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Datalog as DSL for Static Program
 Analysis

•
D

atalog in static program
 analysis

•
Reps’94, Engler’96, …

•
D

atalog is restricted H
orn-Logic

•
Declarative program

m
ing for recursive relations

•
Finite constant set

•
No back-tracking for evaluation / fast

•
Extensional/Intensional database

•
Extractor
•

Syntactic translation to logical relations
•

D
atalog Engine
•

Extensional Database/Facts: input relations
•

Intensional Database/Rules: program
 analysis specification 

Input 
Program

Input 
R

elations

R
esult

Program
A

nalysis

Extractor

D
atalog

Engine



Hand crafted vs Datalog

W
hy the gap? 

-
G

eneral evaluation algorithm
s

-
B

ad data-structures 
-

N
o index m

anagem
ent

W
hat can w

e do? 



:  A Datalog Synthesis Tool
•

D
atalog as D

SL for analysis problem
s

•
N

ew
 Paradigm

 for Evaluating D
atalog Program

s
•

To achieve sim
ilar perform

ance to hand-w
ritten C++ code

•
A

ssum
ptions

•
Rules do not change in static program

 analysis tools
•

Facts ( = input program
 representation) m

ay change
•

Executed on large m
ulti-core shared-m

em
ory m

achines
•

In-m
em

ory / highly parallelized data-structures   
•

Solution: 
•

Synthesis w
ith Futam

ura projections (CAV’16, CC’16)
•

Apply partial specialization techniques
•

Synthesis in stages
•

Each stage opens are new
 opportunities for optim

isations



Futam
ura Projections

•
Specialization

•
Specialization

•
H

ierarchy

Datalog 
Specialization

RAM
 Specialization

C++ Specialization



How
 does Soufflé w

ork?

Fact 
Extractor

SO
U

FFLÉ

Inputs
Facts

Spec
Result

Synthesiser

Facts

AST

RAM

C++
AN

ALYZE
R

Result

AST

RAM

Interpreter
Result

Facts

Interpreter

M
odes of Evaluation

1.Interpreter
2.Synthesiser: Standalone tool (binary/library)



Index Selection (VLDB’18)

•



Index Cover
•

Rules com
posed of “prim

itive searches”
•

R
u

le
s
 a

re
 m

o
s
tly

 c
o

n
ju

n
c
tio

n
 o

f e
q

u
a

lity
 c

o
n

s
tra

in
ts

; u
n

c
o

n
s
tra

in
e

d
 

o
th

e
rw

is
e

•
..,A(10,11,_),.. ⇔

select * from A where x=10 and y=11
•

P
rim

itiv
e

 s
e

a
rc

h
 {x,y} o

f re
la

tio
n

 A(x,y,z)  
•

Single index covers m
ultiple prim

itive searches
•

Eg., lexorder index x<y<zon A(x,y,z)covers
select * from A where x=x0
select * from A where x=x0 and y=y0
select * from A where x=x0 and y=y0 and z=z0

•
Prim

itive searches form
 a lattice on attributes

•
A chain in a lattice represents an index

•
Find m

inim
al chain cover using Dilw

orth’s theorem

Chain 1: {x},{x,y}, {x,y,z} 
⇒

Index:x<
y<
z

Chain 2: {x,z}
⇒

Index:x<
z



Algorithm
ics &

 Im
plem

entation

M
ISP

M
CCP

M
ax 

M
atching

M
ISP

S
1

S
2

S
k

…
..

L
1

L
2

L
r

…
..

Prim
itive Searches

Lexorder 
Indexes



Souffle’s Data-Structures
•

Portfolio of Data-Structures (CCPE’20)
•

D
a

ta
lo

g
 E

n
a

b
le

d
 R

e
la

tio
n

 (D
E

R
) d

a
ta

-s
tru

c
tu

re
s
 

•
T

e
m

p
la

te
d

 C
+

+
 d

a
ta

-s
tru

c
tu

re
s
 

•
B-Trees (PPoPP’19)

•
C

o
m

p
le

x
ity

 o
f e

v
a

lu
a

tin
g

 s
e

a
rc

h
e

s
 is

 b
o

u
n

d
e

d
 b

y
 th

e
 s

iz
e

 o
f th

e
 o

u
tp

u
t

•
T

re
e

 s
tru

c
tu

re
s
 p

ro
v

id
e

 n
a

tu
ra

l o
p

p
o

rtu
n

itie
s
 fo

r p
a

ra
lle

lis
m

•
E

ffe
c
tiv

e
ly

 e
x
p

lo
its

 c
a

c
h

e
s
 a

v
a

ila
b

le
 in

 m
o

d
e

rn
 c

o
m

p
u

te
r a

rc
h

ite
c
tu

re
s

•
Brie

(PM
AM

’19)
•

U
s
e

fu
l fo

r d
e

n
s
e

 a
n

d
 lo

w
-d

im
e

n
s
io

n
a

l d
a

ta

•
Equivalence Relation (PACT’19)

•
S

y
m

b
o

lic
 re

w
rite

-s
y

s
te

m
s
 e

tc
. 

•
O

thers
•

R
tre

e
s
, in

fo
s
, e

tc
.
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Soufflé's Perform
ance 

•
Exam

ple

•
Perform

ance Num
bers

•
Vs. Hand-crafted: 2s / 34M

B



USE CASE A:
S

e
c
u

rity
 In

 O
p

e
n

 JD
K

7

Open JDK 7: 
7

M
 L

O
C

, 1
.4

M
 v

a
ria

b
le

s
, 3

5
0

K
 h

e
a

p
 o

b
je

c
ts

, 1
6

0
K

 m
e

th
o

d
s
, 5

9
0

K
 in

v
o

c
a

tio
n

s
, 

1
G

 tu
p

le
s

Soufflé –c 

Points-to.dl
Security 

A
nalysis X.dl

A
nalyzer X

JD
K X build Y

R
esults



USE CASE B:
A

W
S

 V
P

C
 N

e
tw

o
rk

s

~
1

0
-1

0
0

K
 In

s
ta

n
c
e

s
 in

 n
e

tw
o

rk
s

External Tool
Java 

Interface
Soufflé lib

A
nalysis + D

ata

R
esults



Other USE CASES

•
D

oop: Java points-to analysis
•

D
D

ISASM
: G

ram
m

aTech’s
Binary D

isassem
bler

•
G

igahorse, Vandal: Sm
art-Contract Analysis

•
M

any m
ore …
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Souffle as a Language
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Language

•
D

atalog
•

Lack of a standard
•

Every im
plem

entation has its ow
n language

•
Soufflé 

•
Syntax inspired by bddbddb, m

uZ/z3, Logicblox, …
  

•
Soufflé Language

•
Turing-Equivalent 

•
a

rith
m

e
tic

 fu
n

c
to

rs
, re

c
o

rd
s
, A

D
T

s
,  a

g
g

re
g

a
te

s
, ...

