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Motivation

LFP+C captures PTIME
« on ordered structures (Immerman, Vardi '82)
+ on planar graphs (Grohe '98)
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LFP+C PTIME

int main() {
for (i=0; i<64; i++) {
alil = £(1);
}
return (0);

}
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Motivation

LFP+C captures PTIME
« on ordered structures (Immerman, Vardi '82)

+ on planar graphs (Grohe '98)

+ on classes excluding a minor (Grohe "10)

DgA(x,y)
DgB(x,y)
Row3(x,y,2)
Col3(x,y,z)
DgA3(x,y,z)
DgB3(x,y,z)

= ex
= ex

LFP+C

u (R(x,u) and C(u,y))
u (R(x,u) and C(y,u))
R(x,y) and R(y,z)
C(x,y) and C(y,z)

= DgA(x,y) and DgA(y,z)

DgB(x,y) and DgB(y,z)

PTIME

int main() {
for (i=0; i<64; i++) {

}

ali]l = £(1);
}

return (0);
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Motivation

LFP+C captures PTIME
« on ordered structures (Immerman, Vardi '82)
+ on planar graphs (Grohe '98)
+ on classes excluding a minor (Grohe "10)

LFP+C PTIME
DgA(x,y) = ex u (R(x,u) and C(u,y)) int main() {
DgB(x,y) = ex u (R(x,u) and C(y,u)) for (i=0; i<64; i++) {
Row3(x,y,z) = R(x,y) and R(y,z) ali] = £(1);
Col3(x,y,z) = C(x,y) and C(y,z) }

DgA3(x,y,z) = DgA(x,y) and DgA(y,z) return (0);
DgB3(x,y,z) = DgB(x,y) and DgB(y,z) }

When does LFP+C programming make sense?
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Two Board Game Problems from Al

General Game Playing

« Input: game in Game Description Language (GDL)
GDL: a variant of Datalog for games (Genesereth, Love, ‘05)

+ Goal: playing the game competitively a few minutes later
+ GGP Competition: yearly event in which GGP programs compete

Learning from Videos
+ Goal: a robot watches a game and learns the rules
+ Tic-Tac-Toe solved in (Barbu, Narayanaswamy, Siskind "10)
« ILP for rule induction using Progol (Muggleton "95)
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Two Board Game Problems from Al

General Game Playing

« Input: game in Game Description Language (GDL)
GDL: a variant of Datalog for games (Genesereth, Love, ‘05)

+ Goal: playing the game competitively a few minutes later
+ GGP Competition: yearly event in which GGP programs compete

Learning from Videos
+ Goal: a robot watches a game and learns the rules
+ Tic-Tac-Toe solved in (Barbu, Narayanaswamy, Siskind "10)

« ILP for rule induction using Progol (Muggleton "95)
Problem: hand-crafted state representation, what does it learn?
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Representing Game Boards




Representing Game Boards

ine(X,Y):-Y is X+1. col_to_int(c0,0).

frame_okj([R1,C1,B1],
eol_to_int(cl, 1)

c1,e1],
dec (X, ¥):-¥ is X-1. col_to_int(c2,2). [RL,C1, B3],
[R2,C2,24],

player (player_x).

boazd ([[A,8,C], [DE,F], [6,H,1]]) i~
piece (x),piece (8),piece(C),
piece (D) piece (B}, plece(F),
piece (6),piece (4, piece(I) .

player (player_o). B2):-

fzame(R1,C1,B1,83),
opponent (slayer_x, plager o) .

at(R1,C1,B1,01),
opponent (player_o,playzr_x) . at (82,C2,81,82)

£oE(0, (411,41 frame(r2,C2,83,82),
piece (x) . at (RL,C1,B2,E3),
piece (o) . at (R2,02,82,84) .
piece (nons) .

ref(2, [, ,c] . forward (player_x,R1,82) :-
empty (nonz) . ef(2,

row_to_int (RL,RI1),
inc(RIL,RIZ),
row_to_int (R2,RI2) .
forward (player_o,R1,82) :-
_to_int (RLRI1),
dec (RI1,R12),
row_to_int (R2,RI2) .

