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Datalog: Taste it Again for the First Time

A We review the basics and examine several of
these recent applications

A Theme #1lots of compelling applications, if we
look beyond payroll / bHbf-materials / ...

I Someof the most interesting work coming from
outsidedatabases community!

A Theme #2: language extensions usually needed

I To go from a toy language to something really usable



An_Interactive Tutorial

A INSTALL_LB : installation guide

A README : structure of distribution files
A QuickStart guide : usage

A *logic :Datalogexamples

A *Ib :LogicBloxnteractive shell script (to drive thBatalog
examples)

A ShanShanand otherLogicBloxolks will be available
AYYSRAIFOGSte FTFUSNI OalFtl1 F2N
tutorial



Outline of Tutorial

June 14, 2011: The Second Coming of Datalog!

A RefresherDatalog 101

A AD
A AD
A AD

0
0

0

ication #1. Data Integration and Exchanc
ication #2ProgramAnalysis
ication #3: Declarative Networking

A Conclusions
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Datalog Refresher: Syntax of Rules

Datalog rule syntax:

Gresulbdr 02 yRAGA2Y MBS fO2YRAGAZYHES

Head Body

X Body consists of one or more conditions (input tables)

X Head Is an output table
A Recursive rules: result of head in rule body



Example: AlPairs Reachabillity

R1:reachable(S,D3- link(S,D. i
o
R2:reachable(S,D3- link(S,Z)reachable(Z,P

# Input: link(source, destination)
# Output: reachable(source, destination)
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Example: AlPairs Reachabillity

R1:reachable(S,D3- link(S,D.
o
R2:reachable(S,D3- link(S,Z)reachable(Z,P

ink@b)ca il KSNB A A latfnadgtk FTNRY y2RS
reachable(a,b}; & Yy 2 &&n reach nodéé

# Input: link(source, destination)
# Output: reachable(source, destination)
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Example: AlPairs Reachabillity

=P R1:reachable(S,D¥ link(S,D.
- i
R2:reachable(S,D3- link(S,Z)reachable(Z,P

GC2NJ ff y2RS&a {325%
If there is dink from S to DthenS can reach®

# Input: link(source, destination)
# Output: reachable(source, destination)
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Example: AlPairs Reachabillity

R1:reachable(S,D3- link(S,D. i
T
=P R2:reachable(S,D¥ link(S,Z)reachable(Z,]p

GC2NJ it y2RS&a {5 |yR %%
If there is dink from S to ZANDZ can reaclD, thenS carreach [ @

# Input: link(source, destination)
# Output: reachable(source, destination)
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Terminology and Convention

reachable(S,D33- link(S,Z)reachable(Z,D) .

A Anatom is apredicate or relation name witlarguments

A Convention: Variables begin with a capital, predicates begin w
lower-case.

A Theheadis an atom; thébodyis the AND of one or more atoms
A Extensional database predicat@=DB ¢ source tables
A Intensionaldatabase predicate@DB) ¢ derived tables



NegatedAtoms

A We may put (NOT)n front of aatom,to negate its meaning.



NegatedAtoms
Q?Dédzﬁél AV SOt NRf 230

A We may put (NOT)n front of aatom,to negate its meaning.
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NegatedAtoms
Qwédzﬁsﬂ AV SOt NRf 230

A We may put (NOT)n front of aatom,to negate its meaning.

A Example: For any given node S, return all nodes D that are t
hops away, where D is not an immediate neighbor of S.

twoHop(S,D)
<-link(S,2),
link(Z,D)
I link(S,D).

link(S,Z link(Z,D
E——0—®




Safe Rules

A Safety condition:

I Every variable in the rule must occur in a positive (non
negated) relational atom in the rule body.

I Ensures that the results of programs are finite, and that
their results depend only on the actual contents of the

database.



Safe Rules

A Safety condition:

I Every variable in the rule must occur in a positive (non
negated) relational atom in the rule body.

I Ensures that the results of programs are finite, and that
their results depend only on the actual contents of the
database.

A Examples of unsafe rules:

i s(X) <r(Y).

i s(X) <r(Y), ! r(X).



Semantics

A Modektheoretic
T az2aid aaRSOf I NI i A-@eoretib semaniicS & firg2 ofdery 2
logic. View rules as logical constraints.

T Given input DB | anbatalogprogram P, find the smallest possible DB
AyadalyoS LQ G0KIFIG SEUSYRa L |yR
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a Datalog program.

T Least fixpoint is reached after finitely many iterations of the immediate
conseguence operator.

T Basis for practical, bottorap evaluation strategy.



Semantics

A Modeltheoretic
T az2aid aaRSOf I NI i A-@eoretib semaniicS & firg2 ofdery 2
logic. View rules as logical constraints.
T Given input DB | anDatalogprogram P, find the smallest possible DB
AyadalyoS LQ G0KIFIG SEUSYRa L |yR
A Fixpointtheoretic
T az2adld d2LISNY GA2YylLfeéd . aSR 2y GK
a Datalog program.

T Least fixpoint is reached after finitely many iterations of the immediate
conseguence operator.

T Basis for practical, bottorap evaluation strategy.

A Prooftheoretic

T Set of provable facts obtained from Datalog program given input DB.
T Proof of given facts (typically, tegown Prolog style reasoning)
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. Startby assuming all IDB
relations are empty.

Start:
IDB=0

. Repeatedly evaluate the rules
using the EDB and the previous
IDB, to get a new IDB.

Apply rules
to IDB, EDB

yes

. End when no change to IDB.




Naive Evaluation

reachable(S,D)-4nk(S,D).
reachable(S,D)-4nk(S,2),
reachable(Z,D).
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Naive Evaluation
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Naive Evaluation
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Naive Evaluation
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Naive Evaluation

reachable(S,D)-4nk(S,D).
reachable(S,D)-4nk(S,2),
reachable(Z,D).
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SeminaivekEvaluation

A Since the EDB never changes, on each round we on
get new IDBuplesif we use at least one IDBple
that was obtained on the previous round.

A Saves work; lets us avoid rediscovenngst known
facts.

