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Abstract  Derived predicates are a natural way to depict indirect effects of domain actions, and
their truth values in the current state are inferred {rom that of other predicates via domain rules.
However, domain rules designed by human experts cannot be guaranteed to be correct or com-
plete. So it is often difficult to explain why an observed plan is valid under imperfect domain
rules. Combining inductive learning with analytical learning, in this paper, we develop an algo-
rithm called FODRL (First-Order Derived Rules Learning) to automatically discover first-order
rules for derived predicates from observed plans under an initial domain theory. FODRL is based
on the pure inductive learning system FOIL (First-Order Inductive Learning) , which learns a new
rule that covers partial positive examples but avoids all negative examples once a time, until all
positive examples are covered. However, better than FOIL, FODRL uses activation sets of de-
rived predicates to expand search steps so as to improve the accuracy of learned rules. An activa-
tion set is a minimal set of basic facts or predicates which can make a derived predicate hold true
under domain rules. The learning process is divided into two steps: first, extract training exam-
ples from observed plans; then, learn first-order rules for derived predicates which can best fit

training examples and the initial domain theory. We experiment in two derived planning domains,
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PSR and PROMELA. The results show that, with the guidance of an initial domain theory, the
rules learned by FODRL are more accurate than those from FOIL, even FOCL (a descendant of

FOIL).
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il de D, yakiZm BUD H i e i s i 3C7 £
B BER A 2 B A AR B S B H AU S IR A 3] A 4 J
B o 24 o B i 7E HRHE A0 U I8 B A A R R Y
WA LG B o/ME. E L h RTINGRE T i451R
2 errorr (h) R T Wl h R 432 WIREBI I o 1 LE 1]
[FAE b, X OQ F G FRI8 R AR 1% %errorg (1)
N h 5 R TGy — A BEHLSE ] I A — B AR A
o R A R R R B R 2R i I
/IME

arg min(ky X errort(h) + kg X errorg(h)),

he H

K Fil K 73 50 2 7 406 B A UL BEE P 3 19) A X
AR QR G U S RS i B 2% L HLA K
] AR R T DL PR ORI Ko fE. AR EE
B B o TR AR AN AR /NI HLAF AR R AR I R, U]
PATE BRI KefH.

4 FIHEE

e LT EREIE5Z )G TS REERY
STH A A TR G E 1 ). Bl GTE &
T2 DA Rl e A0 R ) ] U 3R b 7 A 2 o ) 8 o Y
IR AR . LU, LR a) R4 i w4 5 0 i #)
BRI, AT LA R S A0 R0 & A T I R = )
R G . 4 2 5k FODRL A T A IH 4 R 48
FOTL , 7E A 15 =5[] - #2480 & I k491 1) o A A 3. T8
13 ASS(Activation Set Searching) 5. 115 3| Ik 4 18
] (1 TS 4 TR BT R FOIL 38 R B L i 75—k Al
DA T8 22 e 0k S 17 B U L DR AR T 3R 1Y BT 4R
i 14 2 7 DU R I8 T BB 5 41 5 IR AE 1 1] 1 B AR
FHEBIFES. FIABIEENIEEALET.GTE &
BT 7 A I 2 ) b R A R R A I 3R Y 52
151] » DR) skt 224 0 DU 7 42 ) 328 S 7 2 IR AR IR TR I IR AR
T T ) U A R T R A K UIR AR T R e 48 Sy X
18 B AT 1) B B CRIVBLTG 42D A 8 41 IR BT 4y 3 17 A0 U
XoF Y R 406 P B2 i ST i A 2 B R B ) 5 s
1) — B Uk AE T ) B0 4 A
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k51

(GTE)
B
VIR
H ARk A

B K

7 A R

}‘/\
e s

TR ] 54 3 ‘

Bl B RN ey
(FODRL)
PN
2% 3] I B
S
ARBOCR | s 4
- (ASS) —

B 1 2 o PR A I ) ML U 9 5 e

HEAJE P& 1 B il i 60 R0 2 > 3ok L R T 43 ) Ak
FRGNTR [a) 8. (1) N7 2 ) B i 53065 (2) W)
Iy 9 B P o A S R0 BT 5 (3D AE R0 BB AR A
TH 1A A O 2R
4.1 = Z]E % FODRL

% 3] 9R A 3 i 4000 B9 % 5 3% By FODRL
(First-Order Derived Rules Learning), 3 F RTL
(1 228 1) 2 > HE L A FOIL 19 19 44 2 ] # 3%, FO-
DRL 5L AT

&k 2. TFODRL (First-Order Derived Rules
Learning) 5 ¥:.