Zail,
ref (1, (HIT], 8 .—decu ), ref (3, T,H2) .
ouns (playzz_x, ¥).

owns (player_o,0) . at (ROW, COLUMN, BOARD, PTECE) : -

rou_to_int (ROW,RI)
col_to_int (COLUMN, CT), !,
ref (RI,BOARD, L) , !, ref (CI, L, PIECE) .
ar (ROW, COLUMN, BOARD, PTECE,
ouns_outcome (player_x,k_uins) . (ROW, COLUMN, PTECE] ) : -
ouns_outcome (player_o,_wins) .

win_outcome (x_wins) .
win_outeons (o_wins) .

sideways (C1,C2) :-
col_to_int (€1,C11),
inc(cIl, C12),
col_to_int (€2,612) .

at (ROW, COLUMN, BORRD, PIECE) .

owns_piece (x_wins, x) .

replace (0,3, [_/T], [AIT]):
oune_pieca (o_wins, o) .

replace (0,_,_,_) -1, fail. sidewaye(C1,C2) :-

xeplace (1, (X,_IT], [X,AIT]):t. col_to_int (€1,C11),
row (x0) . veplace (1,_,_,_) t-!, fail. dee (CI1,012),
row(rl). replace (2,3, [x‘y,,m,[x VAT -t col_to_int (€2,C12) .
row(r2). rveplace (2,_,_,_)t-!, fai

replace (1,41, [PZ\UL[(-Z\IZH. Linear_test (X1, ¥1,X2,Y2,%3,¥3,8) i~
col (c0). dec (I,4), replace(J, K1, T1,T2) . S 15 X1u (Y2-Y3) #X24 (¥3-¥1)%
colicl). X3+ (¥1-¥2)
col(c2).

frame (RROW, CCOLUMY, BOARDI , BOARD2) : ~
row (RROW)
col (CCOLUMN) ,
zow_to_int (RROW,ROH) ,
col_to_int (CCOLUMN, COLUMN) ,
zef (RON, BOARDL, LL) ,
replace (ROW, L2, BOARDL, BORRD3) ,
replace (COLUMY, ignore, L1,L2) ,
ref (RN, BOARDZ, L3)
eplace (ROW, L4, BOARD2, BOARD3) ,
replace (COLUMY, ignore, L3,14) , I,
boaxd (BOARD2) .

row_to_int (x0,0).
row_to_int (x1,1).
row_to_int (x2,2).

Linear(R1,C1,R2,62,R3,63) :-
IR, CL)\=[R2,C2],
[R3,C3)\=[82,C2],
[RL,CL1\=[83,C3],
ow_to_int (RL,RI1),
roW_to_int (RZ,R12),
row_to_int (R3,RI3),
col_to_int (C1,CI1),
col_to_int (€2,C12),
col_to_int (€3,C13),
linear_test (RIL,CILRI2,

C12,R13,C13,0).

Fig. 4. Background knowledge encoded in PROLOG. PROGOL-specific setiings and mode, type. and pruning declarations have been omitied.
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Example Game: Gomoku (Connect-5)
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Example Game: Gomoku (Connect-5)




Example Game: Gomoku (Connect-5)

x[3x1 ... xs

(A GGDA( A R
1<i<5 1<i<5

A YR&LY) AC(y, X)) v N\ y(R(xi, y) A C(xi1,¥))))]



First-Order Logic with Counting
Syntax
@ = Ri(x,....xr,) | Xi = xj|p<p
|ﬂ<P|<PV<p|<pA<p|3x,~<p|in<p

|p+p|p olxlell D p
X|e

o
’n'

Semantics as expected, with
« x[e(Xx)] =1iff (x) holds
* Xx|p P SUMs p(x) over x satisfying ¢(x)
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First-Order Logic with Counting
Syntax

(p = Ri(X1r--~lei)|Xf:Xj|p<p
|—|(p|(pV(p|(P/\(P|E|Xi(P|VXi(p

o
’n'

|p+p|p olxlell D p
X|e

Semantics as expected, with
« x[e(Xx)] =1iff (x) holds
* Xx|p P SUMs p(x) over x satisfying ¢(x)

Example from Chess

>, T+ xIw(x)]+3- x[wK(x)]

x | bBeats(x)
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Learning Winning Conditions

00 O 0060 [ J( ) [ J( J( )
000 [ ) ) 000 L))
OlO|O @)(e]e 0)@)(®) 0)@)(@)
©)(G 1 (©/[0]©)¢)®) 0)(©) 1 (©/(©)[©)©)®)
Positive Example 2{ Negative Example B

Find minimal ¢ such that2l = ¢, B = -
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Learning Winning Conditions

00 O 0060 [ J( ) [ J( J( )
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Positive Example 2{ Negative Example B

. . Find minimal ¢ such that2l = ¢, B = -
Which Logic?

+ Full FO, minimal quantifier rank: PSPACE-complete (Pezzoli '98)
- FOX, minimal quantifier rank: PTIME (Grohe '99)
+ k =16 and log(n) quantifiers suffice for ...(Pikhurko, Verbitsky "10)
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Positive Example 2{ Negative Example B

. . Find minimal ¢ such that2l = ¢, B = -
Which Logic?

