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Hybrid ProblLog

Combine
Logic programming
Probabilities
Continuous distributions

Allow for exact inference
P(query g has a proof)




Continuous Distributions

occur in real-world domains

when used, exact inference becomes hard
sampling is not always desirable

Question

What restrictions are necessary such that
exact inference becomes tractable/possible?
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(W,gaussian(2,1)) :: width(W).
(L,gauss1ian(9,3)) :: length(lL).

!

«—> (Observed

in_office :-
width(W), length(L),

in_interval(W,2,4), Offi |
ICEe :
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Example

(W,gaussian(2,1)) :: width(W).
(L,gauss1ian(9,3)) :: length(lL).

!

«—> (Observed

in_office :- 1n_corridor :-
width(W), length(L), width(W), length(L),
in_interval(W,2,4), Office below(W,2.5), =1
in_interval(lL,2,4). above(l,3). Corrldor




Example

(W,gaussian(2,1)) :: width(W).
(L,gauss1ian(9,3)) :: length(lL). ¢
0.8 :: office_has_window. «—> (Observed

0.001 :: corridor_has_window.

1n_office :- 1n_corridor :-
width(W), length(L), width(W), length(L),
in_interval(W,2,4), Office below(W,2.5),
in_interval(lL,2,4). above(L,3).

Corridor
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(W,gaussian(2,1)) :: width(W).
(L,gauss1ian(9,3)) :: length(lL). ¢
0.8 :: office_has_window. «—> (Observed

0.001 :: corridor_has_window.

1h_office :- 1h_corridor :-
width(W), length(L), width(W), length(L),
in_interval(W,2,4), Office below(W,2.5),
in_interval(lL,2,4). above(L,3).

Corridor

room_has_window :-
1n_office,

office_has_window.




Example

(W,gaussian(2,1)) :: width(W).
(L,gauss1ian(9,3)) :: length(lL). ¢
0.8 :: office_has_window. «—> (Observed

0.001 :: corridor_has_window.

1h_office :- 1h_corridor :-
width(W), length(L), width(W), length(L),
in_interval(W,2,4), Office below(W,2.5),
in_interval(lL,2,4). above(L,3).

| | _‘ COrri_dor

room_has_window :- room_has_window :-
1n_office, 1nh_corridor,

office_has_window. corridor_has_window.




: . office_has_window. —

:: corridor_has_window.

in_office :- in_corridor :-
width(W), length(L), width(W), length(L),
in_interval(W,2,4), Office below(W,2.5), P
in_interval(L,2,4). above(l,3).

room_has_window :- room_has_window :-

1n_office, 1nh_corridor,

office_has_window. corridor_has_window.




Continuous Facts

.. office_has_window.

Probabillistic Facts

:: corridor_has_window.

in_office :- in_corridor :-
width(W), length(L), — width(W), length(L),
in_interval(W,2,4), | Office below(W,2.5), S
in_interval(L,2,4). above(l,3).

room_has_window :- room_has_window :-
1n_office, 1nh_corridor,

office_has_window. corridor_has_window.




.. office_has_window.

:: corridor_has_window.

in_office :-
width(W), -

1n_interval

Llength(L),
WS 24

1n_1nterval

(L,2,4).

room_has_window :-

1n_office,

office_has_window.

A

Continuous Facts

Probabillistic Facts

room_has_window :-
1h-corridor,

corridor_has_window.




Example

(W,gaussian(2,1)) :: width(W).
(L,gaussian(9,3)) :: length(lL).
0.8 :: office_has_window.

0.001 :: corridor_has_window.

in_office :-
width(W), length(L),
in_interval(W,2,4),

in_interval(L,2,4).

room_has_window :-

1n_office,

office_has_window.

1h_corridor :-
width(W), length(L),
below(W,2.5),
above(l,3).

room_has_window :-
1h-corridor,

corridor_has_window.




Example

1n_corridor) = 0. 67

1n_office) =0.01

1n_corridor | room_has_window) = 0.30
1n_officel room_has_window) = 0.96
length(L),below(L,5))=0.07
(L,gaussian(9,3)) :: length(L). length(L),below(L,5) |

0.8 :: office_has_window. r'OOm_hCIS_W'i.ndOW)=O.80

(W,gaussian(2,1)) :: width(W).

