@(4) SPARQL-2 [O(5) SPARQL-3



1<

Additional considerations 1
DB>

« CSR-based storage gives better performance [FMRV23]
— CSRs can also be built on-the-fly as needed by the query

Src index tgt
nl 0 T— n2 |

n4 2 n4

1 nl

n2

Graph database G CSR for the label a



1<

Additional considerations 1
DB>

« CSR-based storage gives better performance [FMRV23]
— CSRs can also be built on-the-fly as needed by the query

ANY WALK

104 |

(1) B+Tree (BFS) B (4) CSR-c (DFS)
[1(2) B+Tree (DFS) E(5) CSR-f (BFS)
[ (3) CSR-c (BFS) El(6) CSR-f (DFS)

Time (ms)

1 2 34567289



Additional considerations 2 m<

DB>

 Significant speedups possible when both source and
target are known [XVG19]

— Basically meet-in-the-middle approach to BFS
— This works for queries where start and end are fixed

ANY WALK (start) = [regex| => (end)

ANY WALK

Time (ms)

101 ]

O

1 2
[ (1) MDB [@{2) MDB-Bidirectional




Additional considerations 3

« We construct a compressed representation of the
resulting paths [MNPRVV22]

— Also called path multiset representation (PMR)

(n0,q0) <— (11, Go) <— (n2,q0) <— (n3,q90) <— (n4,q0) <— (15, qF)

D N N N

(nlla QF) (néa QF) (néa QF) (nﬁp QF) (n,57 Q/F)

ng — 1

ng — N1 — N

ng — M1 — Ny — NG

ng — N1 — No — N3 — Ny

ng — N1 — Ny —> N3 — Ny —> N
ng —> N1 —> No — N3 — Mg — Ny,
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ALL SHORTEST WALKS

ALL SHORTEST WALK (v) = [regex] => (?z)

KTheorem. Let G be a graph database and q the query: )
ALL SHORTEST WALK (v) = [regex| => (7z)

Computing the output of q over G can be done with O(|regex| x |G|) pre-
\pmcessing and output-linear delay. )

Same as ANY???



What are we looking for?

ALL SHORTEST WALK (v) = [a*b] => (?z)

a/ d
. e
I



What are we looking for?

ALL SHORTEST WALK (v) = [a*b] => (?z)

¥ / b +
d
I a
e

Path#l:v " nl1 n3—>V

Path#2:v>n2—->n3 >V



How do we do this?

Similar as before:
— Graph is an automaton
— Regular expression is an automaton
— Build the product graph

— Start searching for all shortest paths
« From the start node
o Till hitting a node tagged by an end state of the automaton

How do we find all shortest paths between two nodes?

384



All shortest paths

Let us do this for normal graphs:
- G=(V,E)
— Fixanodev
— For V' reachable from v: enumerate all shortest paths

We use BFS:

— But we will allow revisiting nodes
» When this is done by another shortest path
« We will need to record the shortest path length
« And allow a revisit when the length is the same

385



BFS — all shortest paths

Algorithm 4 All shortest paths reachable from v in G = (V, F)

1. function ALLSHORTEST(G, v)

2 Open.init() > Empty queue
3 Visited.init() > Empty dictionary
4: start < (v,0, L)

5: Open.push(start)

6 Visited.push(start)

7 while !Open.isEmpty() do

8 current=0pen.pop() > current = (n, depth, prevList)
9: enumeratePaths(current) > Enumerate all shortest paths
10: for n’ s.t. (n,n') € E do

11: if I(n’ € Visited) then

12: new = (n/,depth + 1, prevList.init(current))

13: Open.push(new)

14: Visited.push(new)

15: if n’ € Visited then

16: new = Visited.get(n') > new = (n’, depth’, prevList")
17: if depth’ == depth + 1 then > Another shortest path to n’

18: prevList'.add(current) 186




Let's see

Open.init()
Visited.init()
start +— (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ st. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n', depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:

Visited:




Let's see

Open.init()
Visited.init()
start < (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ st. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n', depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:

v,0,pL,

Visited:

(v, 0)




Let's see

Open.init()
Visited.init()
start +— (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ st. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n', depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:

v,0,pL,

Visited:

(v, 0)




Let's see

Open.init()
Visited.init()
start +— (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ st. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n', depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:

Visited:

(v, 0)

T

current




Let's see

Open.init()
Visited.init()
start +— (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ s.t. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n/, depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:

Visited:

(v, 0)

T

current




Let's see

Open.init()
Visited.init()
start +— (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ s.t. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n', depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:

Ty, 17 pl—nl

Visited:

(v, 0)

T

current




Let's see

Open.init()
Visited.init()
start +— (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ s.t. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n', depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:

ni, 17 anl na, 17 pl—n2

Visited:
(nlv 1)
/

(v,0) <— (ng, 1)

T

current




Let's see

Open.init()
Visited.init()
start +— (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ s.t. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n/, depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:

n1717p|—n1 n2:1ap|—n2 n3’]"an3

Visited:
(nlv 1)

/
(U,O) <_(
[ ™

current (ns,1)

o, 1)




Let's see

Open.init()
Visited.init()
start +— (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ st. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n', depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:

i, 17 pl—nl

n2,1,pl,, ns, 1,pl,,,

Visited:

(v,0) <— (ng, 1)

™S

(’I’L3, 1)




Let's see

Open.init()
Visited.init()
start +— (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ st. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n', depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:

no, 17 pl—n2

ns, ]-9 an3

Visited:

current

(1, 1)/

(v,0) <— (ng, 1)

™S

(’I’L3, 1)




Let's see

Open.init()
Visited.init()
start +— (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ s.t. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n/, depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:

na, 17 pl—n2 n3, ]-9 pl—n3

T4, 37 an4

Visited:
0) vl
‘\\\\

(v

current

(1, 1)/

(nQv 1)

(’I’L3, 1)

(n47 2)