YN B ) 1)1 1] 52 & Learned_predicates, i i8££

Predicates, | Zx%E Examples
i B 4E Learned_rules
Begin
1. Learned_predicates " [i%) 15 i7] & Ji% BA 371) 5
2. Learned_rules<—{};
3. Y BAFNA A
4. HUBAF A EE — 15 16 Target_predicate
Pos<—Examples H Target_predicate f{ IF #] ;
Neg<—Examples Hi Target_predicate f{ JZ # ;
NewRule<—3¢ 4 fif 14 %) i1 1] Target_predicate f
FL 5
8.  NewRuleNeg<—Neg;
9. Y NewRuleNeg A=, 34 fij 55 15 % /i 14 LA 4 1k

~N O O

NewRule;
10. H T i 17 42 Predicates X} NewRule 4 5 fiz 1&
Hr ¥ Newliteral,

11. W NewlLiteral J& YR 4= 1 14 , )

12. Candidates<—3& F 3 0| & 38 1 ASS 533K Ne-
wlLiteral 9375 4 ;

13. 7], Candidates<—NewLiteral ;

14. Best_candidate<—argmax Fodrl_Gain (L, Ne-

wRule) ;
15. I Best_ Candidate Jill A #] NewRule B4 ;
16. NewRuleNeg<—NewRuleNeg i /& NewRule
H AR 4 5
17.  Learned_rules<—Learned_rules+ NewRule;

18. NewRule i A Z)#0] & o 5
19.  Pos<-Pos-{# NewRule 5% ) Pos i, 51 } ;

20. W4 Pos 455 M Target_predicate il A BAFI ¢ J&

21.  Examples< Examples-{ # NewRule % 3% ) Ex-

amples BB 5

22. 3R I8 Learned_rules;

End.

FODRL Hy 1§ 215 35 ok A7 45 6. bR TR 5
RTL &L, #2227 >J 1938 1) HE L BA 3 4 1 328 B HE
TE 5 B 14 /)35 1) Target_predicate 3 2% > #LIU). 40
2 2] B0 BT A R B 5 0 1 ] K Target
predicate FCTEBANF 1K & B 75 LG T2 2] 28 X2
>J A [6) V3R A R D0 T LR O 1) 22 T AR DG R
O ) R 0] P T 2 — b 220 1) A ) o R

FODRL BN JZPEEF 5 FOIL 26, 4002 ] —
A i 8 43 45 T ke O i A S8 R D PN )2 A0 B
PAT— B R ok 1 I I8 K T iR T e — MR A
SR 18N SCFE DA B0 AR Ak B B T A Y .
SR 5 FOIL 836 A [6] (9 /& . FODRL %5 2 1 A A
ek X Candidates B A T %) 4h S0 8 R 4 K
RGP 11~12). FODRL 4k B 26 ot ik =X« F A
SCEF BB 0 0 A R SO AR A O T
S EG R . A SCFE R I I 4B Predicates H i
W EREARE R S H T EHREREDEEY
HT LI — A~ O A 9 A8 1. A SR 3 BT SO R IR A
T T o DU T SRR B8 T HE S RO 2R CUF R
KA FODRL 3@ i 78 I 25 Fc s b &2 A0 0] i)
AE » B — 20 M i 328 2 P 3k 5 A A B Y SO B0 S
FH 4. FODRL fif FF Ak 6 %k Fodrl_gain LAf i1
B e RN B B T A 1 X 2 IS Y T R
AN A FECH . B R A% 2 LB R 5
A ) KL

deerhnn(L,R>::z@ogzp ﬂin —log,
1 1

poijino ) ’

Horbrs po RN R A IE B 29 K H no R R Y
AT HRECH » pr I H R IE B 2K BCH oni Ry
BN R B B H e JEAEIMASCF L B R 5
U3IHREBL 2 A9 KL R A9 1E ] 29 KB H . AR 415 B it
(LS . Fodrl_gain(L, R)ME LK : N T 4 R
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Bl

e 2010 4E

L
&

00T S o 2 S o g T O o VA = el O
e BB R M, ISR LR SR B Lo
SCFHATIE BT B Lk TE B g5 0 S0
4.2 HEHRNE

T DN B 400 A58 B HE T 3 ) 22 T ) AR G
B BT b AR B e A S R ) L RO PR
B, L LA 5 Ah s G TR 45 D T el 4
R 2 A 55 45 502 iy SE A Bl AR g 1 i 7 45 5
Sl IR AR TE T AR 0 ) PN FR 4 A T B2 s R i —
9 0 DU 3 08y PR 485 a5 X — N R 5 R,
MG CRA — 250 % B T B B0 00 o 4 5 1 R A 3
) T B A 2 G 20 DU 1l % B0 00 /%) B i &
S A Rl B AR T 1) B IR A= 8 TR 40 . G SR 0 ) P e
(18 235 pit e FHL VR 1) O A i 19 3K 19 0 00 1 ol — By
SN