0.001 :: corridor_has_window.

in_office :- 1n_corridor :-
width(W), length(L), width(W), length(L),
in_interval(W,2,4), below(W,2.5),
in_interval(lL,2,4). above(l,3).

room_has_window :- room_has_window :-
in_office, in_corridor,

office_has_window. corridor_has_window.
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Syntax of Hybrid ProbLog

probabilistic facts

0.8 :: office_has_window
0.8 :: office_has_window(Room)

continuous facts
(L, gaussian(9,3)) :: length(L)
(L, gaussian(9,3)) :: length(L,Room)
(X, uniform(0,10)) :: position(X)

comparison operators

ZlengthCl);-abovelL 3) ;..

- lLengthCL); below(l3): .~
EFengthCl ), 1n-intervalCl 2, 4). .




Syntax of Hybrid ProbLog

negation on ground probabillistic facts
problog_not(office_has_window)

negation on comparison operators
length(L), problog_not(in_interval(lL,2,4)

Not allowed

functions
ktengthCl) L2 15 1*10

comparing two values
length(L), width(W), below(W,L)

multivariate distribu’gions



Mixture of Gaussians

0.8 :: flip.
(X, gaussian(-1,1)) :: f1(X).
(X, gaussian(1l,1)) :: f2(X).

f(X) :- flip, f1(X).
f(X) :- problog_not(flip), f2(X).




10 Intervals

((F(X),between(X,0,1))="




20 Intervals

- P((F(X), between(X,0,1))=?




30 Intervals

P((F(X),between(X,0,1))="




40 Intervals

- P((FCX), between(X,0,1))=?




50 Intervals

((F(X),between(X,0,1))="




100 Intervals

M| PCFOO, between(X,8,1))=7 |




200 Intervals

- P(CFCX), between(X,0,1))=?
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Sampling

(W,gaussian(2,1)) :: width(W).
(L,gaussian(9,3)) :: length(lL).
0.8 :: office_has_window.

0.001 :: corridor_has_window.

in_office :-
width(W), length(L),
in_interval(W,2,4),

in_interval(L,2,4).

room_has_window :-

1n_office,

office_has_window.

1h_corridor :-
width(W), length(L),
below(W,2.5),
above(l,3).

room_has_window :-
1h-corridor,

corridor_has_window.
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1h_corridor :-
width(W), length(L),
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1h-corridor,

corridor_has_window.




Sampling

(W,gaussian(2,1)) :: width(W). ‘

(L,gaussian(9,3)) :: length(lL).
0.8 :: office_has_window.

0.001 :: corridor_has_window.

1h_office :-
width(W), length(L),
in_interval(W,2,4),

in_interval(L,2,4).

room_has_window :-
1n_office,

office_has_window.

width(2.3)

1h_corridor :-
width(W), length(L),
below(W,2.5),
above(l,3).

room_has_window :-
1h-corridor,

corridor_has_window.




Sampling

(W,gaussian(2,1)) :: width(W). W'Ldth<23)
(L,gaussian(9,3)) :: length(L). ‘ ]_eng-th(7.9)
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0.001 :: corridor_has_window.
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in_interval(lL,2,4). above(L,3).

room_has_window :- room_has_window :-

1n_office, 1nh_corridor,

office_has_window. corridor_has_window.
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1h-corridor,

corridor_has_window.
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Sampling
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(L,gaussian(9,3)) :: length(lL).
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Exact Inference

Step 1 run SLD resolution and collect all proofs
Step 2 disjoin proofs

Step 3 Build DNF

Step 4 make intervals mutually exclusive

Step 5 Build BDD




SLD Resolution

(W,gaussian(2,1)) :: width(W).

(L,QCIUSS'LCII’](9,3)) 5 1ength(L) P(room haS Wlndow)=’?
0.8 :: office_has_window. e 2
0.001 :: corridor_has_window.

in_office :- in_corridor :-
width(W), length(L), width(W), length(L),

in_interval(W,2,4), below(W,2.5),
in_interval(lL,2,4). above(L,3).

room_has_window : - room_has_window :-
1n_office, 1n_corridor,
office_has_window. corridor_has_window.




SLD Resolution

(W,gaussian(2,1)) :: width(W).

(L,QCIUSS'LCII’](9,3)) 5 1ength(L) P(room haS Wlndow)=’?
0.8 :: office_has_window. e 2
0.001 :: corridor_has_window.

in_office :- in_corridor :-
width(W), length(L), width(W), length(L),

in_interval(W,2,4), below(W,2.5),
in_interval(lL,2,4). above(L,3).

room_has_window : - room_has_window :-
1n_office, 1n_corridor,
office_has_window. corridor_has_window.

