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Motivation

 Most reasoners based on (hyper)tableau
— FaCT++ — HermiT — Pellet —Konclude —Racer

 Work reasonably well in practice

* But building many counter models is expensive
—To prove O E C E D show C M =D is unsat
— Bottleneck: large number of concepts
— Rebuilds entire model for each test



Consequence-based Features

Optimal worse-case complexity

One pass classification

No need for several counter models
Pay as you go

Deterministic



State of the art

ELK (Java)
Snorocket (Java)

EL CEL (Common LISP)

Elephant (C) jcel (Java)

Horn-SHJQ * '

Horn-SXROJQ ALCIT

ALCH
Condor (C++)



Key Facts

@ Algorithm does not build models

— Apply inference rules to derive local
consequences of ontology

@ Derived consequences not all stored together
— Contexts store consequences corresponding
to a conjunction of concepts and roles



Reasoning Stages

DL Clauses FOL Clauses SHIY Taxonomy
Calculus




Example

Vegetarian
Animal

Meat M SideDish
Vegetarian

> 5 eats . 1 Meat
HealthyPerson

Vegetarian E Person ?

n

I

Animal

> 5 eats

1

V eats . SideDish
HealthyPerson

Person



SHIQ

DL Clauses FOL Clauses Taxonomy

Calculus




Structural transformation

Translate into first-order clauses with equality

n m

A\ri=\/u

) ]=1 \ .
Atoms or equations of the forms

Zi = Zj or z; x Zj

Function-free atoms of the forms
A(x), R(x, Zi) or R(Zil x)



_.- Vegetarian
Animal

Meat M SideDish
Vegetarian

> 5 eats . —Meat

HealthyPerson

N
A Vegetarian(x)

| N O | O |

In

\)

Animal

> 5 eats

1

V eats . SideDish
HealthyPerson

Person

Animal(x)



Vegetarian

T Animal

// Meat M SideDish

/ Vegetarian
> 5 eats . - Meat

HealthyPerson

\ Vegetarian(x)

AN i Animal(x)

Animal(x)

Animal(x)

| N O | O |

In

Animal

> 5 eats

1

V eats . SideDish
HealthyPerson

Person

Animal(x)

eats (x, fi (x))

eats (x, fs(x))
fikx) = f;(x)

forl1<i<j<5



Vegetarian
Animal
Meat M SideDish

/~ Vegetarian

/
/ = 5eats.—Meat

/
/ HealthyPerson

/

1
|
" Vegetarian(x)
\

\ Animal(x)
\ :
\ Animal(x)

\\\ Animal(x)
N

Meat(x) A SideDish(x)

| N O | O |

In

Animal

> 5 eats

1

V eats . SideDish
HealthyPerson

Person

Animal(x)

eats (x, fi (x))

eats (x, fs (x))
filx) # fj(x)

1

forl1<i<j<5



Vegetarian

Animal

Meat M SideDish
- Vegetarian
//2 5 eats . mMeat

/ HealthyPerson

~

Vegetarian(x)
Animal(x)

/

|

|

|

|

|

| :

l| Animal(x)
‘\ Animal(x)
\‘
\
|

Meat(x) A SideDish(x)
Y

Vegetarian(x) A eats(x, z;)

| N O | O |

In

\

Animal
> 5 eats
1

V eats . SideDish
HealthyPerson

Person

Animal(x)
eats(x, f1 (x))

cats((x, f5.(0))
filx) = fj(x) for1<i<j<5

1

SideDish(z;)



Vegetarian

Animal

Meat M SideDish
Vegetarian
_-=5eats.aMeat

, ’ HealthyPerson

/ Vegetarian(x)

/ Anirn.al (x)

Animal(x)
Animal(x)

\ Meat(x) A SideDish(x)

\\\Vegetarian(x) A eats(x, z1)

AN
NG 5
T~> /\ eats(x, z;)
i=1

| N O | O |

In

\

Animal

> 5 eats

1

V eats . SideDish
HealthyPerson

Person

Animal(x)

eats(x, f1(x))

eats (x, fs (X))
filx) = fj(x) for1<i<j<5

1
SideDish(z;)

5
HealthyPerson(x) vV \/ z; = zj V \/ Meat(z;)
1<i<j<5 i=1



Vegetarian £ Animal
Animal E =5 eats
Meat M SideDish £ 1
Vegetarian E V eats.SideDish
> 5 eats.—Meat £ HealthyPerson
_-~ HealthyPerson E Person
///
/
//
/ Vegetarian(x) — Animal(x)
/ Animal(x) - eats(x, f;(x))