Let's see

Open.init()
Visited.init()
start +— (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ st. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n', depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:
no, 17 pl—n2 ns, ]-9 pl—n3 na4, 37 pl—n4
Visited:

(nlv 1)




Let's see

Open.init()
Visited.init()
start +— (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ st. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n', depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:

ns, ]-7 pl—n3 ny,

3,pL,,

Visited:

/
(U,O) D —
\

(nlv 1)

™~

(n27 1)

N

(’I’L3, 1)

(n47 2)

current



Let's see
Open.init()
Visited.init()
start < (v,0, 1)
Open.push(start)

Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop() :
enumeratePaths(current) O PN
for n’ s.t. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n', depth + 1, prevList)

ns3, 1,pL,, | n4,3,pL,,

Open.push(new) Visited:
Visited.push(new) (n4
?
if n’ € Visited then \
(n',d’, prevList') = Visited.get(n') /
if & == depth + 1 then (v,0) <—— (N9, 1) <— (ny4,2)

prevList’.add(current) \

(n3,1)  current



Let's see
Open.init()
Visited.init()
start < (v,0, 1)
Open.push(start)

Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop() :
enumeratePaths(current) O PN
for n’ s.t. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n', depth + 1, prevList)

Open.push(new) cl
Visited.push(new) Visited:

nlv
if n’ € Visited then
(n',d’, prevList') = Visited.get(n') / \

if d' == depth + 1 then (v,0

?’LQ,
prevList’.add(current) \ /

current —» (n3,1)

ng, 37 pl—n4

(n47 2)




Let's see

Open.init()
Visited.init()
start +— (v,0, 1)
Open.push(start)
Visited.push(start)
while !Open.isEmpty() do
current=0Open.pop()
enumeratePaths(current)
for n’ st. (n,n') € F do
if I(n’ € Visited) then
prevList.init(current)
new = (n', depth + 1, prevList)
Open.push(new)
Visited.push(new)
if n’ € Visited then
(n',d’, prevList') = Visited.get(n')
if d == depth + 1 then
prevList’.add(current)

Open:

Visited:

(v,0

/
\

nlv

n27 )

nSa

current

\
/

n4,2)




What about these guys?

ALL SHORTEST WALK (v)-[a*b]->(7x)

@l o ee@

d

Same as before [V22]:

— Run the algorithm on the product graph
— From the start node (v,q,)
— Needs some assumptions (automaton unambiguous)



Basically

Algorithm 1 Evaluation algorithm for a graph database G and an RPQ
query = ALL SHORTEST WALK (v, regex, 7x).

1: function SEARCH(G, query)

2:

w oo N g kW

10:
11:

12:
13:
14.
15:
16:

17:
18:
19:
20:
21:
22:

A < Automaton(regex)
Open.init() > Queue
Visited.init() > Dictionary on (n,q)
startState + (v, qo, 0, L)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do
current <— Open.pop() > current = (n, q, depth,prevList)
if ¢ == qr then
enumAllShortestPaths(current)
for next = (n’,¢") € Neighbors(current, G, A) do
if (n/,q’,*,*) € Visited then
(n',q', depth’,prevList’) « Visited.get(n’, ¢)
if depth + 1 == depth’ then
prevList'.add(current)
else
prevList.init()
prevList.add(current)
newState < (n’, ¢, depth + 1,prevList)
Visited.push(newState)
Open.push(newState)




Let's see ALL SHORTEST WALK (v) = [a*b] => (?z)

Open.init()
Visited.init()
startState < (v, qp, 0, L)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do

current < Open.pop()

if ¢ == g then

enumAllShortestPaths(current)

for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then
(n',q',depth’ ,prevList’) < Visited.get(n', q’)
if depth +1 == depth’ then g
prevList'.add(current) a a

else i ; b _»

prevList.init()

prevList.add{current) a a
newState < (n’,q’, depth + 1,prevList) ~Na
Visited.push(newState)
Open.push(newState)

Open: Visited:
(Ua qo, 03 plv)

(U7QOJ O)




Let's see ALL SHORTEST WALK (v) = [a*b] => (?z)

Open.init()
Visited.init()
startState + (v, qp,0, 1)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do

current < Open.pop()

if ¢ == gy then

enumAllShortestPaths(current)

for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then

(n',q',depth’ ,prevList’) < Visited.get(n', q’)
if depth +1 == depth’ then g
prevList'.add(current) a a
else ~ /
- : > +{v)
prevList.init() K g
prevList.add(current) a a
newState < (n’,q’, depth + 1,prevList) ~a
Visited.push(newState)

Open.push(newState)
Open: Visited:

(v, 90,0)
/

curr




Let's see ALL SHORTEST WALK (v) = [a*b] => (?z)

Open.init()
Visited.init()
startState + (v, qp,0, 1)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do

current <— Open.pop()

if ¢ == g then

enumAllShortestPaths(current)

for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then

(n',q',depth’ ,prevList’) < Visited.get(n', q’)
if depth +1 == depth’ then g
prevList'.add(current) a a
else .< ~~ /
o a b ->
prevList.init() g
prevList.add(current) a a
newState < (n’, ¢, depth + 1,prevList) ~a
Visited.push(newState)
Open.push(newState)
Open: Visited:

(v, 90,0)
/

curr




Let's see ALL SHORTEST WALK (v) = [a*b] => (?z)

Open.init()
Visited.init()
startState + (v, qp,0, 1)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do

current <— Open.pop()

if ¢ == g then

enumAllShortestPaths(current)

for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then \

(n',q',depth’ ,prevList’) < Visited.get(n', q’)
if depth +1 == depth’ then g
prevList'.add(current) a a
else .< ~~ /
o a b ->
prevList.init() g
prevList.add(current) a a
newState < (n’, ¢, depth + 1,prevList) ~a
Visited.push(newState)
Open.push(newState)
Open: Visited:

(v, 90,0)
/

curr




Let's see ALL SHORTEST WALK (v)

Open.init()

Visited.init()

startState + (v, qp,0, 1)