•
Softw

are engineering features for large-scale logic-oriented program
m

ing
•

P
e

rfo
rm

a
n

c
e

•
R

u
le

 a
n

d
 re

la
tio

n
 m

a
n

a
g

e
m

e
n

t v
ia

 c
o

m
p

o
n

e
n

ts
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Installation

•
Supported system

•
U

N
IX: D

ebian, FreeBSD
, M

A
C O

S X, W
in10 subsystem

, etc.

•
Releases are issued regularly

•
http://github.com

/souffle-lang/souffle/releases

•
Current release V1.1

•
A

s a D
ebian Package

•
A

s a M
A

C O
S X Package

•
From

 source code
•

http://github.com
/souffle-lang/souffle/

18



Invocation of Soufflé

•
Invocation of soufflé: souffle <flags> <program

>.dl
•

Evaluate input program
 <program

>.dl 

•
Set input fact directory w

ith flag –F <dir> 
•

Specifies the input directory for relations (default: current)

•
Set output directory w

ith flag –D
 <dir>

•
Specifies the output directory for relations (default: current)

•
If <dir>

is ”-”; output is w
ritten to stdout. 

•
Synthesiser flag –c (default is interpreter) 

•
G

enerate executable w
ith synthesiser only –o <exe>

19



Transitive Closure Exam
ple

•
Type the follow

ing in file reachable.dl
.decl edge (n: sym

bol, m
: sym

bol)
edge(“a”, “b”).   /* facts of edge */
edge(“b”, “c”).
edge(“c”, ”b”).
edge(”c”, ”d”). 
.decl reachable (n: sym

bol, m
: sym

bol) 
.output reachable // output relation reachable 
reachable(x, y):-edge(x, y).  // base rule 
reachable(x, z):-edge(x, y), reachable(y, z). // inductive rule
•

Evaluate:  souffle -D
-reachable.dl

20



Sam
e Generation Exam

ple
•

G
iven a tree, find w

ho belongs to the sam
e generation

.decl Parent(n: sym
bol, m

: sym
bol)

Parent("d", "b"). Parent("e", "b"). Parent("f","c").
Parent("g", "c"). Parent("b", "a").

Parent("c","a").
.decl Person(n: sym

bol)
Person(x) :-Parent(x, _). 
Person(x) :-Parent(_, x).
.decl Sam

eG
eneration

(n: sym
bol, m

: sym
bol)

Sam
eG

eneration(x, x):-Person(x).
Sam

eG
eneration(x, y):-Parent(x,p), Sam

eG
eneration(p,q), Parent(y,q).

.output Sam
eG

eneration

b

g
d

f
e

c

a

21



Soufflé’s Input: Rem
arks &

 C-Preprocessor

•
Soufflé uses tw

o types of com
m

ents (like in C++)
•

Exam
ple:

// this is a rem
ark

/* this is a rem
ark as w

ell */
•

C preprocessor processes Soufflé’s input
•

Includes, m
acro definition, conditional blocks 

•
Exam

ple:
#include “m

yprog.dl”
#define M

YPLU
S(a,b) (a+b)

22



Declarations of Relations

•
Relations m

ust be declared before being used:

.decl edge(a: sym
bol, b: sym

bol ) 

.decl reachable(a: sym
bol, b: sym

bol ) 

.output reachable 

edge(“a”, ”b”). edge(“b”, ”c”). edge(“b”, ”c”). edge(“c”, ”d”).
reachable(a,b) :-edge(a,b).
reachable(a,c) :-reachable(a,b), edge(b,c).

Typ
e

23



I/O Directives

•
Input directive

•
Read from

 a tab-separated file <relation-nam
e>.facts

•
Still m

ay have rules/facts in the source code
•

Exam
ple: .input <relation-nam

e>
•

O
utput directive
•

Facts are w
ritten to file <relation-nam

e>.csv (or stdout)
•

Exam
ple: .output <relation-nam

e>
•

Print size of a relation
•

Exam
ple: .printsize <relation-nam

e>

24



Exercise: Relation Q
ualifier

.decl A
 (n: sym

bol )
.input A

 

.decl B (n: sym
bol)

B(n) :-A
(n).

.decl C(n: sym
bol) 

.output C
C(n) :-B(n). 

.decl D
(n: sym

bol) 
.printsize D
D

(n) :-C(n). 

•
Read from

 file A
.facts facts

•
Copy facts from

 A
 to B

•
Copy facts from

 B to C and output 
it to file C.csv

•
Copy facts from

 C to D
 and output 

the num
ber of facts on stdout25



No Goals in Soufflé

•
Soufflé has no traditional D

atalog goals 

•
G

oals are sim
ulated by output directives

•
Advantage

•
several independent goals by one evaluation

26



M
ore Info about I/O Directives

•
Relations can be loaded from

/stored to
•

A
rbitrary CSV

 files (change delim
iters / colum

ns / filenam
es / etc.)