I A fact could still be derived in a second way



Seminaive Evaluation

reachable(S,D)-4nk(S,D).
reachable(S,D)-4nk(S,2),
reachable(Z,D).
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Seminaive Evaluation
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]
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Seminaive Evaluation
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Seminaive Evaluation

reachable(S,D)-4nk(S,D).
reachable(S,D)-4nk(S,2),
reachable(Z,D).
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Recursion with Negation

Example: to compute all pairs of disconnected nodes In
a graph.

reachable(S,D)-4nk(S,D).
reachable(S,D)-4nk(S,Z), reachable(Z,D).
unreachable(S,D) xode(S), node(D), ! reachable(S,D).



Recursion with Negation

Example: to compute all pairs of disconnected nodes In
a graph.

reachable(S,D)-4nk(S,D).
reachable(S,D)-4nk(S,Z), reachable(Z,D).
unreachable(S,D) xode(S), node(D), ! reachable(S,D).

Straum 1 (unreachable Precedence graph
Nodes = IDB predicates.

Edgeq < p if predicate
g depends omp.
[ [ 6 St GEKAMET NS

Stratum 0 reachable predicate p is negated.



Stratified Negation

unreachable

A Straightforward syntactic restriction.

A When theDatalogprogram is stratified, we can evaluate
IDB predicates lowestratum-first.
A Once evaluated, treat it as EDB for higher strata.

reachable(S,D)-4ink(S,D). Stratum 1
reachable(S,D) -4nk(S,2),

reachable(Z,D).
unreachable(S,D)-rode(S),

node(D), Stratum 0
| reachable(S,D).




Stratified Negation

unreachable

A Straightforward syntactic restriction.

A When theDatalogprogram is stratified, we can evaluate
IDB predicates lowestratum-first.

A Once evaluated, treat it as EDB for higher strata.
Non-stratified example:

p(X) <q(X), ! p(X).

reachable(S,D)-4ink(S,D). Stratum 1
reachable(S,D) -4nk(S,2),

reachable(Z,D).
unreachable(S,D)-rode(S),

node(D), Stratum 0
| reachable(S,D).
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A Data integration
I Skolemfunctions

A Program analysis
I Typebased optimization
A Declarative networking

I Aggregates, aggregate selections
I Incremental view maintenance
I Magic sets



Suggested Readings

A Survey papers:

A A Survey of Research on Deductive Database Syst&amakrishnaand Ullman
Journal of Logic Programming, 1993

A What you always wanted to know aboulatalog(and never dared to askpyCeri
Gottlob, andTanca

Aly 1Yl GSdzZNna 9ELISNI Q& Ddzi, Bfcillibgandw S O dzNE
RamakrishnanSIGMOD Record.

AsS5lIdlrolrasS 9yoOeoOf 2 LIS RGrigoriKafviouddrakiz y a5! ¢! [
A Textbooks:
A Foundations in Database#biteboul Hull,Vianu i
A Database Management SystenRamakrishnaandGehkrep / K I LJi SNJ 2y
5FuallolasSaco
A Acknowledgements:
A Jeff! f f YCIY1Q%iclass lecture slides.

A RaghuRamakrishnaand JohanneB S K Nkcti@ &lides for Database
Management Systems textbook.



Outline of Tutorial

June 14, 2011: The Second Coming of Datalog!

A RefresherDatalog 101

A AD
A AD
A AD

0
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ication #1: Data Integration and Exchanc
ication #2ProgramAnalysis
ication #3: Declarative Networking

A Conclusions
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Datalog for Data Integration

A Motivation and problem setting
A Two basic approaches:

I virtual data integration

I materialized data exchange

A Schema mappings and Datalog wikolem
functions



The Data Integration Problem

A Have a collection of related data sources with
I different schemas
I different data models (relational, XML, plain text, ...)
I different attribute domains

I different capabilities / availability

A Need to cobble them together and provide a
uniform interface

A Want to keep track of what came from where

A Focus here: solving problem different schemas
(schema heterogeneity) foelational data



Mediator-Based Data Integration

Basic idea: use@obalmediated schemdo provide a uniform
guery interface for the heterogeneous data sources .

- Global mediated schema

/
/ \?\ 5

7?7

/ / \ NS

Source schemas

Local data sources

70



Mediator-Based Virtual Data Integration

Globalmediatedschema

Declarative schema
mappings

Source schemas

Local data sources
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Mediator-Based Virtual Data Integration

Query over
global schema

Globalmediatedschema

Declarative schema
mappings

Source schemas

Local data sources
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Mediator-Based Virtual Data Integration

Query over

global schema
Declarative schema
Reformulated mappings
query over
local schemas

Globalmediatedschema

Source schemas

Local data sources
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Mediator-Based Virtual Data Integration

Query over
global schema

Globalmediatedschema

Query
results
Reformulated
query over )/// \
local schemas

Declarative schema
mappings

Source schemas

Local data sources
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Mediator-Based Virtual Data Integration

Query over Integrated query
global schemaresults

Globalmediatedschema

Query
results
Reformulated
query over )/// \
local schemas

Declarative schema
mappings

Source schemas

Local data sources
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Mediator-Based Virtual Data Integration

Query over Integrated query
global schemaresults

Querymay be

recursive

Globalmediatedschema

Query
results
Reformulated
query over )/// \
local schemas

Declarative schema
mappings

Source schemas

Local data sources
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Mediator-Based Virtual Data Integration

Query over Integrated query
global schemaresults

Querymay be

recursive .
Globalmediatedschema

Query
results
Reformulated
query over L/// \
local schemas

Declarative schema
mappings

Source schemas

Reformulation Local data sources

may be

(necessarily)
recursive
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Materialized Data Exchange

Declarative schema
mappings

' Global mediated schema

(akatarget schema)

Declarative schema
mappings

Source schema(s)

>
Local data source(s)
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Materialized Data Exchange

Declarative schema

mappings Mappingsmay be
q recursive

Global mediated schema
(akatarget schema)

Declarative schema
mappings

79

Source schema(s)

Local data source(s)



Materialized Data Exchange

Declarative schema
mappings

' Global mediated schema

(akatarget schema)

Declarative schema
mappings

Source schema(s)

>
Local data source(s)
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Materialized Data Exchange

Declarative schema
mappings

' Global mediated schema

(akatarget schema)

Data exchange step Declarative schema
(construct mediated DB) / ngs

Source schema(s)

Local data source(s)
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Materialized Data Exchange