Visited.push(startState)

Open.push(startState)

while !Open.isEmpty() do
current < Open.pop()

if ¢ == g then

enumAllShortestPaths(current)

= [a*b] => (7x)

for next = (n’,q') € Neighbors(current, G, .A) do

if (n',q,*,*) € Visited then \
(n',q',depth’ ,prevList’) < Visited.get(n', q’)
if depth +1 == depth’ then g

prevList'.add(current) a a

else
prevList.init() i
prevList.add(current) a ~ l a

Open:

newState < (n’, ¢, depth + 1,prevList)

Visited.push(newState)

Open.push(newState)

Visited:

(nln qo, ]-7 plnl)




Let's see ALL SHORTEST WALK (v)

Open.init()

Visited.init()

startState + (v, qp,0, 1)

Visited.push(startState)

Open.push(startState)

while !Open.isEmpty() do
current < Open.pop()

if ¢ == g then

enumAllShortestPaths(current)

= [a*b] => (7x)

for next = (n’,q') € Neighbors(current, G, .A) do

Open:

if (n',q,*,*) € Visited then

(n',q',depth’ ,prevList’) < Visited.get(n', q’)
if depth +1 == depth’ then g
prevList'.add(current) a a
else .
v a
prevList.init() K
prevList.add(current) a ~ l a

newState < (n’, ¢, depth + 1,prevList)

Visited.push(newState) /

Open.push(newState)

Visited:

(nln qo, ]-7 plnl)




Let's see ALL SHORTEST WALK (v) = [a*b] => (?z)

Open.init()
Visited.init()
startState + (v, qp,0, 1)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do

current < Open.pop()

if ¢ == g then

enumAllShortestPaths(current)

for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then

(n',q',depth’ ,prevList’) < Visited.get(n', q’)

if depth +1 == depth’ then g
prevList'.add(current) a a ~

prevList.init() g

prevList.add(current) a ~ l a

newState < (n’, ¢, depth + 1,prevList)

Visited.push(newState) /

Open.push(newState)

Open: Visited:
(nln qo, ]-7 plnl)

(RQJ qo, 17 plng)




Let's see ALL SHORTEST WALK (v) = [a*b] => (?z)

Open.init()
Visited.init()
startState + (v, qp,0, 1)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do

current < Open.pop()

if ¢ == gy then

enumAllShortestPaths(current)

for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then

(n',q',depth’ ,prevList’) < Visited.get(n', q’)
if depth +1 == depth’ then g
prevList'.add(current) a a
o oS
. v a T3 b » v
prevList.init() g
prevList.add(current) a l a
newState < (n’,q’, depth + 1,prevList) ~Na
Visited.push(newState)
Open.push(newState)
Open: Visited:
Lol CUIT sy (121, G, 1)
(Tlg, do, L, P ’n,2)
/
(Ua q0, O)
\

(n27 qo, 1)



Let's see ALL SHORTEST WALK (v) = [a*b] => (?z)

Open.init()
Visited.init()
startState + (v, qp,0, 1)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do

current < Open.pop()

if ¢ == g then

enumAllShortestPaths(current)

for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then

(n',q',depth’ ,prevList’) < Visited.get(n', q’)
if depth +1 == depth’ then g
prevList'.add(current) a a
else X \ b ->
prevList.init() g
prevList.add(current) a l a
\

newState < (n’,q’, depth + 1,prevList)

Visited.push(newState) /

Open.push(newState)

Open: Visited:
(Tlg, do, ]-7 plng)

CUIT - (127, Gy, 1)
el
(”U,QQ,U)
~
(12,40, 1)




Let's see ALL SHORTEST WALK (v) = [a*b] => (?z)

Open.init()
Visited.init()
startState + (v, qp,0, 1)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do

current <— Open.pop()

if ¢ == g then

enumAllShortestPaths(current)

for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then

(n'. ¢’ depth’ prevlist') « Visited.get(n', q’)
- p 1
if depth + 1 == depth’ then /
prevList’.add(current) a a
else ~ /
: ()=~
prevList.init() g
prevList.add(current) a ~ l a

newState < (n’,q’, depth + 1,prevList)

Visited.push(newState) /

Open.push(newState)

Open: Visited:
(Tlg, do, ]-7 plng)

CUIT - (127, Gy, 1)
el
(”U,QQ,U)
~
(12,40, 1)




Let's see ALL SHORTEST WALK (v) = [a*b] => (?z)

Open.init()
Visited.init()
startState + (v, qp,0, 1)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do

current < Open.pop()

if ¢ == g then

enumAllShortestPaths(current)

for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then

(n',q',depth’ ,prevList’) < Visited.get(n', q’)
if depth + 1 == depth’ then o \
prevList'.add(current) a a
o oS
o v a T3 b » v
prevList.init() g
prevList.add(current) a l a
newState < (n’, ¢, depth + 1,prevList) ~a
Visited.push(newState)
Open.push(newState)
Open: Visited:
Lol CUIT sy (121, ¢, 1)
(Tlg, do, L, P ?’1‘,2)
(n37qoa :png) (U7QQ,U) (ﬂ3,QO;2)
\

(n27 qo, 1)



Let's see ALL SHORTEST WALK (v) = [a*b] => (?z)

Open.init()
Visited.init()
startState + (v, qp,0, 1)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do

current < Open.pop()

if ¢ == gy then

enumAllShortestPaths(current)

for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then

(n',q',depth’ ,prevList’) < Visited.get(n', q’)
if depth + 1 == depth’ then o \

prevList'.add(current) a a

o oS
. v a T3 b » v
prevList.init() g
prevList.add{current) a l a
newState < (n’,q’, depth + 1,prevList) ~Na
Visited.push(newState)
Open.push(newState)
Open: Visited:
(ns %0 9 pl ) (nla 40 1)
» 40» =5 Plna / *_
(Ua(JOJO) (n37q072)
\

curr _> (ng, do, 1)