•
Com

pressed text files
•

SQ
LITE3 databases

•
JSO

N
 Form

at

•
The features are controlled via a list of param

eters
•

Exam
ple:

.decl A(a:num
ber, b:num

ber) 
.output A(IO

=sqlite, dbnam
e="path/to/sqlite3db")

•
D

ocum
entation: 

http://souffle-lang.org/docs/io/
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Rem
arks on Rules 
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Rules

•
Rules
•

H
ead is an atom

•
Body
•

A
to

m
s

•
C

o
n

s
tra

in
ts

•
N

e
g

a
tio

n

•
Exam

ple
A(x,y) :-

// Head
B(x,y),       // Atom
x != y,        // Constraint 
!C(x,y).      // Negation

30



Negation / Constraints in Rules

•
N

egation and constraints
•

U
sed variables m

ust be grounded

•
N

egation by stratification
.decl edge,path(x:num

ber, y:num
ber)

edge(1,2). edge(2,3). edge(1,4). edge(4,3).  
path(x,y) :-

edge(x,y); 
edge(x,q), path(q,y), q!= 4, !edge(3,2).

.output path

31

N
egation

Inequality constraint



Grounded Variables

•
Binding of variables in body atom

s necessary:
direct(x) :-edge(x,y), x!=y, !edge(y,x).   

•
Bind variable values to tuple elem

ents w
hile iterating over relations

•
Not valid rule because x, y

are not grounded:
// no positive atom

 
sim

ple(x) :-x!=y, !edge(y,x).        
// variable i not bound due to functor usage
fib(i,x1+x2) :-fib(i-1, x1), fib(i-2, x2).   
// but fib(i+1,x1+x2) :-fib(i, x1), fib(i-1, x2). w

orks!

32

G
rounded Variables



Exceptions for Ungrounded Variables

•
Equivalence constraints propagate values 

A(a, b) :-B(a, b), y = a, y != b.  

•
It still w

orks because of rule rew
riting to,

A(a, b) :-B(a, b), a != b.
•

Future plan
•

Extend rew
rite system

 for ungrounded rules
•

Exam
ple: A(a, b) :-B(a+1, b). can be rew

ritten to
A(a-1, b) :-B(a, b).

33

U
ngrounded Variables



Unnam
ed Variables

•
Rules m

ay have (nam
ed) unnam

ed variables. 
•

Start w
ith underscore

.decl edge(x:num
ber, y:num

ber)
edge(1,2). edge(2,3). 
.declsources(x:num

ber)
sources(x) :-edge(x,_).  
.decltargets(x:num

ber) 
Targets(x) :-edge(_source,x)
.output sources, targets

34

U
nnam

ed Variable

N
am

ed unnam
ed Variable



Rules w
ith M

ultiple-Heads

•
Rules w

ith m
ultiple heads perm

itted
•

Syntactic sugar to m
inim

ize coding effort
•

Single declaration for m
ultiple relations

•
Exam

ple:

B(x), C(x) :-A(x).  
.output B,C

.declB(x:num
ber)

B(x) :-A(x).  
.declC

(x:num
ber)

C
(x) :-A(x).  

.output B,C

Equivalent

35



Disjunctions in Rule Bodies

•
D

isjunction in bodies perm
itted

•
Syntactic sugar to shorten code

•
Exam

ple:
.decledge,path(x:num

ber, y:num
ber)

edge(1,2). edge(2,3). 
path(x,y) :-

edge(x,y); 
edge(x,q), path(q,y).

.output path

Equivalent

.decledge(x:num
ber, 

y:num
ber)

edge(1,2). edge(2,3). 
.declpath(x:num

ber, 
y:num

ber)
path(x,y) :-edge(x,y).
path(x,y) :-edge(x,q), 
path(q,y).
.output path

36



Prim
itive Types
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Type System

•
Soufflé's type system

 is static
•

D
efines the dom

ains of attributes
•

Types are enforced at com
pile-tim

e
•

Supports program
m

ers to use relations correctly
•

N
o dynam

ic checks at runtim
e  

•
E

v
a

lu
a

tio
n

 s
p

e
e

d
 is

 p
a

ra
m

o
u

n
t

•
Prim

itive Type Sizes
•

D
efault size: 32 bit

•
Configurable at build-tim

e to 64bit (--enable-64bit-dom
ain

)

38



Prim
itive Types

•
Prim

itive types
•

Sym
bol type: sym

bol
•

N
um

ber type: num
ber

•
U

nsigned type: unsigned
•

Float type: float
•

Sym
bol type

•
U

niverse of all strings
•

Internally represented by an ordinal num
ber 

•
E.g., ord(“hello”)  represents the ordinal num

ber 
•

Sym
bol table used to translate betw

een sym
bols and num

ber id
•

Num
ber / Unsigned type

•
Sim

ple signed/unsigned num
bers

•
Float Type
•

IEEE-754 floating point num
ber 

39



Exam
ple: Prim

itive Types

.declN
am

e(n: sym
bol ) 

N
am

e(“H
ans”).

N
am

e(“G
retl”).

.declTranslate(n: sym
bol , o: num

ber ) 
Translate(x,ord(x)) :-N

am
e(x).

.output Translate

•
Functor ord(x)converts a sym

bol to its ordinal num
ber

Prim
itive Types

40



Prim
itive Type Conversions

•
Polym

orphic functors for sim
ple conversions

•
Conversion across all prim

itive type pair
•

Functor class: to_type
(arg)

w
here type

is either sym
bol, num

ber, unsigned, float. 

•
Exam

ple
.declR(a:num

ber, b:unsigned, c:sym
bol, d:float) 

R(to_num
ber(“-1”), to_unsigned(“1”), to_string(1), to_float(“1.3”)) :-true. 

.output R

41



Arithm
etic Expression

•
Arithm

etic functors are perm
itted

•
Extension of pure D

atalog
sem

antics

•
Term

ination m
ight becom

e a problem
•

Exam
ple:

.declA(n: num
ber) 

.output A
A(1).
A(x+1) :-A(x), x < 9. 

42



Fibonacci Num
ber

•
Create the first 10 num

bers of series of Fibonacci N
um

bers 
•

First tw
o num

bers are 1
•

Every num
ber after the first tw

o elem
ents is defined by the sum

 of 
the tw

o preceding elem
ents:

.declFib(i:num
ber, a:num

ber) 
.output Fib
Fib(1, 1). Fib(2, 1).
Fib(i+ 1, a + b) :-Fib(i, a), Fib(i-1, b), i< 10.