H T PDDL & F 7o 178 Uk A2 1 1) B0 000 7 4% 1 &6
A3 3% i AR o ) TR D L e R ) 2% A
SCEFE I A T PRI A A ST R D ] 2 i A A 43
B HEAT — 2o 0.l TR S5 A2 SCF R A B I
b3 55 538 SRR 18 50O 5 B AL B i 4 3 5 5
35 B WPKE R HE AT 3R 43 B A A% A % B — 4> 3 1Y
TR AR ) e B X, A T AL B T A AE o 1
S Y s AT D4 2 A R B 1) BT 2 S 1 AR At

5. XFRILGETIEE fed RN 5,2
o BRI BRI R 4 A R E SCFE AR
OB

r5_1: (breaker ?7x) A (ext 7?1 ?7x sidel) —
(fed?0)

r5_2: (breaker 2x)Aext ?1 ?x side2)—(fed 70 ;

r5_3: (ext 71 ?x sidel) A (breaker ?y) A (up-
stream ?y ?sy ?x side2)—(fed ?0);

r5_4. (ext 71 7x side2) A (breaker ?7y) A (up-
stream ?y ?sy ?x sidel)—(fed 71).

AR A IH G EIE R R, @20
SE SR TARZ B9 3R 58 L. T R S AR O
F o JL0) 1 v b 20T 3 5k A R AR A5 R U 48T R
. lan 5 5 s R #5_4 B SRR AT A S TR AR I
1] Cupstream 7y ?sy 7 sidel), M3 1 B4 45 40 35
Bt o H 405 (upstream 72 7sx 7y 7sy) FURLI , 7]
LU B4 {72/ 2y s/ 75y, 2y/7x, Tsy/sidel }
ek — 2By AL & 0 SR ) h B A AL R
328 UET A A 0 7 o R e o AR s 5 O ) IR 1) TE R
B R PRI e R R U 1 e ) R R R IR L

Bl 6. R 1 RWI G SR B a) LIS B a0 1E 2
FIT 7 B BRI & (L= 2). J7 HE 38R H S A9 1) 5§
HIRAVETIARIC Y 5 25 5 W6 15 28 7 ey B0 0] 2 5 B
WA ELE, L. (Ted 7D 2% F B SE 50, Z Rk 0.
T (Ted 70 BYREIN 25 1 o /9 & A8 3R )2 I 1,
4N Cupstream ?y ?sy 2z side DB ZE RN 1. LA S
HE 4  Cupstream 7y 75y 72 sidel) iR 5% A
AN IE 2RO 2, B0 Cupstream 7y 75y 7w
sideD) Y JZIH 2.

’ (fed 70)

N

(breaker ?x)

(ext 2%z sidel )

(breaker ?2)| | (ext 21?2 side2)

(ext 2 2o sidel) | |(breaker 2y)| |(upstream ?y?sy?x side2 )

(upstream ?y?sy?x sidel )

(ext 2%z side2) | [(breaker ?y)

(break ?y) (con 7y side2 ?x sidel )

(closed 7y )H( =7y sidel)

(con ?ysidel ?x sidel)

(closed ?7y)

(closed {’u* (break ?y)

(con ?w side2 2x sidel %

(upstream 2y 7sy 2w sidel )|

(break ?y)|| (closed ?y)||(closed 7w)||(con 2w sidel 2z sidel )

(upstream 2y 75y 2w side2 )
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4.3 WHHEHHEE

WOR R E SOR B T A AR ZEHERL, ) Gerevi-
ni USRI R G LPG-td 3K il IR AE B4 1)
JBL. PG SR A ) R 7E SR BRI T RE NS I 5 B YR A4
IR —H A, SR, B Gerevini 55 LY
PG AT PR R B - (D B0E 2 1115 5 2wtk
B, — HARE & A AL, B F 5O 4
(2) WG SR AL PR T AR . FRATT LS M F 92 A
ST AR TR BB S IF HAR N T — R s R
RPN R SrE SN VY& (e S KB Rl
2] 55 U T A T 7 Y o AR ) AL

