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Entities related to Spain

.StartFrom(519480106787667)
.VisitNode( => .continue if( .dice(®.1)))

.VisitNode( => .continue if( .dice(®.1)))
.VisitNode( => .return if( .has cell 1d(519480186787667)))

A graph query example




Entities related to Spain
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Mountains in Spain

.StartFrom("Spain™)
.FollowEdge("location location contains™)|

VisitNode( .Continue & .return_if( .type("geography mountain®)))
.FollowEdge("location location contains™)

VisitNode( _.return_1f(_ .type("geography mountain”)))

A graph query example




Mountains in Spain
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Graph processing scenarios

Online query processing + Offline analytics



A real-life relation searchscenario

A NewsHeadline

Tom CruiseAdmitsKatie HolmeDivorcedHim To ProtectSuriFrom Scientology

€ TomCruiseg people.person.marriage (marriage) ¢ time.event.persorg Katie Holmes

©@ TomCruiseg people.person.childrer (SuriCruisg ¢ people.person.pareng, Katie Holmes

© TomCruisec film.actor.filmg (BambiVerleihung2007) ¢ film.filmactor ¢ Katie Holmes




Relationsearch in knowledge graph

Entity A - - - ~» Entity B l

Multi-hop RelationSearch

@ Discoverthe hidden relations betweenentities

@ Enablemore than what entity indexescansupport

s



Search result®f Google

GO gle Tom Cruise, Katie Holmes “

Web News Images Videos Shopping More ~ Search tools

About 19,600,000 results (0.40 seconds)

Tom Cruise Admits Katie Holmes Divorced Him To Protect ...
www.huffingtonpost.com/.. /tom-cruise-katie-holmes-protect-su... ~

- by Stephanie Marcus

Nov 8, 2013 - Tom Cruise has admitted that Katie Holmes filed for divorce in
part because of his involvement in the controversial Church of Scientology.

i

Images for Tom Cruise, Katie Holmes Report images

More images for Tom Cruise, Katie Holmes

Tom Cruise Comes Clean on Role of Scientology in Divorce ...
abcnews.go.com » Entertainment ¥ ABC News ~

Nov 9, 2013 - Amidst his court battle against tabloid headlines, Tom Cruise admitted
that ex-wife Katie Holmes filed for divorce "to protect Suri from ...

Tom Cruise admits Katie Holmes left to protect Suri from ...
www.nydailynews.com/.../tom-cruise-ad... ¥ New York Daily News ~
& by Bill Hutchinson - in 29 Google+ circles
Nov 7, 2013 - Tom Cruise has admitted in an explosive court deposition that
actress Katie Holmes fled their marriage to protect their daughter from ...



Search result®f Bing

Tom Cruise, Katie Holmes D

> bing

MS Beta 4,340,000 RESULTS

Any time -

See results for

Katie Holmes

American Actress

Kate Noelle "Katie" Holmes is an American actress and
model who first achieved fame for her role as Joey Pot.

News about Tom Cruise, Katie Holmes

bing.com/news

KATIE HOLMES DATING JAMIE FOXX RUMORS
CONTINUE AS THE ACTRESS' EX-HUSBAND, TOM
CRUISE WAS REPORTED TO HAVE FINALLY
MOVED ON

Travelers Today - 3 days ago

Katie Holmes dating rumors again sparked as her ex-
husband Tom Cruise was reportedly dating other
woman and that...

Tom Cruise

Film Actor

Tom Cruise, is an American film actor and producer. He
has been nominated for three Academy Awards and h...

h

Is Tom Cruise Dating L aura Prepon - Katie Holmes Ex | ands Scientologist Girlfriend?
The National Ledger - 10 days ago

Katie Holmes Celebrates Suri Cruise’s 8th Birthday
WebProNews - 3 days ago

Images of Tom Cruise, Katie Holmes
bing.com/images

Katie Holmes Celebrates Suri Cruise's 8th Birthday ...

www.webpronews.com/katie-holmes-celebrates-suri-cruises-8th...
Katie Holmes helped daughter Suri Cruise celebrate her 8th birthday in style
She treated her daughter, along with a few guests, to dinner at Nobu Next ...

Tom Cruise: Katie Holmes Divorce Was A Surprise (UPDATE)

www.huffingtonpost.com/2013/04/09/tom-cruise-katie-holmes-divorce... »

Apr 09, 2013 - Tom Cruise says Katie Holmes divorce was a surprise. Here, the former
couple is pictured at the "Mission Impossible: Ghost Protocol” premiere in Dec. 2011.