Declarative schema
mappings

' Global mediated schema
(akatarget schema)
Data exchange step
(construct mediated DB /

Declarative schema
mappings

Source schema(s)

Local data source(s)
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Materialized Data Exchange

Declarative schema
mappings

' Global mediated schema
~ (akatarget schema)
Data exchange step
(construct mediated DB /

Declarative schema
mappings

Source schema(s)

Local data source(s)
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Materialized Data Exchange

Declarative schema
mappings

A,/ Global mediated schema
~ (akatarget schema)

Data exchange step

(construct mediated DB / \

Declarative schema
mappings

Source schema(s)

Local data source(s)
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Materialized Data Exchange

Declarative schema

mappings
Materialized s q |
mediated (target) <« /) Global mediated schema
database (akatarget schema)

Declarative schema
mappmgs

Data exchange step
(construct mediated DB

Source schema(s)

Local data source(s)
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Materialized Data Exchange

Declarative schema

mappings
Materialized
mediated (target) ' Global mediated schema
database (akatarget schema)

Declarative schema
mappings

Source schema(s)

>
Local data source(s)
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Materialized Data Exchange

Declarative schema

Query mappings
Materialized
mediated (target) ' Global mediated schema
database (akatarget schema)

Declarative schema
mappings

Source schema(s)

>
Local data source(s)
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Materialized Data Exchange

Declarative schema

Query mappings
Materialized
mediated (target) ' Global mediated schema
database (akatarget schema)

Declarative schema
mappings

Source schema(s)

>
Local data source(s)
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Materialized Data Exchange

Query Declarative schema
results Query mappings

' Global mediated schema

(akatarget schema)

Materialized
mediated (target)
database

o
<«

Declarative schema
mappings

Source schema(s)

>
Local data source(s)
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Peerto-Peer Data Integration
(Virtual or Materialized)

Peer A

Peer B Peer D

Peer E
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Peerto-Peer Data Integration
(Virtual or Materialized)

Recursiorarises
naturally as peers add
mappings to each othe

Peer B Peer D
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Peerto-Peer Data Integration
(Virtual or Materialized)

Peer A

Peer B Peer D

Peer E
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Peerto-Peer Data Integration
(Virtual or Materialized)

Peer A

Query —>

Peer B Peer D

Peer E
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Peerto-Peer Data Integration
(Virtual or Materialized)

g Peer E
<>

Peer D

Peer A

Query : Peer C
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Peerto-Peer Data Integration
(Virtual or Materialized)

? C
Peer A Peer E
!

3

Query : Peer C
Peer D
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Peerto-Peer Data Integration
(Virtual or Materialized)

? C
Peer A Peer E
!

3

Query : Peer C
Peer D

Results €«——
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Peerto-Peer Data Integration
(Virtual or Materialized)

Peer A

Peer B Peer D

Peer E
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Peerto-Peer Data Integration
(Virtual or Materialized)

Peer A

Peer B Peer D

Query

|

Peer E
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Peerto-Peer Data Integration
(Virtual or Materialized)

Peer A

Peer B

Peer D

Query

|

99



Peerto-Peer Data Integration ouer
(Virtual or Materialized) l y
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Peer A

Peer B Peer D
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Peerto-Peer Data Integration ouery Resul
(Virtual or Materialized) ly )

Peer A

Peer B Peer D

101



How to Specify Mappings?
A Many flavors of mapping specifications: LAV, GAV,
D[ !+ tHtXZ aazdzyRe OSNAAM
A Unifying formalismintegrity constraints

I different flavors of specifications correspond to different
classes of integrity constraints

A We focus on mappings specified ustogle-
generating dependencie@@ kind of integrity
constraint)

A These capture (sound) LAV and GAV as special cas
and much of GLAV and P2P as well

I and, close relationship with Datalog!



Logical Schema Mappings via
TupleGenerating Dependencies (tgds)

A Atuple-generating dependencytgd) is a firstorder
constraint of the form

I gn X m™YGC XY)
wherein and§ areconjunctionsof relational atoms




Logical Schema Mappings via
TupleGenerating Dependencies (tgds)

A Atuple-generating dependencytgd) is a firstorder
constraint of the form

I gn X ™YGC XY)
wherein and§ areconjunctionsof relational atoms

For example:

I Eid, Name, AddemployegEid, Name, Add®
m Ssnname(Ssn, Name) addresgSsn, Addr)

GCKS VI YS | YR empgbiReNdbculd alsd F

be recorded in thanameandaddresstables, indexed

0e aay o
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Instance, many possible mediated instances may satisfy the constraints.
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What Answers Should Queries Return?

A Challengyy O2y aAUNI Ay i(a RSITFAS SIBNEYO {F2WJ Hc
Instance, many possible mediated instances may satisfy the constraints.

I Eid, Name, AddemployegEid, Name, Add®
m Ssnnameg(Ssn, Name€) addresgSsn, Addr)

CONSTRAINT:

LOCAL SOURCE
employee

17 Alice 1 Main St
23 Bob 16 Elm St




What Answers Should Queries Return?

A Challengyy O2y aAUNI Ay i(a RSITFAS SIBNEYO {F2WJ Hc
Instance, many possible mediated instances may satisfy the constraints.

I Ei i
constraint| | Eid. Name, Addemployeg(Eid, Name, Addf)
m Ssnname(Ssn, Nameé) addresgSsn, Addr)
LOCAL SOURCE MEDIATED DB #1
employee name
17 Alice 1 Main St 05066  Alice
23 Bob 16 Elm St 01012 Bob
04066 Carol
address

05066 1 Main St
01012 16 EImSt
04066 7 11h Ave




What Answers Should Queries Return?

A Challengyy O2y aAUNI Ay i(a RSITFAS SIBNEYO {F2WJ Hc
Instance, many possible mediated instances may satisfy the constraints.

CONSTRAINT, I Eid, Name, AddemployedEid, Name, AddB
m Ssnname(Ssn, Nameé) addresgSsn, Addr)
LOCAL SOURCE MEDIATED DB #1 MEDIATED DB #2
employee name name
17 Alice 1 Main St 05066 Alice 27  Alice
23 Bob 16 EIm St 01012 Bob 42  Bob
04066 Carol

address address

05066 1 Main St 27 1 Main St

01012 16 EImSt 42 16 EImSt

04066 7 11" Ave




What Answers Should Queries Return?