— A i AT B AT DA SO R

EX 14, B d Z2IRAEFI.d B —A g
AR i F rd 1 i BEAS g5 92 4 B fi /)
£45.

i PA b SRR X T — IR AR 5 O 4R
Je— A i SR A F S AL A U L 1% AR S AT DL
I R T IR A S XS B OR 2
/MY S BIVAS A 55 AT A7 5 4 5 JC G Y e . 491]
G AR AR 22/05, 22/ ch2)  ARIE LI 5 2,
A {(breaker cb2), (closed ¢b2), (ext I5 cb2
side2)} = (fed 15), W] F = {(breaker ¢b2),
(closed ¢b2), (ext 5 ¢b2 side2)} 42 IR 4 55 52 (fed
15) 1l — > i R 4.

T AE— BRI 8 2 ) e A IO Sk
AP X WK USSR E YRR — B i
4.

EX15. & dEIREEW.d — G EF
JEli /R Frd 1Yl HEASTH IR 4 ) B/ NE 5

HHE SC 15 AT, — B i 4 2 ) DA S o el 2
T HE T AN IR A= 1 1) 0 AT R A ) B G TR
FE ML L A Y R 5 0 BRI RO 5 AT i) 5
HETIC R M H B g ). 48— B O AR b i AR B A
FH B RERIEAT R4, AT LLASR 21 %0 0 IR A= = 52 11 i A
WO B — BT 4R AT LALE — B KLU 1 B AT A R
T iy AL A A AL ) ] P L A i) 30 P A 5 ) %
LT L BICA REHEAT & 4. AR T 5L ks a) L 2
YA IR AR — B KL D) ] ) 48 2% 5 [ AR /NG 2L A
AN TEH BCE A 58 A 1Y U IR T L T RE 23 7 AE AN IE
B ) — B 0T 4R . X L OSSR AT AR T LA T 2
MR R WY R R DR T 2R
0 B 8 25 B AAS IR e o 11 5 50 1) 405
1, T T 28 R AT RE R R R Y R OU 1 B A — B
WO AR ASS Bk, — N IRASIE A AT BEA 2 A AN TR

ARG 46 X BE OIS R T G SRR S S E —
AN IR Az T 1) 0 S T ) ey 0 3 B9 A ST ) R U e i
B3R Rl AR B B TG SR AR A 3. ASS Bkl IR
mr.
&% 3. ASS(Activation Set Searching) 55 1.
Procedure And-Search(n,A.,PathNodes,Open)
BA: P R B S8 5 n, M3 P RMIE S A,
R BNGE S 0 R EE BS54
44 PathNodes, FFUi [l %5 S 4G Open
Bth: AT R . BHAE false B
Begin
R n€ PathNodes, Wi [1] false;
AR S AR R R [B] g
AR 0 AT AN ST AR AL S5 A IR [B] false;
T FER B R o B AT AT — A 5 4k R0 25 5 R D
Or-Search(n’, A, PathNodes\U {n} sOpen) ;
R EEE
End.
Procedure Or-Search(n,A, PathNodes,Open)
A P R EM s S on, M a4 A,
HRM MR B S 01 0 W REEAAE L5558
4 4 PathNodes, #7150 AY45 S &4 Open
RIROR: ERMIGEES S
Begin
1. Open<OpenU {n"[n'J& n MM E R /Y5 4817 17
it
2. X F Open RHFFFIAILE ¢
3. Open<—Open\{t};
4.  n'<And-Search(z,A, PathNodes,Open) ;

» [@2] = w Do —

5. A n' =false MR [ ;
6. Hm A<AU{n"};

7. 3<3U{A}.

End.

TE RN P B3 A UR A= 1 TR YOS A S T
DB ER SRS RS RS B
R R A0 R Y A 5 A A AT 3R] i
B IE AL 3 B WS A L R e — A TR A O
T & A A — > B 2% A5 (e 285 050 o 48 &R 2
PR AR B Z G B b o6k T 5 A B A ik 2%
PSS RO T SRS, O T T RIE A,
PathNodes &R0 5% C & R 19 IR 4298 17 45 5.
L RMAS SR E A5 R 5 1) (5 PathNodes %
AN Y 2 RSB AR R | U5 LR R G
A J . Bl R0 T A 22 R 52 BRI o AL st R D) [T 1
U A FR Y 7E Py N B b e A 4 S 2 s . B
WP RAE B A L.
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B 7. FETFHE 2 BRI E L N ASS Bk R T O30T (e SO 0 B/ L8 B # RS — A