+ Full FO, minimal quantifier rank: PSPACE-complete (Pezzoli '98)

- FOX, minimal quantifier rank: PTIME (Grohe '99)

« k =16 and log(n) quantifiers suffice for ... (Pikhurko, Verbitsky "10)
Extensions

+ Use the m-step TC™ operator (lower qgr, nice formulas)

« Compute guarded formulas first (complexity)

+ Shortest ¢ with minimal quantifier rank? (at present: greedy removal)
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Learning Winning Conditions

00 O 0060 [ J( ) [ J( J( )
000 [ ) ) 000 L))
OlO|O @)(e]e 0)@)(®) 0)@)(@)
©)(G 1 (©/[0]©)¢)®) 0)(©) 1 (©/(©)[©)©)®)
Positive Example 2{ Negative Example B

. . Find minimal ¢ such that2l = ¢, B = -
Which Logic?

+ Full FO, minimal quantifier rank: PSPACE-complete (Pezzoli '98)

- FOX, minimal quantifier rank: PTIME (Grohe '99)

+ k =16 and log(n) quantifiers suffice for ...(Pikhurko, Verbitsky "10)
Extensions

+ Use the m-step TC™ operator (lower qgr, nice formulas)

« Compute guarded formulas first (complexity)

+ Shortest ¢ with minimal quantifier rank? (at present: greedy removal)

Computed Formula: 3x (W(x) A Vy-C(x,y))
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Learning Moves

Example Input: a video of a sequence of Breakthrough moves

0000000 Q0000000 Q0000000 Q0000000 Q0000000 [o[0/0/0/000e|
00000000 Q0000000 DDDDBDDD DDDDBDDD DDDDIEDD DDDDIEDD
g - 1 - ] > o ] - CONN
- - © @
O|O|0|OI0|OI0[0) [@e)ee]lee)e] C O[O _O[OO] OlOI0I0]_[O[0] OO (@) @@ (0)(e](e]
[ IOOIOK Cloldloojololo C )@ee)e]e [@e]¢]ee)e]e]e [@eleee) Ololol0Iol0lolo
Q000 Q0000000 Q000 @] (@@ 0
(0000 @0 DDDDDDD DDDDDDD 0e0C eee [0/0/00] @00 [0/000] @00
o [ [| - [[] = 1 4 [ 4 g

O|O|0|0] [O]0|0) OlOIO|O] [0l0] Ololo[o] [Olo[0] Olo[o[o] [O[o[0] O[O0 @ e

OlOICIOI0[0I0I0 [CIOICIO[OI0I0I0 [@ee]eee)e]e QIOIOIO[O[0I0I0] QIOIOI0[OI0I0I0] [@ele)e)e]
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Learning Moves

Example Input: a video of a sequence of Breakthrough moves

0000000 Q0000000 Q0000000 Q0000000 Q0000000 [o[0/0/0/000e|
00000000 Q0000000 DDDDBDDD DDDDBDDD DDDDIEDD DDDDIEDD
g - 1] > 11 = o ] - o ||

O O © O
O|O|0|OI0|OI0[0) (el[e]l(e)[@](e] [@ee)e)le)e] OIOI0I0]_[O[O[0] OO (@) C (0)(e](e]
C IOI0IOK DIOIOIOI0I0 C OlOI0[0[0) C OlO[O[0[0) OlO[O[00) C IOI0I0I0

@]
@]
@]
00
o | |
00
00
[T el
[0/@][0[O
|0/@][0[0
00
0
O[_|@|
00
00
C0)
@]
0
Q0]
00
[_[®]
00
00
C0)
@]
o]
0
0
®|
0
@]
@]
0
@]
O
@]
@]
o]
@]
@]
0
[
@]
0
C0)

O[O[O[0] IOS; OlO|O]O] IOS; ()()()()\bggg ()()()()\Eggg QEQ}Q @) e
OlOICIOI0[0I0I0 [CIOICIO[OI0I0I0 [@ee]eee)e]e QIOIOIO[O[0I0I0] [e[ee)ee)e)e)e) OlO[ [OI0[0[0[0
Derived Structure Rewriting Rules correspond directly to moves
4+ +
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Learning Moves

Example Input: a video of a sequence of Breakthrough moves

0000000 Q0000000 Q0000000 Q0000000 Q0000000 [o[0/0/0/000e|
00000000 Q0000000 DDDDBDDD DDDDBDDD DDDDIEDD DDDDIEDD
g - 1] > 11 = o ] - o ||

O O © O
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0
O[_|@|
00
00
C0)
@]
0
Q0]
00
[_[®]
00
00
C0)
@]
o]
0
0
®|
0
@]
@]
0
@]
O
@]
@]
o]
@]
@]
0
[
@]
0
C0)