/ Anim.al(x) —> eats(x: fs (x))
Animal(x) - fi(x) # fj(x) for1<i<j<5

|
I
|
|
| Meat(x) A SideDish(x) - L1
\

\ Vegetarian(x) A eats(x,z;) — SideDish(z;)
\

5 5
\\\ /\ eats(x,z;) — HealthyPerson(x) Vv \/ z; = zj V \/ Meat(z;)
i=1 1<i<j<5 i=1

AN
N

2 HealthyPerson(x) — Person(x)



Vegetarian
Animal

Meat M SideDish
Vegetarian

> 5 eats . —Meat

HealthyPerson

Vegetarian(x)

Animal(x)

Animal(x)
Animal(x)

Meat(x) A SideDish(x)

Vegetarian(x) A eats(x, z;)

5
/\ eats(x, z;)
i=1

HealthyPerson(x)

| N O | O |

In

Animal

> 5 eats

1

V eats . SideDish
HealthyPerson

Person

Animal(x)

eats (x, fi (x))

cats((x, f5.(0))
filx) = fj(x) for1<i<j<5

1
SideDish(z;)

5
HealthyPerson(x) vV \/ z; = zj V \/ Meat(z;)
1<i<j<5 i=1

Person(x)
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Contexts

Set V of contexts

Each context v € V: A(x) A B(x) <—core,,

core, — -
core, A C(x) — -+

> Sy

core, AR(y,x) — -

/

Edges between contexts labelled with functions

Context structure D is a the graph of labelled
contexts and edges



Contexts

Set V of contexts

Each context v € V: A(x) A B(x) <—core,,
T — --- )
Ry, x) = |

Edges between contexts labelled with functions

Context structure D is a the graph of labelled
contexts and edges



Sound Context Structures

core, = A(x) A B(x) core, = C(x) AD(x)
T e coe fk T - coe
TAC(x) - - TAS(x,y) — -
T/\R(y,x) — e T - -

@ O E core, A\I' > Aforeachv € Vandeachl' > A €S,

@ O & core, — core,{x — fi.(x),y » x}foreach (u,v, f;) € €



Vegetarian(x)

T — Vegetarian(x)




Vegetarian(x)

T — Vegetarian(x)
T — Animal(x)

T - eats(x, fi (x))

T- eats(p.c,fs(x))
T filx) = fi(x) for1<i<j<5

T - SideDish(f; (x))

T SideD.ish(fS (x))

{ Vegetarian(x) — Animal(x)
Animal(x) - eats(x, fl(x))

Ani.mal(x) —> eats(x: fs(x))
Animal(x) - fi(x) # fj(x) for1<i<j<5

Vegetarian(x) A eats(x,z;) — SideDish(z;) }g ¥



Vegetarian(x)

T — Vegetarian(x)
T — Animal(x)

T - eats(x, fi (x))

T- eats(y.c,fs(x))
T filx) = fi(x) for1<i<j<5

T - SideDish(f; (x))
T - SideDish(fs(x))
T — HealthyPerson(x) v \/

1<i<j<5

5
filx) = f;(x) v \/_leeat(fi(x))

5
{ /\ eats(x,z;) - HealthyPerson(x)V\/
i=1

1<i<j<5

5
Z; zzjv\/_ 1Meat(zl-) } C ()
i=



Vegetarian(x)

T — Vegetarian(x)
T — Animal(x)

T - eats(x, fi (x))

T- eats(y.c,fs(x))
T filx) = fi(x) for1<i<j<5

T - SideDish(f; (x))

T SideD.ish(fS (x))

T — HealthyPerson(x) v \/ filx) = fi(x) v \/tr)leeat(fi (x))

1<i<j<5

f1
f2: 13 far f5

eats(y, x) A SideDish(x)

T — eats(y, x)
T — SideDish(x)




Vegetarian(x)

T — Vegetarian(x)
T — Animal(x)

T - eats(x, fi (x))

T - eats(J.C, f5(x))
To filx)# fj(x) forl<i<j<5

T - SideDish(f1 (x))
T - SideDish(fs(x))
T — HealthyPerson(x) v \/

1<i<j<5

5
filx) = f;(x) v \/_leeat(fi(x))

f1
f2: 13 far f5

eats(y, x) A SideDish(x)