Related searches

Tom Cruise Katie Holmes Married

Tom Cruise Katie Holmes Gossip

Tom Cruise Katie Holmes Photos

Tom Cruise Katie Holmes Baby

Tom Cruise Katie Holmes Unusual Marriage

Katie Holmes Tom Cruise Split

Tom Cruise Katie Holmes Suri Custody Settlement

Leah Remini Problems Started Tom Cruise Wedding



Relationrsearchin knowledge graph

Satori | | [ aaa || searen

Tom Cruise, Mimi Rogers, Nicole Kidman, Katie Holmes

Results View

94 Results (103 ms)

Results

o--film.actor.film-- = (Eyes Wide Shut)--film.film.actor--> (Nicole Kidman)

o--film.actor.film--=(National Movie Awards)--film.film.actor--=»(Katie Holmes)

o--film.actor.film-- = (InStyle: Celebrity Weddings)--film.film.actor-- > (Katie Holmes)
o--people.person.marriage-->(marriage)--time.event.person-- = (Katie Holmes)
o--people.person.marriage-->(marriage)--time.event.person--=(Nicole Kidman)

o--film.actor.film--=(War of the Worlds: UK Premiere Special)--film.film.actor--= (Katie Holmes)

o--film.producer.film--=(The Others)--award.nominated_work.nomination-->(nomination)--award.nomination.nominee--(Nicole Kidman)
o--people.person.children--=(Connor Cruise)--people.person.siblings-- > (Isabella Jane Cruise)--people.person.parent--(Nicole Kidman)
o--film.producer.film--=(The Others)--award.nominated_work.nomination-->(nomination)--award.nomination.nominee--(Nicole Kidman)
o--film.actor.performance-- > (performance)--film.performance.film--= (Eyes Wide Shut)--film.film.actor--(Nicole Kidman)

Prev Page MNext Page



Relationsearch in knowledge graph

Satori | | [ aae | seeren

Tom Cruise, Mimi Rogers, Nicole Kidman, Katie Holmes

Results View
marriage .
Tom Cruise
marriage Katie Holmes Tom Cruise (born Thomas Cruise Mapother IV; July 3, 1962), is an
American film actor and producer. He has been nominated for

three Academy Awards and has won three Golden Globe

Awards. He started his career at age 19 in the 1981 film Endless

Love. After portraying supporting roles in Taps (1981) and The
. Outsiders (1983), his first leading role was in Risky Business,

‘ released in August 1983. Cruise became a full-fledged movie...

- </

Tom Cruise

Mimi Rogers Suii Cruise

_) \_) ‘) Types

award.nominee, award.winner, film.actor, film.director, film.producer,

- film.story_contributor ...
marriage

Isabella Jane Cruise ' Gonnor Cruise
- Nicole Kidman e

-



Academic graph

CoAuthor Search |[EREFLE &5 | Kuansan Wang | searcn

Wei-Ying Ma (Microsoft) --> Kuansan Wang (Microsoft)

Identifying ambiguous queries in web search

Ruihua Song
Hsiao—wuenV -j\

A Query-Dependent Duplicate Detection Approach for Large Scale Search Engines

Distributed speech processing in miPad's multimodal user interface

Wei-ying Ma
nsan Wang

) ©



Offline analytics example: PageRank

Ly AYLERNIFYG FfI2NAGKY 0SKAYR D223fS>




Query processing + offline analytics



Architecture of distance oracle [Qi et\dtb2014]

Embedding
S1. Selecting S2. Calculating shortest \ S3. Deriving the ! S4. Deriving the
Landmark by local distance between each : coordinates of | coordinates of all
betweenness L landmark and vertex landmarks ertices

D6: u,v




Architecture of distance oracle [Qi et\dtb2014]

Embedding

51. Selecting S2. Calculating shortest r S3. Deriving the 54. Deriving the
Landmark by local distance between each coordinates of coordinates of all
betweenness L landmark and vertex l landmarks vertices
N = ’7
N 7 = ‘
D1 \\ D,g} ) :;T:"-:'f ‘
\,\ f_____,_:-_-_:': — D5 ‘
\ = L
-
. . S5. Indexi
Offline construction neexing ‘
Online query answering Notations:

L: Landmark set

Query (u, v
A ) S6. Answering

| Queries

du,v

D1:
D2:
D3:
D4:
D5:
D6:
D7:

Shortest distance from landmarks to other vertices
Shortest distance among landmarks

Landmark coordinates

Shortest distances from all other vertices to landmarks
Coordinates of other vertices

u,v

low bounds, upper bounds and coordinates of uand v
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Challenge I: diversitf graphs
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Challenge II: diversity of computations

AOnline query processing
A Shortest path query
A Subgraph matching query
ASPARQL query
AX

AOffline graph analytics
APageRank
ACommunity detection

AX

AOther graph operations
AGraph generation, visualization, interactive exploration, etc.
Do we need to implement systems for each graph opere:aon



Challenge llI: the scale of graphs

Makes most graph algorithms in textbooks ineffective!