43



Arithm
etic Functors and Constraints

•
A

rithm
etic Functors

•
Addition: x +

y
•

Subtraction: x -y
•

Division: x /y 
•

M
ultiplication: x *

y
•

M
odulo:  a %

b
•

Pow
er:  a ^

b
•

Counter: $
•

M
in/M

ax: m
in(a

1 ,…
,a

k )and m
ax(a

1 ,…
,a

k )
•

Bit-Operations:
•

x band
y,x bory,x bxory, x bshly, x bshry, x bshru

y, and
bnotx 

•
Logical-Operations
•

x land
y,x lory, x lxory, and

lnotx

•
Arithm

etic Constraints
•

Less than: a < b
•

Less than or equal to: a <= b
•

Equal to: a = b 
•

N
ot equal to: a != b

•
G

reater than or equal to:  a >= b
•

G
reater than:  a > b

44



Num
bers in Soufflé

•
N

um
bers in decim

al, binary, and hexadecim
al system

•
Exam

ple: 

.declA(x:num
ber) 

A(4711).
A(0b101).
A(0xaffe).

•
D

ecim
al, hexadecim

al, and binary num
bers in the source code

•
Restriction: in fact-files decim

al num
bers only!

45



Logical Operation: Num
ber Encoding

•
N

um
bers as logical values like in C

•
0 represents false

•
<>0 represents true

•
U

sed on for logical operations
•

x land
y,x lory, x lxory, and

lnotx
•

Exam
ple: 

.declA
(x:num

ber)  
.output A
A

(0 lor 1).
•

Bitw
ise logical operations available as w

ell:
•

x band
y,x bory,x bxory, x bshly, x bshry, x bshru

y, and
bnotx

46



String Functorsand Constraints

•
String Functors
•

Concatenation: cat(x,y)
•

String Length: strlen(x)
•

Sub-string: substr
(x,idx,len)

w
here

idx
is the start position 

counting from
 0 and len

is the 
length of the sub-string of x.

•
Retrieve O

rdinal num
ber: ord(x)

•
Conversions: to_string(x)

•
String Constraints
•

Substring check: contains(sub, 
str)

•
M

atching: m
atch(regexpr, str)

47



Exam
ple: String Functors&

 Constraints

.declS(s: sym
bol) 

S(“hello”). S(“w
orld”).  S(“souffle”). 

.declA(s: sym
bol) 

A(cat(x, cat(“ “, y))) :-S(x), S(y).   // stitch tw
o sym

bols together w
. 

blank 
.declB(s:sym

bol) 
B(x) :-A(x), contains(“hello”, x). 
.declC(s:sym

bol) 
C(x) :-A(x), m

atch
(“w

orld.*”, x). 
.output A, B, C   // output directive

48



Base &
 Union Types

•
Prim

itive types 
•

Large projects require a rich type system
•

Several hundred relations &
 rules (e.g., D

O
O

P)
•

H
ow

 to ensure that program
m

ers don’t bind w
rong attribute types?

•
Partition prim

itive type universe via base types  

•
Form

 union-types over base types



Base Type

•
Base types are defined by .type nam

e
<:  prim

itive-type
•

Exam
ple:

.type City <: sym
bol 

.type Tow
n <: sym

bol 
.type Village <: sym

bol 
D

efining (assum
ingly) distinct/different sets in a sym

bol universe

C
ity

Tow
n

Village

Sym
bol U

niverse



Sym
bol U

niverse

Union Type

•
U

nion type is a com
positional type

•
U

nifies a fixed num
ber of base/union  types

•
Syntax
.type <ident> = <ident1 > | <ident2 > | …

|
<identk > 

•
Exam

ple
.type Place =  City | Tow

n | Village

C
ity

Tow
n

Village

Place



Exam
ple

.type City <: sym
bol 

.type Tow
n <: sym

bol
.type V

illage <: sym
bol 

.type Place = City | Tow
n | V

illage

.declD
ata(c:City, t:Tow

n, v:V
illage) 

D
ata(“Sydney”, ”Ballina”, “G

lenrow
an”).

.declLocation(p:Place)
Location(p) :-D

ata(p,_,_); D
ata(_,p,_); D

ata(_,_,p).

•
Set Location

receives values from
 cells of type City, Tow

n, and V
illage.

•
N

ote that ;denotes a disjunction (i.e., or) 



Lim
itations of a Static Type System

•
D

isjoint set property not enforced at runtim
e

•
Exam

ple:
.type City <: sym

bol
.type Tow

n <: sym
bol

.type Village <: sym
bol 

.type Place = City | Tow
n | Village

.declD
ata(c:City, t:Tow

n, v:Village) 
D

ata(“Sydney”, ”Sydney”, “Sydney”).
•

Elem
ent “Sydney” is m

em
ber of type City, Tow

n, and Village.



Base/Union Types for Num
bers

•
Base type is defined by .type nam

e
<: num

ber
•

Exam
ple:

.type Even <: num
ber

.type O
dd <: num

ber
.type All = Even | O

dd

N
um

ber U
niverse

O
dd

Even

All



Exam
ple: Base / Union Types for Num

bers
.type Even <: num

ber
.type O

dd <: num
ber

.type Zero <: num
ber

.type A
ll = Even | O

dd
.type A

llW
ithZero

= A
ll | Zero

.declm
yEven(e:Even)

m
yEven(2).

.declm
yO

dd(o:O
dd)

m
yO

dd(1).
.declm

yA
ll(a:A

llW
ithZero) 

.output m
yA

ll
m

yA
ll(x) :-m

yO
dd(x); m

yEven(x).



Type Conversion

•
Souffle supports type conversion using functor as(expr,type)

.type Variable <: sym
bol 

.type StackIndex
<: sym

bol 
.type VariableO

rStackIndex
= Variable | StackIndex

.declA(a: VariableO
rStackIndex) 

A(“var”). 
.declB(a: Variable) 
B(as(a, Variable)) :-A(a).