Let's see ALL SHORTEST WALK (v) = [a*b] => (?z)

Open.init()
Visited.init()
startState + (v, qp,0, 1)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do

current < Open.pop()

if ¢ == g then

enumAllShortestPaths(current)

for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then

(n’,q', depth’ prevList") « Visited.get(n', ¢')
. 1
if depth +1 == depth’ then g
prevList’.add(current) a a
else ~ /
. v a T3 b » v
prevList.init() g
prevList.add(current) a l a
newState < (n’,q’, depth + 1,prevList) ~a /
Visited.push(newState)

Open.push(newState)

Open: Visited:
(’I’Lg, do, 27 p|n3)




Let's see ALL SHORTEST WALK (v) = [a*b] => (?z)

Open.init()
Visited.init()
startState + (v, qp,0, 1)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do

current < Open.pop()

if ¢ == g then

enumAllShortestPaths(current)

for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then

(n’,q', depth’ prevList") « Visited.get(n', ¢')
. 1
if depth +1 == depth’ then g
prevList’.add(current) a a
else ~ /
. v a T3 b » v
prevList.init() g
prevList.add(current) a l a
newState < (n’,q’, depth + 1,prevList) ~a /
Visited.push(newState)

Open.push(newState)

Open: Visited:
(’I’Lg, do, 27 p|n3)




Let's see

Open.init()
Visited.init()
startState + (v, qp,0, 1)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do
current <— Open.pop()
if ¢ == g then
enumAllShortestPaths(current)
for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then
(n’,q', depth’ prevList") « Visited.get(n', ¢’)
if depth +1 == depth’ then
prevList'.add(current)
else
prevList.init()
prevList.add(current)
newState < (n’,q’, depth + 1,prevList)
Visited.push(newState)
Open.push(newState)

Open: Visited:

ALL SHORTEST WALK (v) = [a*b] => (?2)




Let's see

Open.init()

Visited.init()

startState + (v, qp,0, 1)

Visited.push(startState)

Open.push(startState)

while !Open.isEmpty() do
current < Open.pop()
if ¢ == g then

enumAllShortestPaths(current)

for next = (n’,q') € Neighbors(current, G, .A) do

Open:

if (n',q,*,*) € Visited then
(n’,q', depth’ prevList") « Visited.get(n', ¢’)
if depth +1 == depth’ then

prevList'.add(current)

else
prevList.init()
prevList.add(current)
newState < (n’, ¢, depth + 1,prevList)
Visited.push(newState)
Open.push(newState)

Visited:

ALL SHORTEST WALK (v) = [a*b] => (?2)




Let's see

Open.init()
Visited.init()
startState + (v, qp,0, 1)
Visited.push(startState)
Open.push(startState)
while !Open.isEmpty() do
current <— Open.pop()
if ¢ == gr then
enumAllShortestPaths(current)
for next = (n’,q') € Neighbors(current, G, .A) do
if (n',q,*,*) € Visited then
(n’,q', depth’ prevList") « Visited.get(n', ¢’)
if depth +1 == depth’ then
prevList'.add(current)
else
prevList.init()
prevList.add(current)
newState < (n’, ¢, depth + 1,prevList)
Visited.push(newState)
Open.push(newState)

Open: Visited:

ALL SHORTEST WALK (v) = [a*b] => (?2)




ALL SHORTEST WALKS

ALL SHORTEST WALK (v) = [regex] => (?z)

/Theorem. Let G be a graph database and q the query: )
ALL SHORTEST WALK (v) = [regex| => (7z)

Computing the output of q over G can be done with O(|regex| x |G|) pre-
\pmcessing and output-linear delay. )

How come the complexity is the same as for ANY?
— Nothing extra is pushed onto the queue
— Sure, some additional edges are added to Visited
— But these were traversed in the standard BFS as well



Same as ANY

Yes, but you might have many more paths!

query = ALL SHORTEST WALK (start) = [a*] => (end)

P o

PN



Same as ANY

Yes, but you might have many more paths!

query = ALL SHORTEST WALK (start) = [a*] => (end)

Exponentially more compact representation of the results

See [MNPRVV22] for details



Does this work 1n practice? M<

DB>

« Wikidata-based benchmark [WDBench]:
— 1.25B edges (60000 edge labels)/300M nodes
— 659 (non-bot) user defined queries ((MKGGB18])

— (700,000 limit — some queries have >10M results, Tmin timeout)

See [MDB, FMRV23]

WALK SEMANTICS
1 1
1 1

4 1 1
10 T ] ]
1 1

1 1

1 1

1 1

1 1

1 1

1 1

1

10°

fididad

1 2 3 4 5

Time (ms)

6
I (1) MDB-BFS {Any) E(2) MDB-DFS (Any) (3) SPARQL-1 [E(4) SPARQL-2 (5) SPARQL-3 [ (6) MDB (All Shortest)



Considerations 1

 How does CSR perform?

ALL SHORTEST WALK

103 -

102 A

101 -

DB>

(1) B+Tree (BFS)
1 (3) CSR-c (BFS)
1(5) CSR-f (BFS)



Considerations 2 m<

DB>

 All assumptions on automaton can be lifted [DFM23]
« Same CSR/B+tree discussion applies

« For fixed (src,tgt) two-way approach has issues

ANY WALK ALL SHORTEST WALK

|

102 4

Time {(ms)

101 E

= T
1 2 1 2
(1) MDB [@(2) MDB-Bidirectional




Considerations 3

query = ALL SHORTEST WALK (start) = [a*] => (end)

o o 2, (Un)

\a*v2 a \a*@/aY

« The compressed representation (PMR) really shines:

a_|U1

(ul:qml) (UQJQU:S) (un,qo,Zn— 1)
“cl/ va\ ‘a/ va\
(St‘rﬂ‘t’qO, 0) (“}23 qo, 2) (TUSJ 40, 3)

~_
S~ ez S~ r i

(Ulaqﬂal) (U25QO73) (UH7QO52H_ 1)

(endaqou 2?’1/)
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Simple paths and Trails




Simple paths

ANY SIMPLE (v) = [regex| => (7x)

-~

Theorem. Let G be a graph database and q the query:
ANY SIMPLE (v) = [regex| => (7x)

Chekcing whether q has a single answer over GG is NP-complete.