T — eats(y, x)
T — SideDish(x)

5
{ /\ eats(x,z;) — HealthyPers
i=1

<j<5

5
Z; zzjv\/_ 1Meat(zl-) } C ()
i=



Vegetarian(x)

T — Vegetarian(x)
T — Animal(x)

T - eats(x, fi (x))

T- eats(y.c,fs(x))
T filx) = fi(x) for1<i<j<5

T - SideDish(f; (x))

T SideD.ish(fS (x))

T — HealthyPerson(x) v \/ filx) = fi(x) v \/tr)leeat(fi (x))

1<i<j<5

f1
f2: 13 far f5

eats(y, x) A SideDish(x)

T — eats(y, x)
T — SideDish(x)
Meat(x) — Meat(x)




Vegetarian(x)

T — Vegetarian(x)
T — Animal(x)

T - eats(x, fi (x))

T- eats(p.c,fs(x))
T filx) = fi(x) for1<i<j<5

T - SideDish(f; (x))
T - SideDish(fs(x))
T — HealthyPerson(x) v \/

1<i<j<5

5
filx) = f;(x) v \/_leeat(fi(x))

f1
f2: 13 far f5

eats(y, x) A SideDish(x)

T — eats(y,x)

T — SideDish(x)
Meat(x) — Meat(x)
Meat(x) - 1

{ Meat(x) A SideDish(x) —» L } c (0



Vegetarian(x)

T — Vegetarian(x)
T — Animal(x)

T - eats(x, fi (x))

T- eats(p.c,fs(x))
T filx) = fi(x) for1<i<j<5

T - SideDish(f; (x))

T SideD.ish(fS (x))

T — HealthyPerson(x) V \/ filx) = fi(x) v \/tr)leeat(ﬁ (x))

1<i<j<5

T — HealthyPerson(x) V \/ filx) = f;(x)

1<i<j<5

f1
f2: 13 far f5

eats(y, x) A SideDish(x)

T — eats(y, x)

T — SideDish(x)
Meat(x) — Meat(x)
Meat(x) —» 1




Vegetarian(x)

T — Vegetarian(x)
T — Animal(x)

T - eats(x, f;(x))

T - eats(a.c, fs (x))

T- filx)# fj(x) forl<i<j<5
T - SideDish(f; (x))

T SideD.ish(fS(x))
5
T v\  f@=fev\/

T — HealthyPerson(x) V \/ filx) = f;(x)

1<i<j<5

(fi())

f1
f2: 13 far f5

eats(y, x) A SideDish(x)

T — eats(y, x)

T — SideDish(x)
Meat(x) — Meat(x)
Meat(x) —» 1




Vegetarian(x)

T — Vegetarian(x)
T — Animal(x)

T - eats(x, fi (x))

T- eats(p.c,fs(x))
T filx) = fi(x) for1<i<j<5

T - SideDish(f; (x))

T SideD.ish(fS(x))
5
T v\  f@=fev\/

T — HealthyPerson(x) V \/ filx) = f;(x)

1<i<j<5

T — HealthyPerson(x) V \/ fi(x) = f;(x)

1<i<5

T — HealthyPerson(x)

(fi())

f1
f2: 13 far f5

eats(y, x) A SideDish(x)

T — eats(y, x)

T — SideDish(x)
Meat(x) — Meat(x)
Meat(x) —» 1




Vegetarian(x)

T — Vegetarian(x)
T — Animal(x)

T - eats(x, f;(x))

T - eats(J.C, fs (x))

T- filx)# fj(x) forl<i<j<5
T - SideDish(f1 (x))

T- SideD.ish(fS (x))

5
T v\ f@=xfev\/
T v\ i~ [E
T (x) V\/1<_<5fi(x) % f;(x)

T — HealthyPerson(x)

(fi())

f1
f2: 13 far f5

eats(y, x) A SideDish(x)

T — eats(y, x)

T — SideDish(x)
Meat(x) — Meat(x)
Meat(x) —» 1




Vegetarian(x)

T — Vegetarian(x)
T — Animal(x)

T - eats(x, f;(x))

T - eats(J.C, fs (x))

To filx) % fj(x) forl<i<j<5
T - SideDish(f1 (x))

T- SideD.ish(fS (x))

5
T v\ f@=xfev\/
T v\ i~ [E
T -

() Vv \/1<_<5fi () % fi(x)