A # of Edges
? B - = Web
o
1 Facebook
O.
= '5 -
S &
= o Twitter
= w |- = Linked Data
s+ &= Satori
O
= |-
O N
o
3 ., | &= US Road Map
g # of Nodes
I I I I i I >
24 270 504 1 2 50

million million million billion billion billion



EXisting systems

AMature data processing systems
ARDBMS
AMap Reduce Systems

ASystems specialized for certain graph operations:
APageRankslockDB

AGeneralpurpose graph processing systems

ANeo4j, Trinity, HortonHyperGraphDBTinkerGraphinfiniteGraph Cayley,
Titan, PEGASURXege] Giraph GraphLabGraphChiGraphXX



M b b 6 o 6 b b bt 6

Representative graph processing systems

Property Online Data In-memory Atomicity &
graphs query sharding storage Transaction
Yes Yes No No Yes

Neo4j

Trinity Yes Yes Yes Yes Atomicity
Horton Yes Yes Yes Yes No
HyperGraphDB No Yes No No Yes
FlockDB No Yes Yes No Yes
TinkerGraph Yes Yes No Yes No
InfiniteGraph Yes Yes Yes No Yes
Cayley Yes Yes SB SB Yes
Titan Yes Yes SB SB Yes
MapReduce No No Yes No No
PEGASUS No No Yes No No
Pregel No No Yes No No
Giraph No No Yes No No
GraphLab No No Yes No No
GraphChi No No No No No

GraphX No No Yes No No
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The needs ultimately determine the design

AThe first important rule: there is no orsizefits-all system



First rule: no oneizefits-all system
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First rule: no oneizefits-all system
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First rule:

Scale to size

no onaizefits-all system

Diskbased Keyalue Store
‘ Column Store

Document Store

Every data processing system

ical RDBMS .= p T

il [@F@@@SS g[r@@g@h N
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Scale to compiexity



Characteristics of parallel graph processing

ARandom acces$orlLocality) X

A For a node, its adjacent nodes canioS | OOS a a8 &RYBIAVHEE Az 2 & Y
how you represena graph

A Not cachefriendly, data reuse is hard

yan"
1/1/1/1/1-1/1\1_}/1

AData is hard to partition

A Difficult to extract parallelism by partitioning data S 5
Al NR G2 3SG Iy STFTAQWSNY & a5A0ARS | yR /

AData driven
A the structure of computationss not known apriori

AHigh data access to computatioatio

Reference: Challenges in parallel graph processin



Characteristics of parallel graph processing
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AData driven
A the structure of computationss not known apriori

AHigh data access to computatioatio

Reference: Challenges in parallel graph processin



Design choices

AFirst important rule: there is no oneizefits-all system
ADoes this system support online queries, offline analytics, or both?
Als the system optimized for response time, throughput, or both?

A5 2S3a (KS aeadadsSy aolfSy daz2dziég 2 NJ

ADoes the system need transaction support?



Online queries vs. offline analytics

AOnline query processirigusually optimized for respongane
AOffline analyticsis usuallyoptimized forthroughput

ACompared with offline analytics, onlingieries areusually harder to
optimize
A Online queries are sensitive katency
A The dataaccess patterns of a graph query diéficult to predict



Online queries vs. offline analytics

Online Query Processing Offline Analytics
» ARandom access * AData is hard to partition
* AData is hard to partition * AHigh data access to computation
* AData driven ratio

* AHigh data access to computation
ratio



Query response times:
data access + communication + computation

High data access to computatia@tio



System design choice

AMain storage (storage backend)

Alndex
ACommunication paradigm: twsided vs. onesided

AScale out or scale up

AACID Transactions or not



System design choice

AMain storage (storage backend)

Alndex
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Graph may be in the jail of storage

A We can use may existing data management |7

systems to process graph ‘ﬁ

A Many existing systems are mature, but not for
oraph -
A RDBMS, MapReduce Graph in the

AThed2YY2y Said 3INF LK 2 LISNITR2,
INCurs excessive amount @ins




Traverse graph using joins in RDBMS

Co e <o
1 N1 X 1 3

Getneighborsof N1

2 N2 X 2 4
SELECT*
3 N3 X 2 1
FROMN
4 N4 X 4 3
LEFDOINEON N.ID £.dst
Cl ] ' °  WHERE.src= 1:
6 N6 X 1 6
X X X X X

Node Table: N  Edge Table: E



Multi-way Join vs. graph traversal

Native Graph




Total cost of ownership

10000

1000 |- Hard disk
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Trend Iin cost dRAM

# servers
GB/server

Total capacity
Total server cost

$/GB

Today
1000
64GB
64TB
$4M

$60

In 5-10 years
1000
1024GB
1PB

$4M

$4

Adapted from: Joh®usterhout RAMCloud2010



System design choice

AMain storage (storage backend)

Alndex
ACommunication paradigm: twsided vs. onesided

AScale out or scale up

AACID Transactions or not



Index

Alt is costly to index graph structures, use it wisely.