\

What is the problem here?



Simple paths — when to stop?

ANY SIMPLE (v) = [atb] => (?2)

/b< b @
£ o
Shortest: v=>nl>v-2>V

—  for a*b

Simple: v=>nl—>n2->n3-2>V



Simple paths — the 1dea

The algorithm is quite stupid (as any NP-hard one):
 [terate over all possible paths in the product graph
 |f the path in the original graph is simple continue
 |f the path is not simple stop extending it

Why does this terminate?
« Max path length = |V|
« So |V|VI candidates



ANY SIMPLE

Algorithm 1 Algorithm for ?p = ANY SIMPLE ( (v) = [regex| => (7x) )

1:
2
3
4:
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:

function ANYSIMPLE(G, q)

A <+ Automaton(regex) > qg initial, gp final
Open.init() > Queue of searchStates
Visited.init() > Set coding visited paths in G
ReachedFinal.init() > Discovered solutions

start + (v, qo, L)
Visited.push(start)
Open.push(start)

while !Open.isEmpty() do

current <— Open.pop() > current = (n, g,prev)
for next = (n’,q¢’) € Neighbors(current, G, A) do
if isSimple(current, n) then > Extending with n’ is OK

new < (n/, ¢ ,current)
Visited.push(new)
Open.push(new)
if ¢ == g then > Solution is found
if n’ ¢ ReachedFinal then > For the first time
ReachedFinal.add(n')
getPath(new)




Let's see

start « (v, qo, L)
Visited.push(start)
Open.push(start)
while !Open.isEmpty() do
current < Open.pop()
for (n’,q') € Neighbors(current) do
if isSimple(current, n’) then
new < (n’, ¢, current)
Visited.push(new)
Open.push(new)
if ¢ == gr then
if n’ ¢ ReachedFinal then
ReachedFinal.add(n')
getPath(new)

Open:

Visited:

ANY SIMPLE (v) = [a*b] => (?2)




Let's see

start « (v, qo, L)
Visited.push(start)
Open.push(start)
while !Open.isEmpty() do
current < Open.pop()
for (n’,q') € Neighbors(current) do
if isSimple(current, n’) then
new < (n’, ¢, current)
Visited.push(new)
Open.push(new)
if ¢ == gr then
if n’ ¢ ReachedFinal then
ReachedFinal.add(n')
getPath(new)

Open:
- (000, 1)

(U: QO)

Visited:

ANY SIMPLE (v) = [a*b] => (?2)




Let's see

start « (v, qo, L)
Visited.push(start)
Open.push(start)
while !Open.isEmpty() do
current <— Open.pop()
for (n’,q') € Neighbors(current) do
if isSimple(current, n’) then
new < (n’, ¢, current)
Visited.push(new)
Open.push(new)
if ¢ == gr then
if n’ ¢ ReachedFinal then
ReachedFinal.add(n')
getPath(new)

Open:
- (000, 1)

(U: QO)

Visited:

ANY SIMPLE (v) = [a*b] => (?2)




Let's see

start < (v, qo, L)
Visited.push(start)
Open.push(start)
while !Open.isEmpty() do
current <— Open.pop()
for (n’,q') € Neighbors(current) do
if isSimple(current, n’) then
new < (n’, ¢, current)
Visited.push(new)
Open.push(new)
if ¢ == gr then
if n’ ¢ ReachedFinal then
ReachedFinal.add(n')
getPath(new)

N\

Open: Visited:

(U: QO)

~

curr

ANY SIMPLE (v) = [a*b] => (?2)

-4 b n3
/ |

’ 0
-



Let's see

start < (v, qo, L)
Visited.push(start)
Open.push(start)
while !Open.isEmpty() do
current < Open.pop()
for (n',q') € Neighbors(current) do
if isSimple(current, n’) then
new < (n’, ¢ ,current)
Visited.push(new)
Open.push(new)
if ¢ == gr then
if n’ ¢ ReachedFinal then
ReachedFinal.add(n')
getPath(new)

N\

Open: Visited:

(U: QO)

~

curr

ANY SIMPLE (v) = [a*b] => (?2)

-4 b n3
/ |

’ 0
-



, ANY SIMPLE (v) = [atb] => (72)
Let's see

start < (v, qo, L) \

Visited.push(start) b
Open.push(start) o
while !Open.isEmpty() do

current < Open.pop()
for (n',q') € Neighbors(current) do

if isSimple(current, n’) then _ v - b N3
new < (n', ¢ ,,current) o A
Visited.push(new) / a
Open.push(new) \ |
if ¢ == ¢r then l } a > 1o
if n’ ¢ ReachedFinal then \ - b
ReachedFinal.add(n')
getPath(new)
Open: Visited:

(U: QO)

~

curr




Let's see

start < (v, qo, L)
Visited.push(start)
Open.push(start)

while !Open.isEmpty() d

if isSimple(current, n’) then
new < (n’, ¢ ,,current)
Visited.push(new)
Open.push(new)
if ¢ == gr then
if n’ ¢ ReachedFinal then
ReachedFinal.add(n')
getPath(new)

Open: Visited:

curr

~

ANY SIMPLE (v) = [a*b] => (?2)




, ANY SIMPLE (v) = [atb] => (?2)
Let's see

start < (v, qo, L) \
Visited.push(start) b
Open.push(start) o
while !Open.isEmpty() do

current < Open.pop()

for (n',q') € Neighbors(current) do —_ o
if isSimple(current, n’) then v'j b n3

new < (n', ¢ ,,current) 7 A
Visited.push(new) / a
Open.push(new) \ |

if ¢ == gr then O
if n’ ¢ ReachedFinal then \ - b
ReachedFinal.add(n')
getPath(new)