A Challengyy O2y aAUNI Ay i(a RSITFAS SIBNEYO {F2WJ Hc
Instance, many possible mediated instances may satisfy the constraints.

CONSTRAINT, I Eid, Name, AddemployedEid, Name, AddB
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LOCAL SOURCE MEDIATED DB #1 MEDIATED DB #2 ...ETC...
employee name name
17 Alice 1 Main St 05066 Alice 27  Alice
23 Bob 16 EIm St 01012 Bob 42  Bob
04066 Carol

address address

05066 1 Main St 27 1 Main St

01012 16 EImSt 42 16 EImSt

04066 7 11" Ave




What Answers Should Queries Return?

A Challengyy O2y aAUNI Ay i(a RSITFAS SIBNEYO {F2WJ Hc
Instance, many possible mediated instances may satisfy the constraints.

CONSTRAINT, I Eid, Name, AddemployegEid, Name, Add®
m Ssnname(Ssn, Nameé) addresgSsn, Addr)
LOCAL SOURCE MEDIATED DB #1 MEDIATED DB #2 ...ETC...
employee name name
17 Alice 1 Main St 05066 Alice 27  Alice
23 Bob 16 EIm St 01012 Bob 42  Bob
04066 Carol
address addre
05066 1 Main St AR \\'hichmediated

01012 16 EImSt yEIE DB should be
04066 7 11h Ave materialized?
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What Answers Should Queries Return?

A Challengyy O2y aAUNI Ay i(a RSITFAS SIBNEYO {F2WJ Hc
Instance, many possible mediated instances may satisfy the constraints.

CONSTRAINT, I Eid, Name, AddemployegEid, Name, Add®
m Ssnname(Ssn, Nameé) addresgSsn, Addr)
LOCAL SOURCE MEDIATED DB #1 MEDIATED DB #2 ...ETC...
employee name name
17 Alice 1 Main St 05066 Alice 27  Alice
23 Bob 16 EIm St 01012 Bob 42  Bob
04066 Carol
address addre
05066 1 Main St AR \\'hichmediated

01012 16 EImSt yEIE DB should be
04066 7 11h Ave materialized?

QUERY: g(Name) <name(Ssn, NamepddresgSsn, ).

112




What Answers Should Queries Return?

A Challengyy O2y aAUNI Ay i(a RSITFAS SIBNEYO {F2WJ Hc
Instance, many possible mediated instances may satisfy the constraints.

consTranT] - Eids Name, AddemployeeEid, Name, Addf)
m Ssnname(Ssn, Nameé) addresgSsn, Addr)

LOCAL SOURCE MEDIATED DB #1 MEDIATED DB #2 ...ETC...
employee name name
17 Alice 1 Main St 05066 Alice 27  Alice
23 Bob 16 Elm St 01012 Bob 42  Bob
04066 Carol

address addre

What answers

: 01012 16 EImSt 'YAITY DB should be

04066 7 11h Ave materialized?

QUERY:

g(Name) <name(Ssn, NamepddresgSsn, ).
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employee
17 Alice 1 Main St
23 Bob 16 Elm St

QUERY:

g(Name) <
name(Ssn, Name),
addresgSsn, ).

MEDIATED DB #1 MEDIATED DB #2..ETC...

name name
05066 Alice 27 Alice
01012 Bob 42 Bob
04066 Carol
address address
05066 1 Main St 27 1 Main St
01012 16 EImSt 42 16 EImSt

04066 7 11" Ave

g q
Alice Alice
Bob Bob

Carol




Certalin Answers Semantics

Basic ideaquery should return those answers that would be
present forany mediated DB instance (satisfying the constraints).

LOCAL SOURCE
employee
17 Alice 1 Main St
23 Bob 16 Elm St

QUERY:

g(Name) <
name(Ssn, Name),
addresgSsn, ).

MEDIATED DB #1 MEDIATED DB #2..ETC...

name name
05066 Alice 27 Alice
01012 Bob 42 Bob
04066 Carol
address address
05066 1 Main St 27 1 Main St
01012 16 EImSt 42 16 EImSt

04066 7 11" Ave

g q
Alice Alice
Bob Bob
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Certalin Answers Semantics

Basic ideaquery should return those answers that would be
present forany mediated DB instance (satisfying the constraints).

LOCAL SOURCE MEDIATED DB #1 MEDIATED DB #2..ETC...
employee name name
17 Alice 1 Main St 05066 Alice 27 Alice
23 Bob 16 Elm St 01012  Bob 42 Bob
04066 Carol
QUERY: address address
q(Name) < 05066 1 Main St 27 1 Main St
name(Ssn, Name), 01012 16 EImSt 42 16 EImSt
addresgSsn, ). 04066 7 11" Ave
certain answers to g q q
; — Alice Alice
Alice —_
Bob Bob
Bob

Carol




Computing the Certain Answers

A A number of methods have been developed
I Bucket algorithmLevy+ 1996]
I Minicon[Pottinger & Halevy 2000]
I Inverse rules metho@uschka & Genesereth 1997]
I ...

A We focus on the Datalelgasedinverse rules
method

A Same method works for both virtual data
Integration, and materialized data exchange

I Assuming constraints are given by tgds



Inverse Rules: Computing Certain Answer

with Datalog
A Basic idea: &gd looks a lot like @atalogrule (or rules)
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rules: bazZ) < foo(X,Y)bar(X,Z).
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Inverse Rules: Computing Certain Answer

with Datalog
A Basic idea: &gd looks a lot like @atalogrule (or rules)
tgd: X, Y, Zoo(X,Y) bar(X,ZP biz(Y,Z) bazZ)
Datalog biz(X,Y,Z) oo(X,Y)bar(X,2).
"ules: bazZ) < foo(X,Y)bar(X,Z).