T — HealthyPerson(x)
T — Person(x)

(fi())

f1
f2: 13 far f5

eats(y, x) A SideDish(x)

T — eats(y, x)

T — SideDish(x)
Meat(x) — Meat(x)
Meat(x) —» 1

{HealthyPerson(x) — Person(x)} cC ()



@etarian@

T — Vegetarian(x)
T — Animal(x)

T - eats(x, fi (x))

T- eats(;c, fs (X))

T- filx)# fj(x) forl<i<j<5

T - SideDish(f1 (x))

T- SideD.ish(fs (x))

5
T v\ f@=xfev\/
T v\ )~ [
T (x) v\/1<_<5fi(x) % fi(x)

.
Eerson(x) D

(fi(0)

f1
f2'f3'f4'f5

eats(y, x) A SideDish(x)

T — eats(y,x)

T — SideDish(x)
Meat(x) — Meat(x)
Meat(x) —» 1

Vegetarian = Person  /



But that’s not all...

Strategies
Context overloading

Triggers to restrict rule applications
— PAYG behaviour on fragments of SRIQ

Ordering on atoms and Skolem functions



Pred

If

then
where

(u,v, f) € &,

mLA = :.1;11 A; € Sy,
I, — A, vVAoeeS, with A, iu Ao forl <i<m,
A; € Pr(O) foreachm +1 < i <m+n,
and A2 Iy — /7 A v Aio € S,
add A2 I — /7 A VT Ao 10 Su;
o={rw f(z),y— z}

o |If A € core,,
S and T — A ¢ S,.

then jadd T — AtoS,.

If LA A0,
5 o is a substitution such that o(z) = x,
g: I — A; vV AocS, with A; %U A;oforz € {1.. Cee n,},
= and \7_, I, = AoV \/T_, A; € 8.,

then |add A, It — AoV Vi_ AitoS,.

If I - A1 Vsy =1 €8y with sy >, t1 and Ay 7, s1 = L,

Iy — Ay Vssoty €S, witho € {=, %} and s2 >, t2 and A %, s2 02,
i s2|p = s1,
and I1 AT = ALV Ay V .99[t1]p oto é So.

then |add I'1 Al — Ay V As V safti],otato S,.
= |If I' > AVvitzgteS, with A ¥, t #t,
e and " —+ A ¢Z S,.
" lthen |add I" = A to So.
s5|If |[>AVsxivsxtl' e S,withAU{sxt} #,s~t ands =, t',
S and ' > AVitgt Vst &8,
“ lthen |addI" = AVttt Vvsxt't0oS,.
c If I' - AeS8, and
= I' - AeS, \{I'—> A}

then |remove I' — A from S,.

Succ

If

then

where

I' > Av AeS, where A %, Aand A contains f(x), and

no edge (u, v, f) € &€ exists such that A — A € S, foreach A € K> \ core,,
let (v, core’, =') := strategy (K1, D);

if v € V, then let -, := >, N >', and

otherwise let V := VU {v}. core, :=core’, =, =", and S, :=0:
add the edge (u, v, f) to £; and

add A — Ato S, foreach A € Ka \ core,:

o={rw f(z),y— z}

Ki={AcSu(O)| T —=Ac eS8, } and

Ky ={AcSu(O)|I"— A'VAsec S, and A’ #, Ac}.




Evaluation

Prototype implementation called Sequoia

Evaluated using the Oxford Ontology Repository

— Nominal = fresh class

— Datatype — fresh class

— Data property — fresh object property
— Removed ABox assertions

777 ontologies
Timeout 5 minutes
Average over 3 runs, reporting exception or timeout as failure



Classification Times

10° :
/ == Sequoia
T ~= FaCT++
S 10* ,
g == HermiT
£ == Konclude
£ 103 — Pellet
|_
S
&
O
= o102
©
o B
~

100 200 300 400 500 600 700



Percentage of Easy, Medium & Hard Ontologies

100%

75%

50%

25%

0%

HPFKS
Profile
EL/QL/RL

HPFKS
Horn
No Equality

HPFKS
Non-Horn
No Equality

HPF K S
Non-Horn
Equality

B Hard
(timeout or exception)

Medium
(10 seconds to 5 mins)

W Easy
(< 10 seconds)



Main result

Consequence-based classification for SRIQ
Optimal worst-case complexity
Pay as you go
One pass classification

Competitive preliminary evaluation