Open: Visited:

(nl » 41, prev)

(v, o) <— (n1,q1)

~

curr




Let's see

start « (v, qo, L)
Visited.push(start)
Open.push(start)

while !Open.isEmpty() do

current <— Open.pop()
for (n’,q') € Neighbors(current) do

Open:

ANY SIMPLE (v) = [a*b] => (?2)

if isSimple(current, n’) then
new < (n’, ¢, current)
Visited.push(new)
Open.push(new)
if ¢ == gr then

if n’ ¢ ReachedFinal then

ReachedFinal.add(n')

getPath(new)

(nl » 41, prev)

Visited:

(v, o) <— (n1,q1)

~

curr

b
A
d
I
d > 719




, ANY SIMPLE (v) = [atb] => (?2)
Let's see

start « (v, qo, L)
Visited.push(start)
Open.push(start)
while !Open.isEmpty() do
current <— Open.pop()
for (n’,q') € Neighbors(current) do

if isSimple(current, n’) then v | b ng
new < (n', ¢ ,current) b o A
Visited.push(new) a
/ N |

Open.push(new) R
if ¢/ == qr then @ a > N2
if n’ ¢ ReachedFinal then N~ -
ReachedFinal.add(n')
getPath(new)

Open: Visited:

(v, o) <— (n1,q1)

-

curr




, ANY SIMPLE (v) = [atb] => (72)
Let's see

start < (v, qo, L)
Visited.push(start)
Open.push(start)
while !Open.isEmpty() do
current < Open.pop()
for (n',q') € Neighbors(current) do

if isSimple(current, n’) then /-V_ v’ - b ng
new < (n', ¢ ,,current) b o A
Visited.push(new) / a

Open.push(new) a \A\ |
if ¢/ == qr then @ a > N2
if n’ ¢ ReachedFinal then N~ . _— —
ReachedFinal.add(n')
getPath(new)

Open: Visited:

(v, o) <— (n1,q1)

-

curr




Let's see

start < (v, qo, L)
Visited.push(start)
Open.push(start)
while !Open.isEmpty() do
current < Open.pop()
for (n',q') € Neighbors(current) do
if isSimple(current, n’) then
new < (n',q’,,current)
Visited.push(new)
Open.push(new)
if ¢ == gr then
if n’ ¢ ReachedFinal then
ReachedFinal.add(n')
getPath(new)

ANY SIMPLE (v) = [a*b] => (?2)

.
(D=

Open: Visited:

(v, o) <— (n1,q1)

-

curr



Let's see

start < (v, qo, L)

Visited

.push(start)

Open.push(start)

while !Open.isEmpty() do
current < Open.pop()
for (n',q') € Neighbors(current) do

ANY SIMPLE (v) = [a*b] => (?2)

.
(D=

if isSimple(current, n’) then

Open:

new < (n’, ¢ ,,current)
Visited.push(new)
Open.push(new)

if ¢ == gr then

/.
if n’ ¢ ReachedFinal then

ReachedFinal.add(n')

getPath(new)

Visited:

(v, o) <— (n1,q1)

-

curr




Let's see

start < (v, qo, L)
Visited.push(start)
Open.push(start)

while !Open.isEmpty() d

if isSimple(current, n’) then
new < (n’, ¢ ,,current)
Visited.push(new)
Open.push(new)
if ¢ == gr then
if n’ ¢ ReachedFinal then
ReachedFinal.add(n')
getPath(new)

Open: Visited:

ANY SIMPLE (v) = [a*b] => (?2)

N

(v, q0) <— (n1,q1)

-

curr



, ANY SIMPLE (v) = [atb] => (?z)
Let's see

start < (v, qo, L)
Visited.push(start)
Open.push(start)

while !Open.isEmpty() d

if isSimple(current, n’) then
new < (n’, ¢ ,,current)
Visited.push(new)
Open.push(new)
if ¢ == gr then
if n’ ¢ ReachedFinal then
ReachedFinal.add(n')
getPath(new)

Simple path in

.. he prod
Open: Visited: S PIORHE
(Ule)




, ANY SIMPLE (v) = [atb] => (72)
Let's see

start < (v, qo, L) \
Visited.push(start) 5 b
Open.push(start) e o
while !Open.isEmpty() do

current < Open.pop()
for (n',q') € Neighbors(current) do

if isSimple(current, n’) then /-V_ v’ - b ng
new < (n', ¢ ,,current) b o A
Visited.push(new) a
Open.push(new) 2 |
if ¢ == ¢r then N2
if n’ ¢ ReachedFinal then N~ g — R
ReachedFinal.add(n')
getPath(new)
Open: Visited:

(v, o) <— (n1,q1)

-

curr




, ANY SIMPLE (v) = [atb] => (72)
Let's see

start < (v, qo, L) \
Visited.push(start) 5 b
Open.push(start) e o
while !Open.isEmpty() do

current < Open.pop()
for (n',q') € Neighbors(current) do

if isSimple(current, n’) then /-V_ v’ - b ng
new < (n', ¢ ,,current) b o A
Visited.push(new) / a

Open.push(new) a \A\ |
P -
if n’ ¢ ReachedFinal then N~ —
ReachedFinal.add(n')
getPath(new)

Open: Visited:

(n27 q1, pFEV)

(v,q0) <— (n1,q1)

P N

curr 72,2,(]1)




Let's see

start + (v

9QO7L)

Visited.push(start)
Open.push(start)

while !Open.isEmpty() do

current <— Open.pop()

for (n’

Open:

if ¢

ANY SIMPLE (v) = [a*b] =

> (7x)

q') € Neighbors(current) do

if isSimple(current, n’) then
new < (n’, ¢, current)
Visited.push(new)
Open.push(new)

qr then

if n’ ¢ ReachedFinal then N~ 5 —

ReachedFinal.add(n')

getPath(new)

(n27 q1, prev)

Visited:

(v,q0) <— (n1,q1)