A{2 2dzald0 AYUGSNLINBG G§3IRA | a 5|
use these to compute the certain answers.
i 2Ké OlFlffSR GAYOSNBSE NHz SakK Ly
constraints written in the other direction, with sources thought of as
views over the (hypothetical) mediated database instance

The catch: what to do abowxistentially quantified variables.
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Inverse Rules: Computing Certain Answers
with Datalog (2)

A Challengeexistentially quantified variablesn tgds

I Eid, Name, AddemployegEid, Name, Add®
m Ssnname(Ssnp Name) addresgSsn Addr)

A Key idea: us&kolem functions
i OKAY1lY AaYSY2AT SR QI fdz2S AYyOSYlGA2yé

name(ssi{Name, Addr), Name) employed , Name, Addr).
addresgssr(Name, Addr), Addr)-employed , Name, Addr).

ssn is a Skole
function
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Inverse Rules: Computing Certain Answers
with Datalog (2)

A Challengeexistentially quantified variablesn tgds

I Eid, Name, AddemployegEid, Name, Add®
m Ssnname(Ssip Name) addresgSsn Addr)

A Key idea: us&kolem functions
i OKAY1lY AaYSY2AT SR QI fdz2S AYyOSYlGA2yé

name(ssi{Name, Addr), Name) employed , Name, Addr).
addresgssr(Name, Addr), Addr)-employed , Name, Addr).

A Unlike SQL nulls, can join on Skolem values:

query _(Name,Addr) <
name(Ssn,Name),
address(Ssn,Addr).
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Semantics of Skolem Functions in Datalog

A{12tSY FdzyOuAa2ya AYUSNLINBGS
(Herbrandinterpretations): not to be confused with user
defined functions

I e.g., can think of interpretation of term
aayoa! f AOSé¢x am al Ay {0£0
as just the string (or null labeled by the string)
aayoa! f AOSé¢x am al Ay {G£0
A Datalog programs with Skolem functions continue to have

minimal models, which can be computed via, e.g., botgm
seminaive evaluation

I Can show that theertain answersare precisely the query answers
GKIFG O2y il Ay y2 {12tSY GSN¥ao

A But: the models may now hiefinite!
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A ProblemY {12ftSY (USN¥Xa GAYOSYyl:E
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employeq , X, ).
managefm(X)) <
manage(X).




Termination and Infinite Models

AProblemyY {12tSY (SN¥XYa GAYyOQOSYyl:E
FSR 0101 Ay | t22L) (2 AaAy@S

i SPIPE GSYSNE YIylF3ISNI KIFa

manage(X) <

employeq , X, ).
managefm(X)) <

m is a Skolem
function
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Termination and Infinite Models

A ProblemY {12ftSY (USN¥Xa GAYOSYyl:E
FSR 0101 Ay | t22L) (2 AaAy@S

i SPIPE GSYSNE YIylF3ISNI KIFa

manage(X) < employee
employeq(_, X, ). 17 Alice 1 Main St

manage(m(X)) < 23 Bob 16 EIlm St
manage(X).
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Termination and Infinite Models

A ProblemY {12ftSY (USN¥Xa GAYOSYyl:E
FSR 0101 Ay | t22L) (2 AaAy@S

i SPIPT ASHSNE YIylFISNILH & |

§ \ m(Alice)
managetX) < employee m(Bob)
employeq_, X, ). 17 Alice 1 Main St m(m(Alice))
manage(m(X)) < 23 Bob 16 EIlm St
manage(X). m(m(Bob))

m(m(m(Alice)))

AhLIIAZ2ZY MY S0 WSNI NALI I yR

A Option 2: use syntactic restrictions to ensure
termination...



Ensuring Termination of Datalog Programs with
Skolems via Weak Acyclicity

A Draw graph for Datalog program as follows:

manage(X) <
employed , X, ).
managefm(X)) <
manage(X).




Ensuring Termination of Datalog Programs with
Skolems via Weak Acyclicity

A Draw graph for Datalog program as follows:
(employee, 2
manage(X) <
employed , X, ) .| (employee, 1) (employee, 3)
managefm(X)) <
manage(X).

(manager, 1)



Ensuring Termination of Datalog Programs with
Skolems via Weak Acyclicity

A Draw graph for Datalog program as follows: vertex for each

(employee, 2 (predicate, index)

managefX) <
employe
managefm(X)) <

5| |, X, ) .| (employee, 1)

manage(X).

(employee, 3)

v

(manager, 1)
variable occurs as arg #
to employeein body,

arg #1 tomanagerin
head
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Ensuring Termination of Datalog Programs with
Skolems via Weak Acyclicity

A Draw graph for Datalog program as follows: vertex for each
(employee, 2 (predicate, index)

manage(X) <
employeqd , X, ) .| (employee, 1)

manageq_m(x:p) <

managefX}.

(employee, 3)

v

(manager, 1) «,

variable occurs as arg 4
to employeein body,

arg #1 tomanagerin
head

variable occurs as arg #1 to
managerin body and as
argument to Skolem (hence
dashes) in arg #1 tmanager
in head




Ensuring Termination of Datalog Programs with
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A Draw graph for Datalog program as follows: vertex for each
(employee, 2 (predicate, index)

manage(X) <
employed , X, ) .| (employee, 1)

managefm(X)) <
manage(X).

(employee, 3)

v

(manager, 1) «,

variable occurs as arg 4
to employeein body,
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_ variable occurs as arg #1 to
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a dashed edge, then P is called argument to Skolem (hence
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In head




Ensuring Termination of Datalog Programs with
Skolems via Weak Acyclicity

A Draw graph for Datalog program as follows: vertex for each
(employee, 2 (predicate, index)

manage(X) <
employed , X, ) .| (employee, 1)

managefm(X)) <
manage(X).

(employee, 3)

+ Cycle through
(manager, 1) «, dashed edge!

variable occurs as arg # \ Not weakly
to employeein body, acyclic
arg #1 tomanagerin
head
A If graph contains no cycle through Vi?::;%é)ﬁguggdi,sﬂg Zsl :
a dashed edge, then P is called argument to Skolem (hence

weakly acyclic dashes) in arg #1 tmanager
In head
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Ensuring Termination via Weak Acyclicity (2)

A Another example, this one weakly acyclic:

name(ssnName,Addr),Name)
<-emp(_,Name,Addr).

addr(ssnName,Addr)Addr)
<-emp(_,Name,Addr).

query (Name,Addr)
<- nameg(Ssn,Name),
addresgSsn,Addr) ;
_(Addr,Name).