AWe will get back to this latex



System design choice

AMain storage (storage backend)

Alndex
ACommunication paradigm: twesided vs. onesided

AScale out or scale up

AACID Transactions or not



Communication paradigm: twsided vs. onaided

MPI implementation MPI implementation

TW@=SI]@]@@] @@mmwﬁﬂﬂ@@ﬁﬂ@@ Adapted from: Advanced parallel programming with MBdl§jiet al)



Bdvanced MPI, ISC (06/16/2013)

Communication paradigm: twsided vs. onaided

Processor Processor
Memory
Segment . .
Memory Memory
Segment ‘ . Segment
Memory \ /
Segment

MPI implementation MPI implementation

@m)@=§|](d]@(d] @@mmwﬂﬂ@@{tﬂ@m Adapted from: Advanced parallel programming with MBdl§jiet al)



System design choice

AMain storage (storage backend)

Alndex
ACommunication paradigm: twsided vs. onesided

AScale out or scale up

AACID Transactions or not



Design choice: scal® vs. scaleut

ASupercomputer model

AProgramming model simple and efficient
A shared memory address space

AExpensive and not common
AHardware is your ultimate limit

ADistributed cluster model

AProgramming model is complex
A Message passing and synchronization is more complex
ARelatively cheaper and can make use of commodity pc

AMore flexible to meet various needs



{OFfS8 ah'¢éx y2i &'t



System design choice

AMain storage (storage backend)

Alndex
ACommunication paradigm: twsided vs. onesided

AScale out or scale up

AACID Transactions or not



Think twice before diving into transactions

APros
A Strong data consistency guarantee

ACons

AThe hell of referential integrity
AThe disaster of cascading rollback
AMulti-round network communications per commit for distributed transactions
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The hell of referential integrity
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Rollback
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that requires any of
these locks, abort.

Locked by others

- | -

The disaster of cascading rollback
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MapReduce



MapReduce

AHigh latency, yet high throughput general purpose data processing
platform

AOptimized for offline analytics on large data partitioned on hundreds
of machines



Processing graph using MapReduce

ANo online query support

AThe data model of map reduce cannot describe graph
natively

AGraph algorithms cannot be expressed intuitively

Alnefficiency for graph processing
A Intermediate results of each iteration need to be materialized

AEntire graph structure need to be sent over network iteration
after iteration, this incurs huge unnecessaigta movement



MapReduce

ADe facto of distributed large data processing

AGreat scalability: supports extremely large data, but unfortunately not
for graph



Vertexcentric graph computation



Basic idea: think like a vertex!

g

Mapping from graph nodes to
virtual BSP processors

I I I I I I l Local Computation

e e —— Global Communication _ o
W Barrier Synchronization
— ‘ — T — - e s —



Computation model

AGraph computation is modeled as masypersteps
AEach vertex reads messages sent in prevauperstep
AEach vertex performs computation parallel

AEach vertex can send messages to other vertices in the end of an
iteration




Example: SSSP in Pregel
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Pregel vs. MapReduce

AExploits finegrained parallelism at node level

At NB3ISEf R2SayQi Y2@S 3INI) LK LI NI A
among nodes are passed at the end of each iteration

AMany graph algorithms cannot be expressed using veréswric
computation model intuitively and elegantly



Communication optimization



Bipartite view of a graph on a local machine

CHONONONOSCNONONORONCNONONGS,




Ratio of total sum of degree(%)
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AGraph generation
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Online query processing

AWhere latencies come from and asynchronous-dam search

Alndexfree query processing



Online query processing

AWhere latencies come from and asynchronous-dam search

Alndexfree query processing



People search challenge in Facebook graph

AAmong adult Facebook users, theerage numbeof friends is338.

338
+338 x 338

+338 x 338 x 338
=38,729,054

Can we search a person in one’s 3-hop neighborhood within ms?



Latency, Bandwidth, and Capacity

10,000,000.0

w

S~

S

1,000,000.0

100,000.0

10,000.0

1,000.0

100.0

100

1.0

0.1

Latency (us)

Ops/sec — — — =—

$/GB

SourceThe datacenter as a computer (book)




Diskbased approach

338
+338 x 338

+338 x 338 x 338
=38 729.054 = 387,290,540ms

= 4.5 days
each disk seek + read: > A3



RAMbased approach

ADRAM latency: 100 ns
10 million reads/writes per second

1 million nodelevel read/write per second

38,729,054 meatlesttoaceesst it iakesaldeast 38«seconRds.



Hmm, no parallel data accesses yet!

How much time can we reduce with parallel data accesses?



Where do latencies come from?

Algorithms h Singlethreaded, multithreaded, synchronous, asynchronous
Communications 4m Multi-cores, Multinodes

Storage 4m DRAM, Flash, or Disk



Move computation, instead of data!

10.00

L High Communj n
" il
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Y Medium Communication
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£
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Z Light Communication
1 & S
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Number of Nodes

SourceThe datacenter as a computer (book)



If you care about latency, do not use the shared
memory model in a distributed setting.



Lessons learned so far (how to reduce latencies)

ARAM (Hardware sometimes does matter a lot)
AThe stupidouy faster computers, smaxines write betterprograms?

AAvoid moving data

AX X



Lessons learned so far (how to reduce latencies)

ARAM (Hardware sometimes does matter a lot)
AThe stupidouy faster computers, smaxines write betterprograms?