P N

curr 72,2,(]1)




Let's see

start « (v, qo, L)
Visited.push(start)
Open.push(start)
while !Open.isEmpty() do
current <— Open.pop()
for (n’,q') € Neighbors(current) do
if isSimple(current, n’) then
new < (n’, ¢, current)
Visited.push(new)
Open.push(new)
if ¢ == gr then
if n’ ¢ ReachedFinal then
ReachedFinal.add(n')
getPath(new)

ANY SIMPLE (v) = [a*b] => (?2)

/—P v |- b N3

Open: Visited:

curr

)\1

(n2,q1)

(U: QO) . (nla q1



Let's see

start < (v, qo, L)

Visited

.push(start)

Open.push(start)

while !Open.isEmpty() do
current < Open.pop()
for (n',q') € Neighbors(current) do

Open:

if isSimple(current, n’) then
new < (n',q’,,current)
Visited.push(new)
Open.push(new)
if ¢ == gr then

if n’ ¢ ReachedFinal then

ANY SIMPLE (v) = [a*b] => (?2)

.
(D=

ReachedFinal.add(n')

getPath(new)

(n37 q1, prev)

Visited:

(U: QO) . (nla q1

b A, y

ns3

curr

)\1

(n2,q1) <— (n3,q1)

> 719



Let's see

start « (v, qo, L)

Visited

.push(start)

Open.push(start)

while !Open.isEmpty() do
current <— Open.pop()
for (n’,q') € Neighbors(current) do

Open:

if isSimple(current, n’) then
new < (n’, ¢, current)
Visited.push(new)
Open.push(new)
if ¢ == gr then

if n’ ¢ ReachedFinal then

ANY SIMPLE (v) = [a*b] => (?2)

ReachedFinal.add(n')

getPath(new)

(n37 41, prev)

Visited:

(U: QO) . (nla q1

curr

)\1

(n2,q1) <— (n3,q1)



Let's see

start « (v, qo, L)
Visited.push(start)
Open.push(start)
while !Open.isEmpty() do
current <— Open.pop()
for (n’,q') € Neighbors(current) do
if isSimple(current, n’) then
new < (n’, ¢, current)
Visited.push(new)
Open.push(new)
if ¢ == gr then
if n’ ¢ ReachedFinal then
ReachedFinal.add(n')
getPath(new)

ANY SIMPLE (v) = [a*b] => (?2)

/—P v |- b N3

Open: Visited:

curr
(v, o) <— (n1,q1)
™~

(n2,q1) <— (n3,q1)



Let's see

start < (v, qo, L)
Visited.push(start)
Open.push(start)
while !Open.isEmpty() do
current < Open.pop()
for (n',q') € Neighbors(current) do
if isSimple(current, n’) then
new < (n',q’,,current)
Visited.push(new)
Open.push(new)
if ¢ == gr then
if n’ ¢ ReachedFinal then
ReachedFinal.add(n')
getPath(new)

ANY SIMPLE (v) = [a*b] => (?2)

o
N
/—FU,_ 3
a \
1
a —

/

Open: Visited:

curr
(v, o) <— (n1,q1)
™~

(n2,q1) <— (n3,q1)



, ANY SIMPLE (v) = [atb] => (72)
Let's see

start < (v, qo, L)

Visited.push(start)

Open.push(start) e
b

a
=(1)
while !Open.isEmpty() do
current < Open.pop() \
for (n',q') € Neighbors(current) do —_ o
if isSimple(current, n’) then /—>7U'7 n3
a \
ni
a —

new < (n',q’,,current)

Visited.push(new) /

Open.push(new) |

if ¢/ == qr then O a > N2
if n’ ¢ ReachedFinal then N~ R

ReachedFinal.add(n')
getPath(new)

Open: Visited:

curr

(v, q0) <— (n1,4q1) 1

™~

(n2,q1) <— (n3,q1) <— (v, qF)




, ANY SIMPLE (v) = [atb] => (?2)
Let's see

a
start < (v, qo, L) \
Visited.push(start) 5
Open.push(start) @ o

while !Open.isEmpty() do
current < Open.pop()
for (n’,q') € Neighbors(current) do o
if isSimple(current, n’) then /-> v’ n3
new < (n’, ¢, current)
Visited.push(new)

Open.push(new) / a8~ |
if ¢ == qr then )
if n’ ¢ ReachedFinal then \ - —

ReachedFinal.add(n')
getPath(new)

Open: Visited:

curr

(v, q0) <— (n1,4q1) 1

™~

(n2,q1) <— (n3,q1) <— (v, qF)




, ANY SIMPLE (v) = [aTb] => (?2)
Let's see

start < (v, qo, L)
Visited.push(start)
Open.push(start)
while !Open.isEmpty() do
current < Open.pop() \
for (n',q') € Neighbors(current) do pun. PR
if isSimple(current, n’) then v | b n3
new < (n’, ¢, current) o A
Visited.push(new)
Open.push(new) T~ 1
if ¢ == gr then @ a > N9 |
if n’ ¢ ReachedFinal then — g — e
Reachedtinal.add(n')
getPath(new)

Open: Visited:

curr

(v,q0) <— (n1,q1) 1

™~

(n27QI) - (n3>QI) R (UlﬁqF)




, ANY SIMPLE (v) = [atb] => (?2)
Let's see

a

start « (v, qo, L) \

Visited.push(start) 5

Open.push(start) @ o

while !Open.isEmpty() do

current < Open.pop() \

for (n’,q') € Neighbors(current) do —_ o

if isSimple(current, n’) then v n3

new < (n', ¢ ,current) b o
Visited.push(new)

Open.push(new) / A~ |
if ¢ == qr then )
if n’ ¢ ReachedFinal then — y .