Ensuring Termination via Weak Acyclicity (2)

A Another example, this one weakly acyclic:

(emp, 2) (emp, 3)

name(ssnName,Addr),Name) (emp, 1)

<-emp(_,Name,Addr).
addr(ssnName,Addr)Addr)
<-emp(_,Name,Addr). (hame, 1) (addr, 1)
query (Name,Addr) (name, 2)  (addr, 2)
<- nameg(Ssn,Name),
addresgSsn,Addr) ;
_(Addr,Name). (,1) (,2)
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Ensuring Termination via Weak Acyclicity (2)

A Another example, this one weakly acyclic:

name(ssnName,Addr),Name) (emp, 1)

<-emp(_,Name,Addr).
addr(ssnName,Addr)Addr)
<-emp(_,Name,Addr).

(name, 1) |
query (Name,Addr) (name, 2)  (addr, 2)
<- name(Ssn,Name), / \
addresgSsn,Addr) ;
_(Addr,Name). 1 — (L, 2)

"o |~
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Ensuring Termination via Weak Acyclicity (2)

A Another example, this one weakly acyclic:

(emp, 1)

name(ssnName,Addr),Name)
<-emp(_,Name,Addr).

addr(ssn(Name,Addr)Addr)
<-emp(_,Name,Addr).

(name, 2) (addr, 2)

/N

query (Name,Addr)
e has cycle, but no
addresgSsn, ARN®Y# (cRigl{e]l[s]y
_(Addr,Name Ss ET o 1=To N=To [o] <5 1) — (,2)
weakly acyclid "~
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Ensuring Termination via Weak Acyclicity (2)

A Another example, this one weakly acyclic:

name(ssnName,Addr),Name) (emp, 1)

<-emp(_,Name,Addr).
addr(ssn(Name,Addr)Addr)
<-emp(_,Name,Addr).

query (Name,Addr)

‘ e ¢ has cycle, but no
@ addresgSsn, ARN®Y# (cRigl{e]l[s]y
_(Addr,Name )6 EE g T=To M=To [o ¥ 1 — (,2)
weakly acyclid "~

(name, 2) (addr, 2)

/N

Theorem bottom-up evaluation of weakly acyclic Datalog
programs with Skolems terminates in # steps polynomial in sjze
of source database.
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Once Computation Stops, What Do We Have?

I Eid, Name, AddemployegEid, Name, Add®

tgd: m Ssn name(Ssn, Namé) addresiSsn, Addr)

datalog rules: | hame(ssr(Name, Addr), Name)employeg_, Name, Addr).
addresgssr(Name, Addr), Addr)-employeq , Name, Addr).
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Once Computation Stops, What Do We Have?

I Eid, Name, AddemployegEid, Name, Add®
m Ssnname(Ssn, Nameé) addresgSsn, Addr)

tgd.

datalog rules: | hame(ssr(Name, Addr), Name)employeg_, Name, Addr).
addresgssr(Name, Addr), Addr)-employeq , Name, Addr).

LOCAL SOURCE
employee

17 Alice 1 Main St
23 Bob 16 Elm St
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Once Computation Stops, What Do We Have?

I Eid, Name, AddemployegEid, Name, Add®
m Ssnname(Ssn, Nameé) addresgSsn, Addr)

tgd.

datalog rules: | hame(ssr(Name, Addr), Name)employeg_, Name, Addr).
addresgssr(Name, Addr), Addr)-employeq , Name, Addr).

LOCAL SOURCE MEDIATED DB #2
employee name
17 Alice 1 Main St ssn(A..) Alice
23 Bob 16 Elm St ssn(B..) Bob
address

ssn(A..) 1 Main St
ssn(B..) 16 EImSt
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Once Computation Stops, What Do We Have?

I Eid, Name, AddemployegEid, Name, Add®
m Ssnname(Ssn, Nameé) addresgSsn, Addr)

tgd.

datalog rules: | hame(ssr(Name, Addr), Name)e€mployed_, Name, Addr).
addresgssr(Name, Addr), Addr)-employeq , Name, Addr).

LOCAL SOURCE MEDIATED DB #1 MEDIATED DB #2

employee name name

17 Alice 1 Main St 05066 Alice ssn(A..) Alice

23 Bob 16Emst 01012 Bob ssn(B..) Bob
04066 Carol

address address

05066 1 MainSt ssn(A..) 1 Main St
01012 16 EImSt  ssn(B..) 16 EImSt
04066 7 11" Ave




Once Computation Stops, What Do We Have?

tgd.

datalog rules:

I Eid, Name, AddemployegEid, Name, Add®
m Ssnname(Ssn, Nameé) addresgSsn, Addr)

name(ssi(Name, Addr), Name) employeq , Name, Addr).
addresgssr(Name, Addr), Addr)-employeq , Name, Addr).

LOCAL SOURCE MEDIATED DB #1 MEDIATED DB #2MEDIATED DB #3

employee name name name

17 Alice 1 Main St 05066 Alice ssn(A..) Alice 27 Alice

23 Bob 16Emst 01012 Bob ssn(B..) Bob 42 Bob
04066 Carol

address address address

05066 1 MainSt ssn(A..) 1 Main St 27 1 Main St
01012 16 EImSt ssn(B..) 16 EImSt 42 16 EImSt
04066 7 11" Ave




Once Computation Stops, What Do We Have?

tgd.

I Eid, Name, AddemployegEid, Name, Add®
m Ssnname(Ssn, Nameé) addresgSsn, Addr)

datalog rules:

name(ssi(Name, Addr), Name) employeq , Name, Addr).
addresgssr(Name, Addr), Addr)-employeq, Name, Addr).

LOCAL SOURCE MEDIATED DB #1 MEDIATED DB #2MEDIATED DB #3

employee name name name
17 Alice 1 Main St 05066 Alice ssn(A..) Alice 27 Alice
23 Bob 16 Elm St 01012 Bob ssn(B..) Bob 42 Bob
04066 Carol
address address address
05066 1 MainSt ssn(A..) 1 Main St 27 1 Main St
01012 16 EImSt ssn(B..) 16 EmSt 42 16 EImSt

04066 7 11" Ave

Among all the mediated DB instances satisfying the constraatst{ons), #2
above isuniversat can be homomorphically embeddedany other solution.



Once Computation Stops, What Do We Have?

I Eid, Name, AddemployegEid, Name, Add®
m Ssnname(Ssn, Nameé) addresgSsn, Addr)

tgd.

datalog rules: | hame(ssr(Name, Addr), Name)employeg_, Name, Addr).
addresgssr(Name, Addr), Addr)-employeq , Name, Addr).