Prob. Facts Cont. Facts Domains
{3 {3 {3}




SLD Resolution

(W,gaussian(2,1)) :: width(W).

(L,gaussian(9,3)) :: length(lL).
0.8 :: office_has_window.

P(room_has_window)="

0.001 :: corridor_has_window.

LhEoftice <
width(W), length(Ll),
in_interval(W,2,4),
in_interval(lL,2,4).

room_has_window : -
ith.office;
office_has_window.

Prob. Facts
{3

Cont. Facts

1in_corridor :-

width(W), length(L),
below(W,2.5),
above(L,3).

room_has_window :-
1n_corridor,
corridor_has_window.

Domains
{3 {3




SLD Resolution

(W,gaussian(2,1)) :: width(W).

(L,QCIUSS'LCII’](9,3)) 5 1ength(L) P(room haS Wlndow)=’?
0.8 :: office_has_window. e 2
0.001 :: corridor_has_window.

in_office :- in_corridor :-
width(W), length(L), width(W), length(L),

in_interval(W,2,4), below(W,2.5),
in_interval(lL,2,4). above(L,3).

room_has_window : - room_has_window :-
1n_office, 1n_corridor,
office_has_window. corridor_has_window.

Prob. Facts Cont. Facts Domains
{3 {3 {3}




SLD Resolution

(W,gaussian(2,1)) :: width(W).

(L,QCIUSS'LCII’](9,3)) 5 1ength(L) P(room haS Wlndow)=’?
0.8 :: office_has_window. e 2
0.001 :: corridor_has_window.

1hoofftice %= in_corridor :-
width(W), length(L), width(W), length(L),

in_interval(W,2,4), below(W,2.5),
in_interval(lL,2,4). above(L,3).

room_has_window : - room_has_window :-
1n_office, 1n_corridor,
office_has_window. corridor_has_window.

Prob. Facts Cont. Facts Domains
{3 {3 {3}




SLD Resolution

(W,gaussian(2,1)) :: width(W).

(L,QCIUSS'LCII’](9,3)) 5 1ength(L) P(room haS Wlndow)=’?
0.8 :: office_has_window. e 2
0.001 :: corridor_has_window.

LnEoftice - = LN corridor. o=
width(W)] length(L), width(W), length(L),
in_interval(W,2,4), below(W,2.5),
in_interval(lL,2,4). above(L,3).

room_has_window : - room_has_window :-
1n_office, 1n_corridor,
office_has_window. corridor_has_window.

Prob. Facts Cont. Facts Domains
{3 {3 {3}




SLD Resolution

|(W, gaussian(2,1)) :: width(W).]

(L,QCIUSS'LCII’](9,3)) 5 1ength(L) P(room haS Wlndow)=’?
0.8 :: office_has_window. e 2
0.001 :: corridor_has_window.

LnEoftice - = LN corridor. o=
width(W)] length(L), width(W), length(L),
in_interval(W,2,4), below(W,2.5),
in_interval(lL,2,4). above(L,3).

room_has_window : - room_has_window :-
1n_office, 1n_corridor,
office_has_window. corridor_has_window.

Prob. Facts Cont. Facts Domains
{} fwidth(W)} {W 1n [R}




SLD Resolution

(W,gaussian(2,1)) :: width(W).
|(L,gaussian(9,3)) :: length(L)]
0.8 :: office_has_window.

0.001 :: corridor_has_window.

P(room_has_window)="

LnEoftice - = LN corridor. o=
width(W), [Tength(L) width(W), length(L),
in_interval(W,2,4), below(W,2.5),
in_interval(lL,2,4). above(L,3).

room_has_window : - room_has_window :-

1n_office, 1n_corridor,
office_has_window. corridor_has_window.

Prob. Facts Cont. Facts Domains
{1 fwidth(W),length(L)} {W in IR, L in IR}




SLD Resolution

(W,gaussian(2,1)) :: width(W).

(L,QCIUSS'LCII’](9,3)) 5 1ength(L) P(room haS Wlndow)=’?
0.8 :: office_has_window. e 2
0.001 :: corridor_has_window.

LnEoftice - = LN corridor. o=
width(W), length(L), width(W), length(L),
lin_interval (W,2.4)| below(W,2.5),
in_interval(lL,2,4). above(L,3).

room_has_window : - room_has_window :-
1n_office, 1n_corridor,
office_has_window. corridor_has_window.