[Reached Final.add(n') ]

getFath(new)
Open: Visited: ReachedFinal:{v'}
curr
(v, g0) <— (n1,01)
\

(n2,q1) <— (n3,q1) <— (v, qF)




, ANY SIMPLE (v) = [atb] => (?2)
Let's see

a

start < (v, qo, L) \

Visited.push(start) 5

Open.push(start) @ o

while !Open.isEmpty() do

current < Open.pop() \

for (n’,q') € Neighbors(current) do —_ o

if isSimple(current, n’) then v n3

new < (n', ¢ ,current) b o
Visited.push(new)

Open.push(new) / A~ |
if ¢’ = qr then )
if n’ ¢ ReachedFinal then — y .

ReachedFinal.add(n')

[getPath(neW) ]
Open: Visited: ReachedFinal:{v'}
curr
(v,90) <— (11,q1)
\
(nQa QI) D (n3>QI) D (’va QF)




And this guy?

SIMPLE (v) = [regex] => (7x)

Algorithm 1 Algorithm for ?7p = SIMPLE ( (v) = [regex| => (7z) )

1: function ANYSIMPLE(G, q)

2 A < Automaton(regex) > qp initial, gp final
3 Open.init() > Queue of searchStates
4: Visited.init() > Set coding visited paths in G
5: start < (v, qo, L)

6 Visited.push(start)

7 Open.push(start)

8 while !0Open.isEmpty() do

0: current <— Open.pop() > current = (n, q,prev)
10: for next = (n,q") € Neighbors(current, G, .A) do

11: if isSimple(current, n’) then > Extending with n/ is OK
12: new < (n', ¢ ,current)

13 Visited.push(new)

14 Open.push(new)

15: if ¢ == qr then > Solution is found

16: getPath(new)




And this guy?

Needs to be

unambiguous

SIMPLE (v) = [regex| => (7x)

Algorithm 1 Algorithm for 7p = SIMPL ) = [regex| => (7x) )
1: function ANYSIMPLE(G, q)

2 A < Automaton(regex) > qp initial, gz final
3 Open.init() > Queue of searchStates
4: Visited.init() > Set coding visited paths in G
5: start < (v, qo, L)
6

7

8

9

Visited.push(start)
Open.push(start)
while !Open.isEmpty() do

: current <— Open.pop() > current = (n, q,prev)
10: for next = (n’,q") € Neighbors(current, G, A) do
11: if isSimple(current, n’) then > Extending with n/ is OK
12: new < (n’,q ,current)
13 Visited.push(new)
14; Open.push(new)
15: if ¢ == ¢ then > Solution is found

16: getPath(new)




In general

Easily extended to:

« ANY SHORTEST SIMPLE (we already did this)
« ALL SHORTEST SIMPLE (a bit of work)

« TRAIL

Basically, all the same algorithm



Does this work 1n practice?

TRAIL SEMANTICS
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DB>

Does this work 1n practice?

TRAIL SEMANTICS

WALK SEMANTICS
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Almost the same as "tractable" semantics!



TLDR; on path queries

Product graph construction [MW95]:
» Robust enough to support GQL requirements
— We just use a different graph exploration method

« Can be coupled with different graph storage model
— We tested for B+trees and CSR

« Compact representation of query results (when possible)
— Exponential savings for ALL SHORTEST

» Pipelined execution easy to achieve
— Pause/resume as soon as one path is found

» Works on real-world graphs
— At least on Wikidata with user defined queries

Basically not a bad way to go!



What next?

We only discussed a single path query on its own
— CRPQ evaluation is still quite unexplored

No attribute values considered in our queries
— Reasoning on those can be algorithmically challenging [LMV16]

Aggregation over paths is highly contentious
— Easily becomes undecidable [GPC23]

GQL is still adding new features
— Group variables introduce some intersting challenges [GQLDigest23]

Lots of interesting problems to solve!
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IMFD Chile

* The graph engine we built:

MillenniumDB

DB>



Kevy highlights of MillenniumDB m<
yhighls DB>

 RDF/SPARQL & Property Graphs/GQL

— Inside of the same engine
— SPARQL path queries extended with GQL-inspired features

« (Classical database pipeline
— Quasi-relational

* Focus on support for public query endpoints
— MVCC-based concurrency control
— Readers always go through
— Cental update mechanism



Implementation details DB>

« Worst-case optimal join processing
— Excelent join performance
— Storage/update heavy

« Path queries
— First engine supporting all GQL path queries
— Builds on the theoretical concept of enumeration algorithms

« B+tree storage
— Multiple permutations supporting wco-joins
— Leaf compression (Wikidata shows huge savings)
— Also support for CSR for path queries



Architecture of MillenniumDB

STRINGFILE < = -

OBJECTS <= - -

-
DOMAINGRAPH 47,2

L 4
LABELS L/,’
PROPERTIES *,’

V4
EDGETABLE <

o

Bufler Manager

Indexing

Storage Manager

Parser

Query Rewrite

i

$

. Query Processor
Disk /\ )

RDF

Optimizer

Evaluation

| -
~

1<
DB>

vy WCO
- >» Cost-based

“A Path queries

Triples(subject, predicate, object)

Connections(src, label, tgt, eld)

PGs

Labels(objectId, label)

Properties(objectId, key, value)




Try 1t yourself DB>

https.//github.com/MillenniumDB/MillenniumDB



https://github.com/MillenniumDB/MillenniumDB

Try 1t yourself

https://wikidata.imfd.cl

https://mdb.imfd.cl/path_finder

https://bibkg.imfd.cl/

https://telarkg.imfd.cl/



https://wikidata.imfd.cl/
https://mdb.imfd.cl/path_finder
https://bibkg.imfd.cl/
https://telarkg.imfd.cl/
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Conclusions

Theoreticians got your back!

Two useful theoretical approaches
» Worst-case optimal (Leapfrog published in ICDT)
« Path queries (early PODS work)

An entire framework thought for practice
 Enumeration algorithms

Theoreticians can help practical work!



Try MillenniumDB DB>

https.//github.com/MillenniumDB/MillenniumDB



https://github.com/MillenniumDB/MillenniumDB

Thank you!
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