LOCAL SOURCE MEDIATED DB #1 MEDIATED DB #2MEDIATED DB #3

employee na name name
17 Alice 1 Main St [ AIice] [ ssﬁ(A..p Alice ] 27 Alice
23 Bob 16Emst (L91012) Bob ssn(B.J) Bob 42 Bob
040
address address address

[[_£05066 1 Main S

t
010-12) 16 EImSt]

th_Avie

%

Among all the mediated DB instances satisfying the constraatst{ons), #2
above isuniversat can be homomorphically embeddedany other solution. -

) 1 Main St 27 1 Main St
) 16 EImSt 42 16 EImSt

040-66




Once Computation Stops, What Do We Have?

I Eid, Name, AddemployegEid, Name, Add®
m Ssnname(Ssn, Nameé) addresgSsn, Addr)

tgd.

datalog rules: | hame(ssr(Name, Addr), Name)e€mployed_, Name, Addr).
addresgssr(Name, Addr), Addr)-employeq , Name, Addr).

LOCAL SOURCE MEDIATED DB #1 MEDIATED DB #2MEDIATED DB #3

employee name n name
17 Alce 1Manst 05066 Alice ssn(A.) Alice Alice
23 Bob 16 Elmst 01012 Bob ssrl(B.b Bob Bob |
04066 Carol
address addres address

05066 1 Main St [(ssn(A) 1MainSt| [27] 1 MainSt
01012 16 EImSt |/ ssn(B.) 16 EImSt 42| 16 EImSt

-

04066 7 11" Ave

Among all the mediated DB instances satisfying the constraatst{ons), #2
above isuniversat can be homomorphically embeddedany other solution.
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Theorem can compute certain answers to Datalog progam
over target/mediated schema by:

(1) evaluatingg on materialized mediated DB (computed
using inverse rules); then

(2) crossing out rows containing Skolem terms.




Universal Solutions Are Just What Is
Needed to Compute the Certain Answers

Theorem can compute certain answers to Datalog progam
over target/mediated schema by:

(1) evaluatingg on materialized mediated DB (computed
using inverse rules); then

(2) crossing out rows containing Skolem terms.

Proof(cruX: use universality of materialized DB.



Notes on Skolem Functions in Datalog

A Notion of weak acyclicity introduced by Deutsch and Popa,
as a way to ensure termination of tlelhaseprocedure for
logical dependencies (but applies to Datalog too).

A Crazy ideawnhat if we allowarbitrary use of Skolems, and
F2NABSG Fo62dzi O2YLIzi Ay 3 umzv
but onlypartially enumerate their contents, on demand,
usingtop-down evaluation?

i1TYRZ gKAf S dussaftiestoa? A G> | £ 2

AcCKAA A& | Oldztfteée logicoSIdziA T
programming

i{12tSY FdzyOlAaz2ya oF{1l aFdzy Ol
structures like lists, trees, etc. in Prolog

I Resulting language is Turlagmplete



Summary: Datalog for
Data Integration and Exchange

A Datalog serves as very nice languagestitrema
mappings as needed In data integration, provided
we extend it with Skolem functions

I Can use Datalog to compute certain answers

I Fancier kinds of schema mappings than tgds require
further language extensions; e.g., Datalogddi et al 09]

A Can also extend Datalog to track various kinds of
dataprovenance very useful in data integration

I Using semirindpased frameworkGreen+ 07]



Some DatalodBased Data
Integration/Exchange Systems

A Information Manifold[Levy+ 96]

= ATeT
i Virtual approach
I No recursion

—— Bell Laboratories

{

A Cliopmiller+ 01]

I Materialized approach

I Skolem terms, no recursion, rich data mode
i Ships as part of IBM WebSphere

f"TORONTO
A Orchestra CDSGes+ 05]

I Materialized approach

2IRCHESTRA
I Skolem terms, recursion, provenance
updates




Datalog for Data Integration:
Some Open Issues

A Materialized data exchange: renewed need for
efficientincremental view maintenancealgorithms

I Source databases are dynamic entities, need to propagate
changes

i Classical algorithm DRemlipta+ 93j0ften performs very
badly; newer provenancbased algorithmsgsreen+ 07, Liu+
og] faster but incur space overhead; can we do better?

A Terminationfor Datalog with Skolems

I Improvements on weak ayclicity for chase termination,
translate to Datalog; more permissive conditions always
useful!

I Is termination even decidable? (Undecidable if we allow
Skolemsandunsafe rules, of course.)



Outline of Tutorial

June 14, 2011: The Second Coming of Datalog!

A Refresherbasics oDatalog

AA
AA
AA

0
0

D

0
0

0

ication #1: Data Integration and Exchange
ication #2ProgramAnalysis
ication #3: Declarative Networking

A Conclusion
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Program Analysis

A What is it?
I Fundamental analysis aiding software development
I Help make programs run fast, help you find bugs

A Why in Datalod?
I Declarative recursion

A Howdoes it work?

I Really welll An ordeof-magnitude faster than hand
tuned, Java tools

| Datalog optimizations are crucial in achieving
performance



WHAT IS PROGRAM ANALYSIS



Understanding Program Behavior

a )

animal.eat( (Food) thing);
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Understanding Program Behavior

(without actually running the program)

4 )
animal.eat( (Food) thing);
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Understanding Program Behavior

| testing
(without actually runririg the program)

a )

animal.eat( (Food) thing);

- _/




Understanding Program Behavior

| testing
(without actually runririg the program)

what isanimal?

& |
animal.eat( (Food) thing);

- J
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| testing
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what isanimal?
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Understanding Program Behavior

| testing
(without actually runririg the program)

what isanimal?

2o |
pointsto animal.eat( (Food) thing);

analyses T

- J

through what method

does iteat?
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Understanding Program Behavior

testing

(without actually runririg the program)

what isanimal?

p
pOintS'tO\>animal.eat( (Food) thin

analyses

—1

through what method

does iteat?
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Optimizations

what isanimal?

G
animal.eat( (Food) thin
\ T

through what method

does iteat?
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Optimizations

G
animal.eat( (Food) thin
\ T

through what method

does iteat?
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Optimizations

A (i Qg |-]

what isthing?