O[O[O[0] IOS; OlO|O]O] IOS; ()()()()\bggg ()()()()\Eggg QEQ}Q @) e
OlOICIOI0[0I0I0 [CIOICIO[OI0I0I0 [@ee]eee)e]e QIOIOIO[O[0I0I0] [e[ee)ee)e)e)e) OlO[ [OI0[0[0[0
Derived Structure Rewriting Rules correspond directly to moves
4+ +

Preconditions are derived from illegal moves
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Learning Results (K., AAAI-12)

1Wins | 2Wins | Not Won | lllegal || Learning Time
Breakthrough 1 1 3 0 168 s
Connect4 4 4 13 4 164 s
Gomoku 4 4 9 0 57s
Pawn Whopping 1 1 4 6 980s
Tic-Tac-Toe 4 4 17 0 36s

Table: Number of videos needed for each game and learning time

See the videos and code at:

http://toss.sf.net/learn.html
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http://toss.sf.net/learn.html

Deriving Position Evaluation Functions

Methods (K., Stafiniak, AAAI-11)
+ Goal expansion and Type Normal Form
« Summing over conjuncts in existentially quantified conjunctions
+ Retain stable guards and include rule preconditions

Example: Tic-Tac-Toe without Diagonals
(P(X)AP(y)AP(Z)AR(X, y)AR(y, 2) )V (P(x)AP(y) AP(Z)AC(x, y)AC(Y, 2))
¢

S (3+Eyermrten G+ aiernntrn D)+ Exieco (3+Zypyncin G+ Sapemncon D)
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Deriving Position Evaluation Functions

Methods (K., Stafiniak, AAAI-11)
+ Goal expansion and Type Normal Form
« Summing over conjuncts in existentially quantified conjunctions
+ Retain stable guards and include rule preconditions

Example: Tic-Tac-Toe without Diagonals
(P(x)AP(y)AP(Z)AR(X,y)AR(y, 2) )V (P(x)AP(y) AP(2)AC(x, y)AC(Y, 2))
¢

S (3+Ey1ermnten G+ Zaiernntrn D)+ Exieco (3+Zyeyncin G+ Sapemncon D)

Results vs. Fluxplayer | Toss Wins | Fluxplayer Wins | Tie  ieddepn)
Breakthrough 95% 5% 0%
Connect4 20% 75% 5%
Connect5 0% 0% 100%

Pawn Whopping 50% 50% 0%
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Deriving Position Evaluation Functions

Methods (K., Stafiniak, AAAI-11)
+ Goal expansion and Type Normal Form
« Summing over conjuncts in existentially quantified conjunctions
+ Retain stable guards and include rule preconditions

Example: Tic-Tac-Toe without Diagonals
(P(X)AP(y)AP(Z)AR(X, y)AR(y, 2) )V (P(x)AP(y) AP(Z)AC(x, y)AC(Y, 2))
¢

S (3+Eyermrten G+ aiernntrn D)+ Exieco (3+Zypyncin G+ Sapemncon D)

Results vs. Fluxplayer | Toss Wins | Fluxplayer Wins | Tie wariabie dept
Breakthrough 95% 5% 0%
Connect4 45% 20% 35%
Connect5 0% 0% 100%

Pawn Whopping 60% 40% 0%
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Programming in LFP+C?

Conclusions
« weaker logics can be useful
+ learning can be in PTIME
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Programming in LFP+C?

Conclusions
« weaker logics can be useful
+ learning can be in PTIME

Open Problems
+ Fast FO solver

Ax,y, z(P(x) AP(y) AP(z) AR(X,y) AR(y,Z))

$
Ix (P(x) A3y (R(x,y) AP(y) A3z (R(y,2) AP(2))))
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Programming in LFP+C?

Conclusions
« weaker logics can be useful
+ learning can be in PTIME

Open Problems
+ Fast FO solver

Ax,y, z(P(x) AP(y) AP(z) AR(X,y) AR(y,Z))
¢
Ax (P(x) Ay (R(x,y) AP(y) A3z (R(y,2) AP(2))))

+ How to distinguish structures efficiently?
« Better logics to get nice formulas
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Programming in LFP+C?

Conclusions
« weaker logics can be useful
+ learning can be in PTIME

Open Problems
+ Fast FO solver

Ax,y, z(P(x) AP(y) AP(z) AR(X,y) AR(y,Z))
¢
Ax (P(x) Ay (R(x,y) AP(y) A3z (R(y,2) AP(2))))

+ How to distinguish structures efficiently?
« Better logics to get nice formulas

wwWww.toss.sf .net
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