H fed PO — TR EEAR Seaco W
={({faulty 70D}
F,={(breaker ?7x),(ext ?/ ?x sidel)}
F,={(breaker ?x),(ext ?{ ?x side2)}
F,={(breaker ?y),(ext ?/ 7z side2),
(closed ?7y),(=7sy sidel),
(con ?y side2 ?x sidel), (break ?y)}
F;={(breaker ?7y),(ext ?/ ?7x side2),
(closed 7y),(=7sy side2),
(con ?y sidel ?x sidel),(break ?y)}
F¢={(breaker ?y),(ext ?/ 7z sidel),
(closed 7y),(=7sy sidel),
(con 7y side2 ?x side2), (break ?y)}
= {(breaker ?y),(ext 7/ ?x sidel),
(closed 7y),(=7sy side2),
(con ?y sidel ?x side2),(break ?y)}
T2 1 3 B T A X R AP T R
Bl 8. 2FJ IR fed (20 BRI . 23 17
EGE R A 2 DIEHIF 6 ARl (L% 2). i
[nt s n— JRRIR — > AL BT 24 914 1 491 A e 43
B . D E— B BT 46 RT3 A e vk 2CA 4

(RS 5D K i) 7 F i) 7 A3 46

(faulty 20

not (faulty ?0);

(ext 71 7x 75);

not (ext 71 7x ?s).

&AM gk 2 TE A AN S ) 2 B H AR &L 3 .

ME 3 LLE . H fed(?7D) WG SE F U B
(38 2245 (G5 0 (break 7y) CL8E 18 BY) 47 ok ok
15 B3 4 I Ry iy & M R P T A2
H Hh B T A ] A R0 TR A MLy fed (70) B UETE
£ F ¥ R R PRGBS IRZ . S0 A IE
9] R Bl 2 0 300 1 B ) A 5 I L 48 R O 1 T A I R
AT BE R R E AR &S 2= 2 F)
0 R A T ) R AR

D (breaker ?y) A (closed ?y) A (con ?y side2
72z sidel) A (ext 7/ ?x side2) N\ (ext 77 7w sidel) A\
(not (closed ?w))—fed(?0);

@ (breaker ?x) A (close ?x) A (ext ?L ?x
side2) A (ext 7/ 7y sidel) A (con ?y side2 ?w
sidel) A (not (closed ?w))—>fed(?0).

(fed 7)<«

H AR HE A A

(fed 2D« (faulty 20
[0+,0—]

(fed ?)<—not(faulty )
[2+,6—] - ;

< /

(fed ?1)<«—(breaker 7x),
(ext 2 7x side2)

(fed 2 )<« (breaker ?x),

(fed 7D« (ext A%7x%)
[2+,6—]

N (fed 2 <«—not(ext A2x%)
N [0-+,0—]

4—____—
/

(ext 2 2z sidel)

[0+,0—] [1+,3-]

/

(fed ?1)<—(breaker ?y),

(con 7y side2 7x sidel),

[1+,1-]

N
N
N
. \
(fed 2)<«(breaker ?y),

(closed ?y),

(con ?ysidel ?x sidel ),

(ext 2A?x side2)
[0+,0—]

(closed ?y),

(ext 21?7z side2),

(fed 7)<« (breaker ?x),
(ext 7l 7z side2),

(close 7)),

(ext 2 7y sidel),

/

(con ?yside2 2w sidel ),
not(closed 7w)

[1 v 307}

[1+,0-]

(fed 7)<« (breaker 7y),

(closed 7y),

(con ?yside2 ?x sidel ),

(ext 21?7z side2),

(ext 27w sidel),
not(closed ?z)

(fed 2 )«(breaker ?v),
(closed 7y),
(con 7y side2 ?x sidel ),
(ext 2172 side2),
(ext 27w sidel),
(closed 7w)
[0+,2—]

3 URATETA B O SR DT R I G 2 ) 4 R P

i FHL (D7 3% 1E 4] (53, (fed 16))  FLI O
T LA (53, (fed 15) ) » H.3X W5 A4~ 0 0] 247 A 78 55 AT A

S R 2 T 18 3R fed (20 ) 2% 2] 3 72

4R
AT LA #2722 AU AR R A B AR T A

B
4

fif
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B FI0H. R B — 20 4 TAR AT LUARSE W 46
AUV T, 5 ) 3 T AR G 2 5 1A A ) IR A 3
T X 2 > F 9 BN £ AT R AR L AR T RERY )R
A5

5 ZWEHHR

h T WIF 2% 3 4 FODRL 945 21, 58 F IF
OIS ) FOLL 6. 4 R450(C 5 45  Hefi 1523
T —AFFFR A FODRL 124 S B85, %% S B IP
) i A\ A B 45 38 4 & (DOMAIN. PDDL) , —2H #1
% 1a) B ( PROBLEMS. PDDL) 1 %} J¥ 19 #8 %I 1%
(PLANS. txt) . % 1 & 2% 5 %) i #  #2 (RULES.
txt).