Lim
itations of Union Type

•
Base types defined w

ith different prim
itive types cannot be m

ixed
•

Exam
ple gives a type clash error:

.type m
yN

um
ber

<: num
ber

.type m
ySym

bol<: sym
bol

.type A
ll = m

yN
um

ber
| m

ySym
bol

•
If m

ixed types are really needed, use Abstract Data Types/Records!



Records

•
Relations are tw

o dim
ensional structures in D

atalog
•

Large-scale problem
s m

ay require m
ore com

plex structure

•
Related to term

s in Prolog (but typed!) 
•

Records break out of the flat w
orld of D

atalog
•

A
t the price of perform

ance (i.e., extra table lookup)

•
Record sem

antics sim
ilar to Pascal/C

•
N

o polym
orph types (cf. A

bstract D
ata Type)

•
Record Type definition
.type nam

e
= [ nam

e
1 : type

1 , …
, nam

e
k : type

k ]



Exam
ple: Records

// Pair of num
bers

.type Pair = [a:num
ber, b:num

ber]

.declA
(p: Pair)  // D

eclare a set of pairs
A

([1,2]). 
A

([3,4]). 
A

([4,5]).

// Flatten relation A
.declFlatten(a:num

ber, b:num
ber) 

Flatten(a,b) :-A
([a,b]).  



•
Each record type has a hidden type relation
•

Translates the elem
ents of a record to a num

ber

•
W

hile evaluating, if a record does not exist, it is created on the fly.
•

Exam
ple:

.type Pair = [a: num
ber, b: num

ber]
.declA(p: Pair)  
A([1,2]). 
A([3,4]). 
A([4,5]).

Records: How
 does it w

ork?

R
ef

a
b

1
1

2

2
3

4

3
4

5

p123 A
Pair

R
eferences



Recursive Records

•
Recursively defined records perm

itted
•

Term
ination of recursion via nilrecord 

•
Exam

ple
.type IntList= [next: IntList, x: num

ber]
.declL(l: IntList)  
L([nil,10]). 
L([r1,x+10]) :-L(r1), r1=[r2,x], x < 30.  
.declFlatten(x: num

ber) 
Flatten(x) :-L([_,x]).
.output Flatten

R
ef

next
x

1
0

10

2
1

20

3
2

30

l123 L
IntList

nil

R
eferences



Recursive Records

•
Sem

antics is tricky
•

Relations/sets of recursive elem
ents (i.e., set of references)

•
M

onotonically grow

•
Structural equivalence by identity

•
N

ew
 records are created on-the-fly

•
seam

less for the program
m

er

•
Closer to a functional program

m
ing sem

antics



Abstract Data Types (ADT)

•
Introduces polym

orphism
 for records

•
Sim

ilarities to unions/variants in languages such as C and Pascal 
•

Slow
er than records due to branches

•
A

pplications
•

Com
plex data-structures, sym

bolic rew
riting, etc.  

•
A

D
T Type declaration

.type nam
e

=  bnam
e

1 { nam
e

11 : type
11 , …

, nam
e

1k1 : type
1k1 } | 

bnam
e

2 { nam
e

21 : type
21 , …

, nam
e

2k2 : type
2k2 } | …

branches bnam
e

i form
 ow

n records
•

A
ccess a branch via $bnam

e(…
) in rules



Exam
ple: ADT

// Either a num
ber or a sym

bol
.type T = N

 {a:num
ber} | 

S  {b:sym
bol} 

.decl A
(p: T)  // set of num

bers or sym
bols

A
($N

(1)). 
A

($S(“hello w
orld”)). 

// Flatten relation A
.decl Flatten(a:num

ber, b:sym
bol) 

Flatten(a, ””) :-A
($N

(a)).
Flatten(0, b) :-A

($S(b)).  
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Aggregates



Aggregation

•
Sum

m
arizes inform

ation of queries
•

Aggregates on stable
relations only (cf. negation in D

atalog)
•

Restrictions on com
plexity of aggregates

•
Stratified aggregates 

•
Sem

antics:aggregation is a functor w
ith a  sub-clause

•
Various types of aggregates:
•

Counting
•

M
inim

um
 

•
M

axim
um

•
Sum



Aggregation: Counting

•
Count the set size of its sub-goal

•
Functor Syntax: count:{<sub-goal>} 

•
N

o inform
ation flow

 from
 the sub-goal to the outer scope

•
Exam

ple:
.declCar(nam

e: sym
bol, colour:sym

bol) 
Car(“A

udi”, ”blue”).
Car(“VW

”, “red”).
Car(“BM

W
”, “blue”).

.declBlueCarCount(x: num
ber) 

BlueCarCount(c) :-c = count:{Car(_,”blue”)}. 
.output BlueCarCount



Aggregation: M
axim

um

•
Find the m

axim
um

 of a set
•

N
o inform

ation flow
 from

 the sub-goal to the outer scope, i.e., no 
w

itness
•

Syntax: m
ax <expr>:{<sub-goal>} 

•
Exam

ple:
.declA(n:num

ber) 
A(1). A(10). A(100).
.declM

axA(x: num
ber) 

M
axA(y) :-y = m

ax x+1:{A(x)}. 
.output M

axA



Aggregation: M
inim

um
 &

 Sum

•
Find the m

inim
um

/sum
 of a sub-goal

•
N

o inform
ation flow

 from
 the sub-goal to the outer scope

•
no w

itness

•
M

in syntax: m
in <expr>:{<sub-goal>} 

•
Sum

 syntax: sum
 <expr>:{<sub-goal>} 



Aggregation: W
itnesses notperm

itted!

•
W

itness: tuples that produces the m
inim

um
/m

axim
um

 of a sub-
goal

•
Exam

ple:
.declA(n:num

ber, w
:sym

bol) 
A(1, ”a”). A(10, ”b”). A(100, ”c”).
.declM

axA(x: num
ber,w

:sym
bol) 

M
axA(y, w

) :-y = m
ax x:{A(x, w

)}.  <= not perm
itted!!

•
W

itness is bound in the m
ax sub-goal and used in the outer scope

•
Future Plan: w

orking on transform
ation that reveal w

itnesses.
•

Sim
ple transform

ation:  M
axA

(y, w
) :-y = m

ax x:{A
(x, _)}, A

(y,w
). 