—

AAvoid moving data

— Makes programming harder

AAvoid unnecessary synchronizations

—



Asynchronous faput search

Hop  Msg# Node # per machine

1k 2
€
/Y 2
€
3 ¢o 2
E

€ is theserver count
Qis the averagelegree
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An Introduction fo the Design
of Warehouse-Scale Machines

Second Edition

Luiz André Barroso
Jimmy Clidaras
Urs Holzle

SYNTHESIS LECTURES ON
CoMPUTER ARCHITECTURE

Mark D. Hill, Series Editor




Online query processing

AWhere latencies come from and famt search

Alndexfree query processing



Online query example: subgraph matching

Procedure:
1. Break a graph into basic units (edges, paths, freqgabgraph® X 0
2. Build index for every possible basic unit

3. Decompose a query into multiple basic unit queries, and join the
results.



Query Index Examples

Algorithms Index Size

Index Time

Update Cost

Ullmann [Ullmann76], VF2 [CordellaFSV (4] -

RDF-3X [NeumannW10] O(m) O(m) O(d)
BitMat [AtreCZH10] O(m) O(m) O(m)
Subdue [HolderCD94] - Exponential O(m)
SpiderMine [ZhuQLYHY11] - Exponential O(m)
R-Join [ChengYDYWO08] O(nm'/?) o(n*) O(n)
Distance-Join [ZouCO09] O(n’n'zl/ 2) O(fn..A‘) O(n)
GraphQL [HeS08] O(m+mnd”) | O(m -+ nd") o(d")
Zhao [ZhaoH10] O(nd") O(nd") 0o(dh)
GADDI [ZhangLY09] O(nd") O(nd™) 0(d™)

Indexbased subgraph matching [Sun VLDB 2012]




Query Index Examples

Algorithms Index Size Index Time Query Time
for Facebook for Facebook on Facebook (s)
Ullmann [Ullmann76], VF2 [CordellaFSV04] - = >1000
RDF-3X [NeumannW10] 1T >20 days >48
BitMat [AtreCZH10] 24T >20 days >269
Subdue [HolderCD94] - > 67 years -
SpiderMine [ZhuQLYHY11] - > 3 years -
R-Join [ChengYDYWO08§] >178T > 10%° years >200
Distance-Join [ZouCO09] >175T > 105 years >4000
GraphQL [HeS08] >13T(r=2) > 600 years >2000
Zhao [ZhaoH10] >12T(r=2) > 600 years >600
GADDI [ZhangLY09] > 2% 10°T(L=4) |> 4 x 10° years >400

Indexbased subgraph matching [Sun VLDB 2012]



Case study: distributed subgraph matching

Procedure:
1. Break agueryinto basicunits
2. Match the basic units in parallel on the fly

3. Jointhe results



Subgraph matching

O
>m
o

o



Subgraph matching

)
>m
o

o



Basic unit for distributed subgraph matching
b a e/ﬁd »d

As a basic unit, which one is the best?



Basic unit fodistributedsubgraph matching
bi a; e/ﬁd »d
© d a b
f bQC \

As a basic unit, which one is the best?



Basic unit fodistributedsubgraph matching

o

: TWig

AEasy to decompose

AHeight is always one

d At at most needs to cross the
f network once

As a basic unit, which one is the best?



Query decomposition

a ql a * qz d *

b b/\C b/\

e d q3 b * g, f *
/N c/\

f e f e




Query decomposition

a ql a * qz d *

b b/\C b/\

e d q3 b * q, f *
/N c/\

f e f e




Query optimization problems
AHow to choose a good query decomposition
AHow to choose a good execution order

AHow to choose a good join order



Outline

o Io To o

AOnline query processing

ACase study

AGraph generation

AOthergraph representations and their applications



How to Serve the Knowledge? Column Index

Table + column indexes

Free text search
Triplets/RDF

Native graph exploration



Representative Knowledge Serving Systems

sw-Store SPARQL

RDFJoin SPARQL 44M

RDFKB - 44M

BitMat SPARQIike 47M

RDF3x SPARQL 51M \Y
Virtuoso SPARQL 1,068M V
Trinity LIKQ TQLSPARQL 24.6B \Y

Reference: A survey of RDF storage approaches (David C. FAYE, et al.)



Problem and Our Goal

Problem

@ KGis a massiveentity network

@ Themostvaluablepartisits rich relationshipsbut
@ Currentlymainlyusedviaentity indexes
@ Cannotanswergueriesrequiringaccessesf 2+ hop relations

Goal

Thisprojectisto provide advancedreal-time knowledgegraphservingoperators

@ Servethe full-scaleKG
@ MakeKGaccessiblen realtime
@ Provideadvancedgraphoperators




RawRDF data 5T+
TripleFacts 25B+

AComplexdata schema
A Richrelations

Challenges of ServingG

V msoiinitial_release date

{_rzting_system -
msarating

i“—__. =
X 1
P S— - . m— = mso:count msofilm

mso:ype.text

msotrivia

mse:sound_mix

mso:flm

msa:film

B = msodocationlocation

e



Challenges of ServingG

RawRDF data 5T+
TripleFacts 25B+

AComplexdata schema
A Rich relations
A Multi-typed entities

123Ya 2k 1 e LISP202S OG0 oy |

123 mso/type.object.ty as
mso/organism.dog J dog
123 mso/organism.dog.breeds/ 2 S