ALY LB T AR LR WA J7 1 (1) 1 4R
U B X 2 20 B R R Y R
(2) VY 28 650355 2 V0 4685 5% 4 i % 00 DS 0 5 1) 52 i
IR ECHE Sk B F bR K FE TPCT 04 1 ) P~
SRS A B e B4 PSR (UL B ik W R G 0
BB 1] 8 f PROMELA (kb 358 15 B il i 4 15
e 0 7] 750
5.1  #04E 40 IR i XF 40 W 45 8 B B9 22 i

R T A B AU I 1 X 2 2 ) ik B DU RS
FER . FATH FODRL 5 FOIL,FOCL #17 I
. FOIL J& A A Ak #14) Ih S0 355 338 1) 2 5 40 2% )
Z4:, 1 FODRL H1 FOCL %5 g % 12 52 1 4 4% 35,
BS oA 5 IR S G 127 2 RS H & FOCL AN
Al A 3 U R DN . pl 7 A D 4 S A s U R
Wy, R B FOCL HREAE ) 23 90 & 48 ok 2% > L
Mj. FODRL(FODRL 1. 0 fg 45) #i1 FOIL(FOIL 6. 4
A ) 1Y 52 56 3F 35 5 5 CPU (Pentium Processor
1. 33GHz) + RAM (384MB) + FreeBSD 6. 2 + gcc
4.3.0,FOCL (FOCL-1-2-3 R A @) [y 52 56 ¥F 455 Hy
CPU(Intel celeron 2. 6GHz) +RAM (1GB) +Win-
dow 2000+GNU Common Lisp -2. 6. 1.

UL & . FODRL R 206 GTE 5k ™4
R CIR 25 - A2 3 52 7 o B X Ui 2 B % Ak ol
FOIL R0k & oA X I 2 il 5% A6 7 ik /2
BT B OEZO B — A RS S8 B A 1Y
SEAR) CRPPE B AR TR 8T 1 A 8D 38 in— RS bR
2. AR AT LASEAE AN [R)R 2SR B SL  AH [R) 1) 8 1) 52
Bil%e 4kl & R oT AUIE I Rl 2% > i Bk &
KA -G UE Tk BRI ZRRE G 23R ke A F 5 vk — 1 A
T T2 2 1 A48 BT 56 0E 20 0] 9 K

JE B HEAT kU RN RORS B R E SONTE SR IESE |
FEU B8 % T B 43 2 0 U1 R e Ao B AR M 3L S — A
A B R D) i B — A S B AN B D L Y R
Shy B0 BB A% 1A 0 2 R I L. 9 — A £ e R D
i B A TE S 4R D) B 5 o DR Sy 0 ) 13 3
ZERY 15 DL

XFF 2 iRl 44, FODRL(AL & £ 1 1
WGP ) JFOIL K FOCL 2% >J 51| {1 1) 4& 4
F 3R, FEFR 3 BULI & FOIL & A i i
URAETE 1A affected BY AL, 2 PR Ry B A e i =07 A=
{8 R 00 E N 25 4 b A G 0 o AU O i A 2 2] 0o AR
Lk A A 2 2] B affected B9 KLU, fH 2 af-
fected AN fed W5 1FH P, X200 B A 52 &
BRI . 7€ FODRL 22 3 2| (LW, { breaker
(A,C), ext(A,B,C,D)} &8 fed 1 — ki 4
JIT 7= A A e =X R A 3 ) h S S B Sk B 0 £
o) SRR S A . A0 SR 4G R e 1 R o
AN BB 5152 20 B R0 B A — . B
J5i »FOCL 2£ 2] 8 & F 18 1) fed (RN S PR AL
B R 20 A28 S AR W AR S AE . U5 46 FOCL
AP S 8 G - (1) A7 2 2 B Y B X0 B A
G e R RN A0 S AE B AN R A b 2R AN BT 4T
AR 0], D 2 i PR A 1 Je AR R0 5 (2) 53 8k X F
AR SC I 27 2 a) R, B 14 i 2 3 338 05 1Y) ) R S 3
FRE A 2 AN BRI AT BE S A S0 2 (8] R W) 4 9
B 5 B FOCL 1 #8 28 %5 [a] TV AR 3 K s 3L
R o B o 1 i DR A R T g — 20 B AR 43 AT

% 3 FODRL.FOIL.FOCL 3 M &% ¥ S Z N &

Y EAES

affected(A, B) :—closed(A, B).
FODRL
fed(A, B):—breaker(A,C) ,ext(A,B,C,D),closed(A,C).