Aggregate Transform
ations

•
Souffle transform

ation pipeline transform
s com

plex aggregates to 
sim

ple one. 
•

A sim
ple aggregate is an aggregate w

ith at m
ost one single relation 

and an arbitrary constraint:
X=count : {A

(x),B(x), C(x)}   ó
X = count : {T(x)}

w
here T(x) :-A

(x), B(x), C(x). 

•
Advantages of Sim

ple Aggregates
•

M
em

oisation
idea 

•
Indexes for m

in/m
ax aggregates

•
Partial sum

s for sum
s

•
Parallel reductions 



Com
ponents



Com
ponents in Soufflé

•
Logic program

s have no structure
•

A
m

orphous m
ass  of rules &

 relation declarations

•
Creates serious softw

are engineering challenges
•

Encapsulation: separation of concerns
•

Replication of code fragm
ents

•
A

daption of code fragm
ents, etc.

•
Solution: Soufflé's Com

ponent M
odel

•
M

eta sem
antics for D

atalog
•

G
enerator for D

atalog
code; dissolved at evaluation tim

e
•

Sim
ilar ideas as C++ tem

plates 



Anatom
y of Com

ponents

•
Support m

ultiple inheritance
•

Com
ponent nam

espace  
•

Com
ponent param

eters 
•

Com
ponent m

ay contain 
•

Com
ponent definition  

•
Com

ponent instantiation (no recursion!)
•

Type declarations 
•

Relation declarations 
•

Rules 
•

Directives 
•

O
verride m

echanism
 for inheritance 

•
Suppression of rules

C

A
B



Com
ponent Declaration 

•
D

efinition
•

Defines a new
 com

ponent either from
 scratch or by inheritance

•
Perm

itted: com
ponent definitions inside com

ponent definitions
•

Syntax:  
.com

p <nam
e> [< param

s,…
>]

[: <super-nam
e>

1 [< param
s,…

>], …
, <super-nam

e>
k [< param

s,…
>]] 

{ <code> }  
•

Exam
ple

.com
p A

 {
.declR(x:num

ber)
}



Com
ponent Instantiation

•
Instantiation
•

Each instantiation has its ow
n nam

e for creating a nam
e space

•
Type and relation definitions inside com

ponent inherit the nam
e space 

•
Syntax:  
.init<nam

e> = <nam
e>[< param

s,…
>]

•
Exam

ple
.initm

yA
= A



Com
ponent &

 Instantiation &
 Nam

e Scoping

.com
p m

yCom
p

{
.declA(x:num

ber) 
.output A
A(1). 
A(2). 

}.initc1 = m
yCom

p
.initc2 = m

yCom
p

.declc1.A(x:num
ber) 

.output c1.A
c1.A(1). 
c1.A(2). 

.declc2.A(x:num
ber) output

.output c2.A
c2.A(1). 
c2.A(2). 

Expansion 
after 

instantiation

•
Instantiation creates ow

n nam
e space for relation declarations and 

types 



Com
ponent Param

eters

•
Substitution schem

e for types and other com
ponent param

eters
•

Exam
ple:

.com
p A<m

ytype> {
.declR(x:m

ytype)
.output R

}.initm
yA

= A<num
ber> 

m
yA.R(1)

•
Type can be changed at instantiation: .initm

yB
= A<unsigned> 

.declm
yA.R

(x:num
ber) 

.output m
yA.R

m
yA.R

(1). 
Expansion 

after 
instantiation



Cased-based instantiation
•

Exam
ple

.declA
(x:num

ber) 
.output A
.com

p case<option> {
.com

p one {  
A

(1).
}.com

p tw
o {

A
(2).

}.initc1 = option
}.initc2 = case<one>

•
Com

ponent one
and tw

o
reside in 

com
ponent case w

ith param
eter 

option

•
D

epending on value of option
•

Com
ponent one

ortw
o expanded

•
Conditional expansion of m

acros 

•
Param

etrization of com
ponents 



Exam
ple: Com

ponent Inheritance
.type s <: sym

bol 
.declA

(x:s, y:s) 
.input A
.com

p m
yC

{
.declB(x:s, y:s) 
.output B
B(x,y) :-A

(x,y). 
}.com

p m
yCC: m

yC
{

B(x,z) :-A
(x,y), B(y,z).

}.initc = m
yCC

// outer scope: no nam
e space

.declA
(x:s, y:s) 

.input A

// nam
e scoping

// B is declared inside m
yC/m

yCC
.declc.B(x:s, y:s) 
.output c.B
c.B(x,y) :-A

(x,y). 
c.B(x,z) :-A

(x,y), c.B(y,z).

Expansion 
After 

Instantiation

•
C

om
ponent m

yC
C

inherits from
 com

ponent m
yC



Design Patterns w
ith Inheritance/Param

eters

.com
p Im

pl{

.declR(x: num
ber)

R(0). R(1). R(2).

}.com
p A<T> {

.initim
pl= T

.declBase(x: num
ber)

Base(x) :-im
pl.R(x).

}.com
p Derived<K> : A<T> {

.declDeriv(x:num
ber)

Deriv(42).

Deriv(n) :-Base(n).
}

.initd = Derived<Im
pl>

.inita = A<Im
pl>

.declDerivedOut(x: num
ber)

.output DerivedOut()

.declAOut(x: num
ber)

.output AOut()

DerivedOut(x) :-d.Deriv(x).

AOut(x) :-a.Base(x).



Overriding Rules of Super Com
ponents

•
Exam

ple:
.com

p m
yC

{
.declA

(x:num
ber) overrideable

.output A
A

(1).
A

(x+1):-A
(x), x < 5.

}.com
p m

yCC: m
yC

{
.override A
A

(5).
A

(x+1):-A
(x), x < 10.