123 mso/type.object.type mso/film.acto& ’

123 mso/film.actor.film 789

789 mso/type.object.type mso/film.film
TYyd YazkiaelLlSoe202SO0U
| 2 YSE

YS a4t | f



A Strongly Typed System for RDF

ID 436234
Name dLassie Come Honge
Types Film

| Perform | 436234 |

ID 143422
Name oPak
Types Dog Actor
N

~

Breeds| "Collie Rough

Models MultiTyped Entities in a Strongly Typed Manner




Stronglytyped data accesses

Enfity

e Actor, Person,
P Director

ActFilm 012300
Co-star 012345

.- Entity
DirectFilm 098445
MName "lane Doe"
ActFilm 012300, 045600 DOB May,/5/1977
Co-star | 067850, 050339 Gender "Male"

Get theDOB of entityl2345




Stronglytyped data accesses

D 67390 [0} < 12345 >
Actor, Person,
Types Actor Types Director

.- Entity
DirectFilm 098445
Entity
H Name "lane Doe"
Ar.'tFiIl< 012200 > ActFilm 012300, 045800 DOB May/5/1977
Co-star 012345 Cu—sta( 067890, 050339 Gender "Male"

Get the films of actors estarring with entity 12345




Storage Architecture

Entity
Relations
+
In-memory
Key Properties

o

B >

name

name

Memory

Ondisk
Entity
Properties

Disk




Query KG via Graph Exploration

KiIoWlegge-Setviing SeACes/A

Distributed
In-memory Graph




Home TQL Schema Service API

Satori | || search |

Harvard University Harvard University
award.presenting_organization, award.ranked_item, award.winner, book.author,

education.academic_institution, education.educational_institution ... Harvard University is an American private lvy League
5 research university located in Cambridge, Massachusetts,

United States, established in 1638 by the Massachusetts
legislature. Harvard is the oldest institution of higher
learning in the United States and the first corporation
(officially The President and Fellows of Harvard College)
chartered in the country. Harvard's history, influence,...

Harvard University

organization.organization, type.object

. : Types
harvard UmVEI'SIt}’ award.presenting_organization, awardranked_item, award.winner,

internet.social_network_user, people.person, type.object book.author, education.academic_institution,
education.educational_institution ...

Predicates
harvard UniVEI’Sity education.educational_institution.total_enrollment

internet.social_network_user, people.person, type.object education.educational_institution.color
education.educational_institution.subsidiary_or_constituent_schools
education.educational_institution.number_of _staff

education.educational_institution.honorary_degrees_awarded

Harvard University

local.entity, type.object

education.educational_institution.school_sports_team

Prev Page MNext Page

Values

Harvard University

local.entity, type.object

"Harvard Extension School”

"Harvard Medical School” O
"Harvard Business School” @ D E@ @ F@ [F
"Harvard College”

"Harvard Division of Continuing Education’

"John F. Kennedy School of Government”

Prev Page Mext Page Prev Page Mext Page

Powered By Trinity Graph Engine Contact Us



Home  TQL Schema Service  API

Schema Graph

Meta Graph of Satori

Schema Type:

| mso,/people.person

Schema Path:

H Go | |mso.fpe-::-p|e.persor1

Fields:

.bust_measure
ment

.date_of_birth
eye_color
first_name
Jhair_color

height

hips_measure
ment

Jast_name

waist_measure
ment

weight

Links:

.business_empl
oyment_tenure

.children

ritve_nf hirth

mso/type.decimal

mso/type.datetime
mso/type.text
mso/type.string
mso/type.text

mso/type.decimal
mso/type.decimal
mso/type.string

mso/type.decimal

mso/type.decimal

mso/business.employment_tenure

mso/ people.person

men/lnratinn lnratinn

mso/people.person

mso/media_common.guoetation

mso/fictional_universe.character

mso/fictional_universe.universe

mso/book.litarary_series

| |mso,"bonk.aulhor| H Go |
.quotation msofmedia_common.guotation
.character mso/ffictional_universe.character

.appears_in_the
se_fictional_uni mso/fictional_universe.universe
VEerses

Jiterary_series mso/book.literary_series

.author msofbook.author

Senenmz Eraon Services

Powered By Trinity Graph Engine

Contact Us



APL

Knowledge Graph API Schema Graph API Auto Completion API

Satori Knowledge Graph Access API

APl Hames Availability Description Testing: GetScoredValuesByEntityPredicate
GetEntityldByMame Available Gets a list of Trinity entity 1ds by the specified entity name. Please input test parameters below:
GetPredicatesByEntityId Available Gets a list of predicates for the entity with the specified Trinity entity Id. Entityld 2450451863975
GetValuesByEntityPredicate fvailable Gets the values of the specified predicates for the specified entity. Predicate rzayfilmactor film
) _ ) ) ) . ) . Submit
GetsubjectsByPredicateObject Available Gets the subjects for the given object and a predicate.
] ) ] ] o ] - o PredicateValue ConfidenceScore | OwerallSocore
GetEntityldBySatorild Available Gets the corresponding Trinity entity Id for the specified Zator Guid. ” 879 o7l 131
116281907553515 071 1409593
GetSatorildEyEntityld Available Gets the corresponding Satori Guid for the specified Trinity entity Id. 6502082101730 071 1416611
SE1E4534540412 071 1710735
GetRankedEntityldByMName Available Gets a list of Trinity entity Ids by the specified entity name sorted by their static rank. b‘ 237BRES25167352 071 1228339
S762E320423344 071 1272193

GetScoredValuesByEntityFredicate Available Gets the values of the specified predicates for the specified entity, sorted by confidence score.