Prob. Facts Cont. Facts Domains
{1 fwidth(W),length(L)} {W in [2,4], L in IR}




SLD Resolution

(W,gaussian(2,1)) :: width(W).

(L,QCIUSS'LCII’](9,3)) 5 1ength(L) P(room haS Wlndow)=’?
0.8 :: office_has_window. e 2
0.001 :: corridor_has_window.

1hoofftice %= in_corridor :-
width(W), length(L), width(W), length(L),

in_interval(W,2,4), below(W,2.5),
in_interval(lL,2.4)] above(lL,3).

room_has_window : - room_has_window :-
1n_office, 1n_corridor,
office_has_window. corridor_has_window.

Prob. Facts Cont. Facts Domains
{1 fwidth(W),length(L)} {W in [2,4], L in [2,4]}




SLD Resolution

(W,gaussian(2,1)) :: width(W).

(L,gaussian(9,3)) :: length(L). | P(room_has_window)=?
0.8 :: office_has_window. | il e

0.001 :: corridor_has_window.

LhEoftice < LN corridor. o=
width(W), length(L), width(W), length(L),
in_interval(W,2,4), below(W,2.5),
in_interval(lL,2,4). above(L,3).

room_has_window : - room_has_window :-
ith.office; 1n_corridor,
oftfice_has_window. corridor_has_window.

Prob. Facts Cont. Facts Domains
{office_has_window} {width(W),length(L)} {W 1n [2,4], L 1n [2,4]}




SLD Resolution

(W,gaussian(2,1)) :: width(W).
(L,gaussian(9,3)) 5 1ength(L) P(room_has_W|ndow)=’?

Qe

0.001 ::

in_office :- in_corridor :-
width(W), length(L), width(W), length(L),

office_has_window.
corridor_has_window.

in_interval(W,2,4), below(W,2.5),
in_interval(lL,2,4). above(L,3).

room_has_window : - room_has_window :-
1n_office, 1n_corridor,
office_has_window. corridor_has_window.

Prob. Facts Cont. Facts Domains
{office_has_window} {width(W),length(L)} {W 1n [2,4], L 1n [2,4]}




SLD Resolution

(W,gaussian(2,1)) :: width(W).

(L,QCIUSS'LCII’](9,3)) 5 1ength(L) P(room haS Wlndow)=’?
0.8 :: office_has_window. e 2
0.001 :: corridor_has_window.

in_office :- in_corridor :-
width(W), length(L), width(W), length(L),

in_interval(W,2,4), below(W,2.5),
in_interval(lL,2,4). above(L,3).

room_has_window : - room_has_window :-
1n_office, 1n_corridor,
office_has_window. corridor_has_window.

Prob. Facts Cont. Facts Domains
{office_has_window} {width(W),length(L)} {W 1n [2,4], L 1n [2,4]}

{corridor_has_window} {width(W),length(L)} {W 1in (-00,2.5),
L 1n (3,00)}
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Disjoining

Proofs overlap

with respect to probabilistic facts

with respect to continuous facts
Naively adding probabilities yields wrong values
disjoint sum problem

extend ProbLog’s BDD algorithm for continuous
distributions

2l
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Disjoining (2)

{office_has_window}  {width(W),length(L)} {W ¢ [2,4],L € [2,4]}

{corridor_has_window} {width(W),length(L)} {W ¢ (-00,2.5),L € (3,00)}




Disjoining (2)
{office_has_window} {width(W),length(L)} {W ¢ [2,2.5),L € [2,3)}
= 5 {W e [2.5,4],L € [2,3)}

« 4 = :2,25),|— < :3,4]}

¢ 5 {We [2.5,4],L € [3,4]}
{corridor_has_window} {width(W),length(L)} {W ¢ (-00,2.5),L € (3,00)}
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Disjoining (2)
{office_has_window}  {width(W),length@] {W Fen 2oy v I [ Z:5390%
o 5 {W 2.5,4],L € [2,3)}

« g -{W :2,25),L = :3,4]}

“ 2 Weell-3oal il e 3540}
{corridor_has_window} {width(W),length(L)} {W € (-00,2), L € (3,4)}

: Weoe o2 2255k e b3 dat
5 {W ¢ (-00,2),L € [4,00)}

(2., 2:5), k4004




Disjoining (2)
{office_has_window}  {width(W),length@] {W Fen 2oy v I [ Z:5390%
o 5 {W 2.5,4],L € [2,3)}