}.initc = m
yCC

•
Instantiation result: 
.declc.A

(x:num
ber) output

c.A
(5).

c.A
(x+1):-c.A

(x), x < 10.
•

Rules/facts of  the derived 
com

ponent overrides the rules of the 
super com

ponent
•

Relation m
ust be defined w

ith 
qualifier overrideable

in super 
com

ponent
•

Com
ponent that overw

rites rules 
requires:
.override <rel-nam

e> 



Sum
m

ary: Com
ponents

•
Encapsulation of specifications
•

N
am

e spaces provided for types/relations 
•

Instantiation produces a scoping nam
e of a com

ponent

•
Repeating code fragm

ents 
•

W
rite once / instantiated m

ultiple tim
es 

•
Com

ponents
•

Inheritance of several super-com
ponents, i.e., m

ultiple inheritance
•

H
ierarchies of functionalities  

•
Param

eters
•

A
dapt com

ponents / specialize
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Provenance



Provenance

•
M

echanism
 to debug D

atalog
program

s
•

Enable provenance
souffle <program

> -t none|explain|explore

•
Light—

w
eight im

plem
entation w

ith very little runtim
e overhead

•
20-30%

 for larger benchm
arks  

•
G

enerate proof-trees interactively 
•

D
escribe how

 a tuple is derived 
•

Root is the tuple itself

•
Com

m
and-Line interface after evaluation



Exam
ple

D
atalo

g

D
eclarative

program
m
ing

language
-
logical

rules
define

com
putation

E
x
a
m
p
le

p
a
t
h
(
X
,
Y
)
:
-
e
d
g
e
(
X
,
Y
)
.

(
r
1
)

p
a
t
h
(
X
,
Z
)
:
-
e
d
g
e
(
X
,
Y
)
,
p
a
t
h
(
Y
,
Z
)
.

(
r
2
)

E
x
a
m
p
le
In
p
u
t
T
u
p
le
s

e
d
g
e
(
1
,
2
)
,
e
d
g
e
(
2
,
2
)
,
e
d
g
e
(
2
,
3
)

1
2

3

E
x
a
m
p
le
O
u
tp
u
t
T
u
p
le
s

p
a
t
h
(
1
,
2
)
,
p
a
t
h
(
2
,
2
)
,
p
a
t
h
(
2
,
3
)
,
p
a
t
h
(
1
,
3
)

U
n
iversity

of
S
yd

n
ey

4



Constructing Proof-Trees

P
ro
o
f
T
rees

D
e
fi
n
itio

n

A
p
ro
o
f
t
re
e
for

a
tuple

describ
es

how
that

tuple
is
derived

T
he

root
is
the

tuple
itself,

tree
explains

w
hich

rules
tuples

are
used

P
ro
o
f
tre

e
s
fo
r
p
a
t
h
(
1
,

3
)

edge(1,2)

edge(2,3)
(r

1 )
path

(2,3)
(r

2 )
path

(1,3)
edge(1,2)

edge(2,2)

edge(2,3)
(r

1 )
path

(2,3)
(r

2 )
path

(2,3)
(r

2 )
path

(1,3)

U
n
iversity

of
S
yd

n
ey

8



Com
m

and-Line Interface

•
Run w

ith ./souffle <program
> -t explain 

P
ro
ven

an
ce

Q
u
ery

S
ystem

O
n-dem

and
query

interface

F
igure:

P
rovenance

Q
uery

Interface

U
n
iversity

of
S
yd

n
ey

15



Explain Negation

•
Interactively explore w

hy a tuple cannot exist

18
/12

/2
0

, 9
:4

6
 am

P
roven

an
ce | S

o
u

fflé • A
 D

atalo
g

 S
yn

th
esis To

o
l fo

r S
tatic A

n
alysis

P
ag

e 2
 o

f 3
h

ttp
s://so

u
ffle-lan

g
.g

ith
u

b
.io

/p
roven

an
ce

Tuning (tuning)

Profiler (profiler)

Provenance (provenance)

M
agic-Set (m

agicset)

Inlining (inlining)

C
++ Interface (interface)

U
ser-Defined Functors (functors)

▾
M

isc.

subproof path(0)
 prints the rem

aining part of the proof tree m
arked by the subproof label, generated w

hen the depth
lim

it is reached.

explainnegation path(1, 6)
 starts an interactive process to explain w

hy the tuple path(1, 6)
 does not exist

the result. The user m
ust provide a rule num

ber, and values for any free variables in order for the system
 to produce a

partial proof tree:

The approach here is required as it is not technically feasible to autom
atically generate explanations for non-existence,

and a bit of user guidance is required.

query
 com

m
and can be used to check existence of tuples in the result. query path(1, 3)

 checks existence of 
tuple path(1, 3)

 in the result.

O
r if the given tuple does not exist in the result such as path(3, 1)

query
 can check existence of m

ultiple tuples at once, use ,
 to delim

it tuples. Evaluation w
ould stop if there is at least

one tuple does not exist and output that tuple.

query
 com

m
and can have param

eters w
here the tuples additionally contain variables as opposed to num

bers or
strings only. Param

eterised query provides select and join functionality and print values for variables interactively. If a
param

eterised query has m
ultiple solutions, use ;

 to find next solution or .
 to break from

 current query.

O
ther com

m
ands allow

 to control the output (output <filename>
, format <json|proof>

), print rules of the
program

 (rule <relation> <rulenumber>
), and exit (exit

, quit
, or q

)

Internals of Provenance
The approach for provenance in Souffl

é is a lazy one, w
here no proof trees are com

puted until the user queries for them
.

H
ow

ever, to answ
er provenance queries effi

ciently, the provenance system
 requires to keep track of som

e extra inform
ation

during evaluation.

> subproof path(0)
edge(3, 4)
-------(R1)
path(3, 4)

> explainnegation path(1, 6)
1: path(x,y) :-
 edge(x,y).
2: path(x,z) :-
 edge(x,y),
 path(y,z).
Pick a rule number: 2
Pick a value for y: 2
====
edge(1, 2) ✓ path(2, 6) x
------------------------(R2)
       path(1,6)

> query path(1, 3)
true.

> query path(3, 1)
false.
Tuple path(3, 1) does not exist

> query path(1, 3), path(3, 2), path(1, 10), path(2, 4)
false.
Tuple path(3, 2) does not exist

> query edge(1, x), path(x, y)
x = 2, y = 3 ;
x = 2, y = 4 ;
x = 2, y = 5 .