FOIL fed(A,B):—not(affected(A,C)), ext(A,B.C,D).
(affected 70 71):—(closed 70 ?71).

FOCL
(fed 20 ?1):—(closed ?0 ?2), (breaker 73 ?2).

H T AR AR BN R AR 27 2T BB R0 60 H
BB, Fe 1126 B PSR-Middle- ADLDerived it 7 T 9
5 A~# %1 7] B8 (PO1. PDDL ~ P05. PDDL) & H #1 %
fift (LPG-td LI RGEAE IPC” 04 L1 3§ vh 15 3] (1) JL R

e

http://www. rulequest. com/Personal/®] | # FOIL [y I
1.

http://ls5-www. cs. uni-dortmund. de/~ edelkamp/ipc-4/
A T #k PSR il PROMELA (1) 4% 38 % & .

ftp://ics. uci. edu/pub/machine-learning-programs/n] T #§
FOCL A 4.

Ao 326 2K Az 11 R D0 A I 2 4R o i RS i BE S BB AIR T B (B
80 Y6 » 7 DU fi 356 UL JU) % 4 7. wb B, FOIL 4 42 8 15 B

“Clause too inaccurate”.

©

®
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i) ok 43 AL 3 I 2481 2% 2 3 AR 3 IR 38 - g,
g ‘
HEME. 3 AN R G028 > 21 iy RS o B2 UL I 4. g2 1.0f OFOCL
£ (.8/| DFODRL
3 0.8 %‘, 0.6}
2071 —_ e = o4l
J:‘L:*E, 0.67 A/_‘\A——‘-\A =,
ﬁ 0.5k w 0.2+
& n %0
= 04 20 40 60 %_%81%% jfloo 120 150
= 0.3 DI 556 1 A
= —x— FODRL —_—— N
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(define (domain psr)

(:requirements

:adl :derived-predicates)

(:types DEVICE SIDE LINE)
(:;constants sidel side2-SIDE earth-DEVICE)
(:predicates (ext ?/-LINE ?2-DEVICE 7s-SIDE)

(breaker 22-DEVICE)

(closed ?22-DEVICE)

(faulty ?/-LINE)

(con ?72-DEVICE ?sx-SIDE ?y-DEVICE 95y
-SIDE)

(upstream ?x -DEVICE ?sx -SIDE ?y -DE-
VICE ?sy-SIDE)

(unsafe ?22-DEVICE ?s52-SIDE)

(affected 72-DEVICE)

(fed ?77-LINE))

(:derived (upstream ?x-DEVICE ?sx-SIDE ?y-DEVICE

7sy-SIDE)

(and (closed ?7x)

(or (and (= 7sx sidel) (con ?x side2 7y ?sy))
(and (= ?sx side2) (con ?x sidel 7y ?sy))
(exists (7z-DEVICE)

(and (closed ?7z)
(or (and (con ?z sidel ?y ?sy)
(upstream ?x ?sx ?z side2))
(and (con 7z side2 ?y 7sy)

(upstream ?x ?sx ?z sidel))))))))

(:derived (unsafe ?2-DEVICE ?s52-SIDE)

(and (closed ?2)

(or (and (= ?sx sidel)
(exists (?/-LINE)

(and (ext ?/ ?7x side2)
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(or (faulty ?0)
(exists (?7y-DEVICE)
(exists (?sy-SIDE)
(and (con ?x side2 ?y ?7sy)
(unsafe 7y 75y))))))))

(and (= 7sx side2)
(exists (?7/-LINE)
(and (ext ?/ ?x sidel)

(or (faulty 70

(exists (?y-DEVICE)

(exists (?sy-SIDE)

(and (con ?x sidel ?y ?sy)
(unsafe 2y ?5y)))))))))))

(:derived (affected ?22-DEVICE)
(and (breaker ?x)
(exists (?sx- SIDE) (unsafe ?x ?7sx))))

(:derived (fed ?/-LINE)
(exists (?2-DEVICE)
(and (closed ?7x)
(or (and (ext ?/ ?x sidel)
(or (breaker ?7x)
(exists (7y-DEVICE)
(exists (?sy-SIDE)
(and (breaker ?y)
(upstream ?y ?sy ?a side2))))))
(and (ext ?1 72 side2)
(or (breaker ?x)
(exists (7y-DEVICE)
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Background

The combination of planning and learning is a hot topic
in the field of Artificial Intelligence. In last two decades, re-
searchers have proposed various practical technologies for
learning action models, control knowledge, heuristic func-
tions or action strategies in automated planning. Unlike all
previous work, this paper is the first attempt to learn derived
predicate rules from plan examples.