« g -{W :2,25),L = :3,4]}
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Building the DNF
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Enforcing Exclusiveness

width(W)werz2,2.5) vs. wirdth(W)werz2.s,4]




Enforcing Exclusiveness

width(W)werz2,2.50 vs. width(W)werz2.s,47

Replace by
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Build & Evaluate BDD
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Build & Evaluate BDD
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Build & Evaluate BDD
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Build & Evaluate BDD

P —

P(room_has_window)=0.015
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What to Learn?

fact probabilities
?°? .. office_has_window

parameters of the the continuous distributions
(X, gaussian(??,77?)) :: length(X)

distributions
(X,D)::length(X)

decision boundaries
..., length(X), above(X,??), ...
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Parameter Learning

[Gutmann éet al. 2008]

Can be calculated Goal: Training Data

d1=0.32
dz2=0.23
gz =0.90




Parameter Learning

goal: learn the mixture parameter from training
examples of the form P(low <= X <= high)=p

P((f(X),between(X,-2,0))=0.12

flip-05

Iflip=0j W




Increase EXxpressivity




Increase EXxpressivity

allow functions of one variable
(X, gaussian(d 1)) = £tCX)
g :- f(X), X2 1s X*X, below(X2, 16).
h :- f(X), Y 1s s1in(X), below(X,0).




Increase EXxpressivity

allow functions of one variable

one needs to solve f(X)=0
requires finitely many solutions 16

h :- f(X), Y 1s s1in(X), below(X,0).




Increase EXxpressivity

allow functions of one variable

one needs to solve f(X)=0
reqmres finitely many solutions 16

= T CX ) Y- 15 SENCX), below(X 0).

allow multivariate distributions
CEX. YD), density) 2 £CXY)




Increase EXxpressivity

allow functions of one variable

one needs to solve f(X)=0
requwes finitely many solutions 16

= T CX ) Y- 15 SENCX), below(X 0).

T 14: ) Licdrilng b

n-dimensional integral must be
computable




Increase EXxpressivity

allow functions of one variable

one needs to solve f(X)=0
reqmres finitely many solutions 16

= T CX ) Y- 15 SENCX), below(X 0).

T 14: ) Licdrilng b

n-dimensional integral must be
computable

allow comparing two continuous variables
CX,gaussrtantQ, 1)) - = FCX).
(X, gausstan(b,3)) 2 -gtX);
h < LX), g(Y),abgve(X,Y).




Increase EXxpressivity

allow functions of one variable

one needs to solve f(X)=0 L
requires finital\y manv enhiitinne % 16) .

= y9(X) 'X,0).

AllAar
n-dimen: f(X)
computa

\4

allow companng wwo conunuous variables
CX,gaussrtantQ, 1)) - = FCX).
(X, gausstan(b,3)) 2 -gtX);
h < LX), g(Y),abgve(X,Y).




Increase EXxpressivity

allow functions of one variable

one needs to solve f(X)=0 L
requires finital\y manv enhiitinne % 16) .

h - f J9X) X,0).

n-dimen: ()
computa

\4

allow comparmy wo conunuous variables
CX,gaussrtantQ, 1)) - = FCX).
(X, gausstan(b,3)) 2 -gtX);
h < LX), g(Y),abgve(X,Y).




Increase EXxpressivity

allow functions of one variable

one needs to solve f(X)=0 L
requires finital\y manv enhiitinne % 16) .

h = F tI (X) X,0).

n-dimen ()
computa

A 4

allow comparimy wo conunuous variables
CX,gaussrtantQ, 1)) - = FCX).
(X, gausstan(b,3)) 2 -gtX);
h < LX), g(Y),abgve(X,Y).




Increase Expressivity (2)

allow functions of multiple variables

CX, gaussiont, 1y 7 ECK).
CX,cgausstan(s ;. 3)) v gtX).

N FCK ) gl ), o2 15 X = Del oWtz 1)




Increase Expressivity (2)

allow functions of multiple variables

CX, gaussiont, 1y 7 ECK).

CX,cgausstan(s ;. 3)) v gtX).

N FCK ) gl ), o2 15 X = Del oWtz 1)

h =00 gl ) an-antervalCX 0 -5, 2);
o antervalCy, 0:5.2 ).




Conclusions

Resulting language is more expressive than
ProblLog

guite restrictive to allow for exact inference

suited for domains where proofs depend on a
small number of continuous values

Future Work

More expressivity

Improve learning



Thanks for your attention!
Questions?

ProbLog is available at
http://dtai.cs.kuleuven.be/problog/
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