Com
m

and-line Interface 

•
M

odes
•

none: no com
m

and-line interface
•

explain: sim
ple console interface

•
explore: ncursesinterface for displaying larger proofs

•
Com

m
ands

•
explain <tuple> explain tuple

•
subproof<sub-proof> expand sub-proof

•
explainnegation

<tuple> explain non-existence of a tuple
•

setdepth
<nr>

sets proof-depth of sub-proof
•

query <query> display query result
•

output <file> w
rite output into a file

•
form

at <json|proof> change form
at



Profiling



Soufflé's Perform
ance

•
H

ow
 to gain faster D

atalog
program

s?
•

Com
pile to achieve peak perform

ance
•

Scheduling of queries
•

U
s
e

r a
n

n
o

ta
tio

n
s
 o

r a
u

to
m

a
te

d

•
Find faster queries 

•
Find faster data m

odels 

•
Profiling is param

ount
•

Textual and graphical user interface for profiling program
s

•
Practical observation
•

O
nly a handful of rules w

ill dom
inate the execution tim

e of a program



Perform
ance: Souffle’sCom

pilation Flags

•
Com

pile and execute im
m

ediately 
•

O
ption –c

•
Exam

ple: souffle
–c test.dl

•
G

enerate stand-alone executable
•

O
ption –o <executable> 

•
Exam

ple: souffle
–o test test.dl



Perform
ance Tuning

•
Soufflé com

putes optim
al data-representations for relations

•
For high-perform

ance:
•

Program
m

er re-orders the atom
s in the body of a rule

•
Provide your ow

n query schedule
•

Syntax: <rule>.  .plan { <#version> : (idx1 , …
, idxk ) } 



Perform
ance Exam

ple

.declEdge(x:num
ber, y:num

ber) 
Edge(1,2).
Edge(500,1).
Edge(i+1,i+2) :-Edge(i,i+1), i< 499. 

.declPath(x:num
ber, y:num

ber) 
.printsize

Path
Path(x,y) :-Edge(x,y). 
// Path(x,z) :-Path(x,y), Path(y,z). .plan 0:(0,1), 1:(1,0) 
// Path(x,z) :-Path(x,y), Edge(y,z). .strict
// Path(x,z) :-Edge(x,y), Path(y,z). .strict



Profiling

•
Profiling flag for Soufflé: -p <profile>

•
Produces a profile log after execution

•
U

se souffle-profile
to provide profile inform

ation
souffle-profile <profile>

•
Sim

ple text-interface and H
TM

L output w
ith JavaScript

•
Com

m
ands

•
H

elp: help
•

Rule: rul[<id>]
•

Relations: rel[<id>] 
•

G
raph plots for fixed-point: graph <id> <type>



Profiling (cont’d)

•
O

ption –j produces H
TM

L file; G
raphical Representation of 

Perform
ance

Additionalfeatures
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U
ser-Defined Functors



User-Defined Functors

•
Soufflé is extensible w

ith user-defined functors
•

Build ow
n dom

ain-specific extension for Souffle
•

M
ust be pure functions (sam

e result for sam
e argum

ents)

•
U

D
Fs are typed and required a declaration

•
Shared library contains U

D
Fs w

hich is loaded by Souffle at runtim
e

•
Com

m
and-line option: -l <library-nam

e> -L <library-path> 
•

D
eclaration

.functor <nam
e> (<prim

itive-type>,…
):<prim

itive-type>



User Defined Functors

•
Exam

ple
.functor f(num

ber):num
ber 

.functor g():sym
bol

•
C++ code
#include <cstdint> 
extern "C" { 

int32_t f(int32_t x) { return x + 1; } 
const char *g() { return "H

ello w
orld"; } 

}
•

N
ote that statefulexpose sym

bol and record table.  



C++ Interface



C++ Interface / Integration into other Tools

•
Souffle

produces a C++ class from
 a D

atalog
program

•
C++ class is a program

 on its ow
n right

•
Can be integrated in ow

n projects seam
lessly

•
Interfaces for
•

Populating ED
B relations

•
Running the evaluation

•
Q

uerying the output tables

•
U

se of iterators for accessing tuples 
•

Exam
ples: souffle/tests/interfaces/ of repo



Exam
ple: C++ Interface

•
Exam

ple  
…if(SouffleProgram

*prog=Program
Factory::new

Instance(”m
ytest")) {

prog->loadA
ll(”fact-dir”); // or insert via iterator 

prog->run();
prog->printA

ll();  // or print via iterator 
delete prog;

}…



C++ Interface: Input Relations

•
Insert m

ethod for populating data 
if(Relation *rel= prog->getRelation(”m

yRel")) {
for(auto input : m

yD
ata) {

tuple t(rel);
t << input[0] << input[1];
rel->insert(t);

}
}



C++ Interface: Output Relations

•
Access output relation via iterator
if(Relation *rel = prog->getRelation(”m

yO
utRel")) {

for(auto &
output : *rel ) {

output >> cell1 >> cell2;
std::cout << cell1 << "-" << cell2 << "\n";

}
} 



SW
IG



SW
IG Interface

•
SW

IG
connects w

ith a variety of high-level program
m

ing
•

SW
IG

 for Souffle builds on the C++ interface
•

Configure SW
IG

./configure --enable-sw
ig

•
G

enerates D
LLs for SW

IG
 supported languages

./souffle -s <language> <.dl file>

•
Im

itates C++ interface in target language
•

Target languages
•

Python, Java, etc.



O
ther features



M
iscellaneous 

•
Inlining
•

Relations can be inlined
w

ith the keyw
ord .inline

.declA(x:num
ber) inline

•
Restrictions apply

•
M

agic-Set Transform
ation at relation level 

.pragm
a "m

agic-transform
" "A

1 , ..., A
n "

•
Choice O

perator
•

Relation-based choice using keyw
ord .choice-dom

ain keys, …
 

•
G

enerative Functors A
(x) :-x = range(1,5,1).

•
Portfolio of relation representations 
•

Btree
(direct/indirect), brie, equivalence, …