GetSortScoredValuesBEyEntityPredicate . Available Gets the values of the specified predicates for the specified entity, sorted by the column index (1 for...

GetEntity Description Available Gets the description of the specified entityid.

Knowledge Serving APIs

4 4 Page |1 of 1 » #

Powered By Trinity Graph Engine Contact Us



2

Knowledge Serving for Text Processing

APIs for Knowledge Access

List<string[]> GetEntityldByNan{gtring entityName)
List<string> GetPredicatesByEntityld (string entityld)

List<string[]> GetValuesByEntityPredicate (string entityld, string predicat—
X X

Text Knowledge

Processing <= Serving
Tasks APIs

Semantic
Parsing

Structure
Predicatio

Predicate
Linking Linking

Text Graph

* List<string[]> GetEntityldByName (string entityName)
¢ Input
* An entity name
* Output
* Alist of <entity id, entity ranking score> pairs
SALORI |james cameron el

Entity Index

James Cameron e
James Francis Cameron is a Car
success with the sclence-fiction h

James Cameron
3 volv

1 have been in
Design, Supply and

James Cameron

* List<string> GetPredicatesByEntityld (string entityld)
* Input
* An entity id
* Output
* Aset of predicates

Tianic The Cutting Edge: The Magic of Movie Editing Ghosts of the Abyss Duets Side By Side The Muse  Solartaxi Arou

Machines Strange Days Avatar 3

ator 2 Judgment Day Aflens The Abyss True Lies Pianha Il: The S
tar 3 Battle Angol  Thanic

Lightstorm Entectainment  Digital Domain  Cameron Pace Group

Knowledge

Processing 4mm Query
Tasks Language

Graph

* List<string[]> GetValuesByEntityPredicate (string entityld, string predicate)

* |Input
* An entity id and a predicate
* Output
* Aset of <entity id, confidence score> pairs

film.actor.film

Titanic The Cutting Edge: The Magic of Movie Editing Ghosts of the Abyss Duets Side By Side

y
Overall Score: 3482116
Ay Confidence: 06800, Occ: 8.30, Rank: 8964 f 3D Secret Life of Old Rose: The Art of Gloria Stuart
| Contexts:freebase, wikipedia_verification

S —

o Special Effects Titan The Exodus Decoded Hollywood be




Entity Disambiguatioiiype Resolving

Who are the advisees dfichael Jordaf Which Michael?

Michael Jordan (footballe(born 1986
MichaelHakimJordan(basketball playerborn 1977
—p Michael Jordan (Irish politician

Michael |. JordaiiProfessor) (bori957)«——

¥
8234993200123 | msdeducation.academic.advisees  "Andrew Ng"

8234993200123 | mso/type.object.name GaAOKIF St | W2NRIYhH

8234993200123 | msd people.person.profession Gt NB T S&&2N



http://en.wikipedia.org/wiki/Michael_Jordan_(footballer)
http://en.wikipedia.org/wiki/Michael-Hakim_Jordan
http://en.wikipedia.org/wiki/Michael_Jordan_(Irish_politician)
http://en.wikipedia.org/wiki/Michael_I._Jordan

Discover Linking Entities

Given three entitie$KateWinsleg @illy Zané & y Ramés Camerdn

KateWinslet Billy Zane Resolved Entity Types
Actor Actor
Film
msda film.film_director _
Director

James Cameron




Discover Linking Relations

Given two entitieiVietham Veterans Memor&and dThe Monument
to the People's Herogés

Vietnam Veterans Memorial

architect_by ; niece HuiyinLin architect

A

The Monument to the People's Heroes




Home TQL Schema Service  API

Satort || add |

- = = Grzohical Query Interface

> Node Information

v (film)
Alias: v2
} Type: film_director
v2 (Bl giector) URI: mso_film_director
). Conditions:
Cutputs:

v (film_actor)

J Steve Saari

Steve Sacks

Steve Sale

Steve Salinaro
Steve Salisian
Steve Sanders
Steve Sanguedolce
Steve Saponto
Steve Savage
Steve Savitz

You could add some conditions a
Steve Scheffler

name v = v ‘

‘ « ‘ ‘ Submit | ‘ - |

Powered By Trinity Graph Engine Contact Us



Multi-hop Relation Search

Home Schema API Relation Search People Relation Search

Satori | | | A | [ searn |

Tom Cruise, Katie Holmes

Results View

e Katie Holmes Suri Cruise Katie Holmes
' Kate Noelle "Katie" Holmes
‘j ) . / (horn December 18, 1978) is an
American actress and model
who first achieved fame for her
role as Joey Potter on The WB
television teen drama Dawson's
Creek from 1998 to 2003....