Derived predicates is a natural way to depict indirect
effects of domain actions, and their truth values in the cur-

rent state are inferred from that of other predicates via do-

(exists (?7sy-SIDE)
(and (breaker ?y)
(upstream ?y ?sy ?x side1))))))))))

(:action open
;parameters (?7x-DEVICE)
: precondition (and (not (=?x earth))
(closed ?22)
(forall (?6-DEVICE)
(and (breaker ?0)
(not (affected ?76)))))
effect (not (closed 7))

(:action close
:parameters (?7x-DEVICE)
: precondition (and (not (=?%x earth))
(not (closed ?x))
(forall (?6-DEVICE)
(and (breaker ?6)
(not (affected 76)))))

effect (closed 7))

(:action wait
: parameters ()
: precondition (exist (?0-DEVICE)
(and (breaker ?0)
(affected ?76)))
ceffect (forall (?6-DEVICE) (when (affected ?6) (not
(closed 76)))))
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main rules. These rules are action-independent so that the
description of a planning domain becomes more concise and
clearer. However, human-designed domain rules cannot be
guaranteed to be correct or complete. It is difficult to explain
why an observed plan is valid under imperfect domain rules.
So learning derived predicate rules from plan examples is in-
teresting and promising.

Since 1990s, many methods have been proposed to learn
first-order rules from training examples, such as FOIL

(First-Order Inductive Learning), ILP (Inductive Learning



266 i "

Bl

2010 4F

E

i

Programming) , EBL (Explanation Based lLearning), FOCL
(First-Order Combined Learning) and so on. FOIL is a pure
inductive learning algorithm, which learns a new rule which
covers partial positive examples but avoids all negative exam-
ples once a time, until all positive examples are covered. ILP
is a well-studied territory for learning a logic program com-
posed of Horn clauses based on FOIL. EBL is a pure analyti-
cal learning algorithm. With EBL, a general hypothesis is in-
ferred from prior knowledge to explain training examples.
FOCL is a combined learning algorithm, which uses imper-
fect prior knowledge to expand search steps of FOIL. How-
ever, FOCL cannot deal with initial domain theories that con-
tain recursive rules. To take advantages of both and over-
come shortcomings like FOCL’s, we propose a new com-
bined learning algorithm called FODRL (First-Order Derived
Rules Learning) to automatically discover first-order rules for
derived predicates from observed plans under an initial do-
main theory. With natural deductive reasoning, an activation
set is a minimal set of basic facts or predicates which can
make a derived predicate hold true under domain rules. FO-
DRL uses activation sets of derived predicates to expand
search steps so as to extremely change the search direction.
To do this, an algorithm called ASS is presented to search
activation sets in the rule graph built on the initial domain
theory. Finally, experiment results show that with the guid-
ance of an initial domain theory, the rules learned by FODRL

is more accurate than those from FOIL or FOCL.

The research work here is supported by the National
Nature Science Foundation (60173039) and the Guangdong
University of Technology Project Foundation (093032), and
the project is aimed at solving all sorts of planning problems.
The research team has gained a fruitful achievement in some
research lines, such as non-deterministic planning (2 papers
in IJCAI’07), temporal planning (1 paper in TIME’ 08),
planning and learning (1 paper in Al journal), and so on.
One of main trends of this field is to integrate multiple tech-
niques together, such as searching and reasoning, and de-
rived planning problems is an example of this trend. The re-
search work here deals with derived planning problems. Our
early work includes: 1) define a new concept, that is, propo-
sition activation sets for a derived fact; 2) present an efficient
algorithm to calculate such activation sets in a rule graph.
Here, in order to learn first-order rules. all early works in
proposition logic are expanded into first-order logic. Besides.
we has proposed a method to learn proposition rules for de-
rived predicates according to the conversion principle of acti-
vation sets in training examples. Here rules learned are ex-
panded into first-order, too. The best advantages of doing so
is that proposition rules are for a specific planning problem,
while first-order ones are for a general planning domain. Be-
sides, learning methods are greatly improved by using infor-
mation gains to evaluate candidates of rule antecedents. To
sum up, the research work here is a natural expansion of ear-

ly works, but it is more creative and important.