G
animal.eat( (Food) thin

—

class Dog {

J

\

G2AR Sl G6C

J

22R FO

g X
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Optimizations

[ A (i Qg |-J

what isthing?

animal.eat( (Food) thin

virtual call resolution T

"class Dog {

J

\
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Optimizations

[ A (i Qg |-}

[ A [I:ﬁcﬁ:olateJ

animal.eat( (Food) thin

virtual call resolution T

i

“class Dog {

~N

G2AR Sl G6C

J

22R FO

g X
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Optimizations

{ A (i Qg |-}

{ A [’Eﬁcﬁ:olateJ

animal.eat(Feed) thin

virtual call resolution T

i

“class Dog {

~N

G2AR Sl G6C

J

22R FO

g X

193



Optimizations

[ A (i Qg |-}

{ A [I:ﬁcﬁ:olateJ

animal.eat(Feed) thin

virtual call resolution T

i

“class Dog {

~N

G2AR Sl G6C

J

type erasure

22R FO 9§ X
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Bug Finding

A G Qag | J {7\ mﬁcﬁ:olateJ
G
animal.eat(Feed) thin
K T
“class Dog { )
W2AR SIFGoCR2R FTu 9§ X

i

J
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Bug Finding

A (i Qg |-J

{ A [’Eﬁcﬁ:olateJ

\_

G
animal.eat(Feed) thin

T

L BUG

[ Dog + Chocolate j

i

“class Dog {

~

G2AR Sl G6C

J

22R FO

g X
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Bug Finding

A (i Qg |-}

{ A [’Eﬁcﬁ:olateJ

animal.eat(Feed) thin

|

ChokeExceptioneveﬂ
caught = BUG J

L BUG

[ Dog + Chocolate j

i

class Dog {

~N

G2AR Sl G6C

J

22R FO

g X
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Precise, Fast Program Analysis Is Hal

A necessarily an approximation
I because Alan Turing said so

A alot of possible execution paths to analyze

i 10“acyclic paths in an average Java program,
2 K fSée SG tftdX Wnp



WHY PROGRAM ANALYSIS IN
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WHY DATALOG?



Program Analysis: A Complex Domail
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Michael Hind
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Full text avallab\e:ﬁLﬂf (199.83 KB)
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Algorithms in 16page Conf. Papers

procedure exhaustive_aliasing(G)
G: an interprocedural control flow graph (ICFG);
begin
/* 1. only performed implicitly */
1. initialize may_hold with a default value NO;
create an empty worklist;
2. for each node N in G
2.1 if N is a pointer assignment
aliases_intro_by_assignment(N,Y ES);
2.2 else if N is a call node
aliases_intro_bycall(N,YES);
3. while worklist is not empty
3.1 remove (N, AA, PA) from worklist,;
3.2 if N is a call node
alias.at_call_implies(N, AA, PA,Y ES);
3.3 else if N is an exit node
alias_at_exit_implies(N, AA, PA,YES);
3.4 else for each M € successor(N)
3.4.1 if M is a pointer assignment
alias_implies_thru_assign(M,
AA,PA,YES);
3.4.2 else
make.true(M, AA, PA);
end

Figure 1: Exhaustive algorithm for pointer aliasing
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Algorithms in 16page Conf. Papers

procedure exhaustive_aliasing(G)

procedure incremental_aliasing(G,N)
G: an ICFG;
N: a statement to be changed,;
begin
1. falsify the affected aliases, which are either generated
at N, or depend on other affected aliases.
2. update G to reflect the change to statement N;
3. worklist=reintroduce_aliases(G);
4. reiterate_worklist(worklist,Y ES);
end

Figure 2: Incremental aliasing algorithm for handling
addition /deletion of a statement

3.4 else for each M € successor(N)
3.4.1 if M is a pointer assignment
alias_implies_thru_assign(M,
AA,PA,YES);
3.4.2 else
make.true(M, AA, PA);

beg

end

Figure 1: Exhaustive algorithm for pointer aliasing
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Algorithms in 16page Conf. Papers

procedure exhaustive_aliasing(G)

beg pro /* Alias falsification corresponding to step 1 in Figure 2 */
procedure naive.falsification(N)
N': a statement to be changed;

.| begin
begil ] it N is marked TOUCHED, return;
1 /* Falsify aliases at the changed node N */ herated
2. set all may_hold(N,AA,PA) to NO;
3. mark N TOUCHED;

4. if N is an exit node (s
for each call node C which calls the function
containing V;

naive_falsi fication(corresponding return of C);
end 5. else if IV is a call node

Figu 5.1 disable_aliases(entry of the function called by N);
2 5.2 naive_falsification{corresponding return of N);

addi 6. else for each M € successor(N)

34 naive_falsification(M);

B L D

ndling

end

procedure disable_aliases(E)

E: entry of the function whose aliases will be disabled;
begin

1. if F is marked INFLUENCED, return;

2. set all may_hold(E, AA, AA) to FALSIFIED,;

3. mark E INFLUENCED,;

4. for each call node C in function E;

disable_aliases(entry of the function called by C);

end

Figure 1

end

Figure 3: Naive falsification 210




Algorithms in 16page Conf. Papers

procedure exhaustive_aliasing(G)

beg pro /* Alias falsification corresponding to step 1 in Figure 2 */
procedure naive.falsification(N)
N: 4 statement to be changed;

.| begin
beg 1. if N is marked TOUCHED, return;
1 /[ Falsify aliases at the changed node N */ herated
t all may_hold(N, AA, PA) to NO;
ark N TOUCHED;

4. if N is an exit node (s
for each call node C which calls the function
containing V;
naive_falsi fication(corresponding return of C);
end 5. eflse if IV is a call node
Figu 5{1 disable_aliases(entry of the function called by N);
5(2 naive_falsification{corresponding return of N);

B L D

ndling

addi 6. else for each M € successor(N)
- naive_falsification(M);
" |end
procedure disable_aliases(E)

begin
1. if F is marked INFLUENCED, return;
end 2. st all may_hold(E, AA, AA) to FALSIFIED,
3. mark E INFLUENCED,;
. 4. for each call node C in function E;
Eigmeil disable_aliases(entry of the function called by C);
end

Figure 3: Naive falsification 211