War of the Worlds: U... Tom Cruise .
Scientology Types

award.nominee, award.ranked_item, award.winner,

} _j film.actor, film.writer,
A medicine.notable_person_with_medical_condition ...

Demo:http://graph007 Powered By Trinity Graph Engine Contact Us



http://graph007/

Keyword Search

book.written_work. author

Bill Gates

book.author

Parent
People.person.parent,

Rory John
Gates

(Bill Gates, Melinda Gates, Microsoft, The road ahead)

Organization.founder

Melinda Gates

People.person.children

Child

organization.organization.founder



Relation Search Demo

Satori | | [ aaa || searen

Tom Cruise, Mimi Rogers, Nicole Kidman, Katie Holmes

Results View

94 Results (103 ms)

Results

o--film.actor.film-- = (Eyes Wide Shut)--film.film.actor--> (Nicole Kidman)

o--film.actor.film--=(National Movie Awards)--film.film.actor--=»(Katie Holmes)

o--film.actor.film-- = (InStyle: Celebrity Weddings)--film.film.actor-- > (Katie Holmes)
o--people.person.marriage-->(marriage)--time.event.person-- = (Katie Holmes)
o--people.person.marriage-->(marriage)--time.event.person--=(Nicole Kidman)

o--film.actor.film--=(War of the Worlds: UK Premiere Special)--film.film.actor--= (Katie Holmes)

o--film.producer.film--=(The Others)--award.nominated_work.nomination-->(nomination)--award.nomination.nominee--(Nicole Kidman)
o--people.person.children--=(Connor Cruise)--people.person.siblings-- > (Isabella Jane Cruise)--people.person.parent--(Nicole Kidman)
o--film.producer.film--=(The Others)--award.nominated_work.nomination-->(nomination)--award.nomination.nominee--(Nicole Kidman)
o--film.actor.performance-- > (performance)--film.performance.film--= (Eyes Wide Shut)--film.film.actor--(Nicole Kidman)

Prev Page MNext Page



Relation Search Demo

Satori |

| [ e |

Tom Cruise, Mimi Rogers, Nicole Kidman, Katie Holmes

Results View

marriage

Katie Holmes
marriage

Tom Cruise

Mimi Rogers Suii Cruise

- =@

marriage

Isabella Jane Cruise ' Gonnor Cruise
— Nicole Kidman ~r’

-

Tom Cruise

Tom Cruise (born Thomas Cruise Mapother IV; July 3, 1962), is an

American film actor and producer. He has been nominated for

three Academy Awards and has won three Golden Globe

Awards. He started his career at age 19 in the 1981 film Endless

Love. After portraying supporting roles in Taps (1981) and The
. Outsiders (1983), his first leading role was in Risky Business,

‘ released in August 1983. Cruise became a full-fledged movie...

Types

award.nominee, award.winner, film.actor, film.director, film.producer,
film.story_contributor ...



How can we maki fastenough

ABig data

Aemm, we have a large variety of tools available

A. dz0E K2 ¢ RBgsseméKIX Rf S a



mso:film /' msuinital release date

{_rating_system
msarrating

p— Mso:count msafiim

msofype.text

msaitrivia

msofilm




How can we maki fastenough

ABig data

Aemm, we have a large variety of tools available

A. dzi 2 K26 RBigsaeméKIX¥ Rt S a
If we treat everything as texts and build indexes for these piles of words

!

A Inefficient data processing (weakiiyped system)
A Limited search functionality we can provide
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What is thehuge amount o€ode for?

AProvides extremely fingrained data access methods best matching the data

= Efficiency



Outline

o Io To o

AOnline query processing

ACase study

AGraph generation

AOthergraph representations and their applications



What is a graph generator & why do we need one

AA graph generator generates can graphs with tsgecified size and
properties

AWe need to generate large graphs for experiments

ALarge graph generation takes a long time



PGBL grapdenerator

http ://www.boost.org/doc/libs/1_59 O/libs/graph_parallel/doc/html/rmat_generator.html

When the existing ones cannot meet our needs, we may want to write one.



What is a good graph generator

Alt can generate a graph with certain properties
Alt can generate a large graph fast
Alt is as resource economical as possible

Alt can generate graphs in native graph formats



Graph representation: adjacency list vs. matrix

Aln most cases, adjacency lispigferableto the matrix representation

AMatrix does not support dynamic node insertion and deletion

AThe space overhead is high when we are generating a sparse graph



A common graph generation pipeline

Edge
Generator

Edge Grouping

—>

Deduplication

Adjacency List Builder

Native Graph
Writer




Bottlenecks of the pipeline

Sorting Edges

edge generator>file —>§ —» sort file—>»

[ ——
_—_——

—»unique—»native graph writer

Bottleneck 1: Bottleneck 2:
Streaming to disk. external sort.



Avoid sorting by using aninemory hash storage



