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Induction of Recursive Logic Programs
Based on Structural Analysis of Saturations

NOBUHIRO INUZUKA,t MITSUE FURUZAWA,t HIROHISA SEKIt
and HIDENORI ITOH!

In this paper we present a bottom-up algorithm called MRI to induce logic programs from
their examples. This method can induce programs with a base clause and one or more recur-
sive clauses from a very small number of examples. MRI is based on the analysis of saturations
of examples. An ILP system TIM, developed by Idestam-Almquist, introduced a path struc-
ture to express a stream of terms processed by predicates. In this paper, we introduce the
concepts of extension and difference of path structures. A recursive call corresponds with an
extension of path structure and a recursive clause can be expressed as a difference between
a path structure and its extension. First, MRI assumes a path structure that expresses a
last recursive call, which should be processed by a non-recursive clause. Then MRI generates
path structures of which the path structure of the last call is an extension. A recursive clause
corresponds with a difference of them. MRI is the first bottom-up ILP algorithm that can
induce programs with more than one recursive clause. The paper describes the algorithm and
its implementation. Experimental results are shown comparing with another system.
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Fig. 1 An execution trace of remove.
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T 2RFEOFIRIFOE LISHIET 5 88E%E (PS;)
R (617) L, chICHInT 58 LT, BES
U7 7 AOIFEFRE (BTEREHET?) 2R 5.
ZOFFEIREOLMEIY, RSN RBBETER
THREBM (P) &, TXNTOHEREBEOMEEEK
By LI ETEHBEING (8~91T). TRTHEHIC
HLCZOEERITo 2%, #ROICHELTETN
HEMERY T I NHPETRITEINZEFRG & L
THRHAT 2. 2THH5HE1, ZORBHEEIE-T
Wz RGZLUTHATICRD, hoRBiEE4 BIRT 5.
EERHI /L1 2THAERELTVWAIEDRD,
Lo THBREEBLILITES,

#FWTIIL T, FREOEHOMEIC,» 22 (19~
3047H). 7, T CICAERShIEFREIHET 2
BRBAEE (PS:) LT, F0OWMoRREE (PS))
ZRE (2217). PS; IHET 5 BRIEOH LA, PS;
LT A BRIFCH LOBEMICRE - LIRET A
ET, PSLICHIET ARIREEAL PS; \ICHIET 5
FREAEDHT I LD TEL., COEREOREER
W23 TTEME SRS, T, MR, JEEREOW
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Input Et,e- 1 k FIBGREE p ORI/ BEFHOES
T : BRI
Qutput base Urecursion : 7HZ T4
# I FHE
1 Select £t »OHEDERH (EF, -, EF} 28B4
2 Fori=1tondo
3 F; == Ef O T (<87 % g
4 used; :=
t II JERRE% 1 OEIRT 5
5 Fori=1ton do
6 Select B} @ T \Bi¥ 2 EHHE PS; %8R # PS; #° B} ORKERFUHL
7 condmonbaLse =g *  ERHATIHEHRE.
8 For each g: T AT NZHFTRE,
and each P : PS; *ERL q(PE]]) € F; %i#i7-¥R&HH do
9 condition?#s® := condition?2%¢ U {g(P — PS;)} # q(P [Eﬂ) P OBRBIECE LOKRT &I
10 used; 1= used u{(g,P)} #  FhBELT, conditionP?® |fN% 5.
11 If condition?2%¢ N ... N condition’®® =g go to5  # FHIFFILLOKT LHBOWIIEELSIE, =
12 conditionP2se ;= ¢ ¥ ONWERRH. =L 0I5 0oRKEE %ﬁ]'\é
13 For each £ € condition?2%¢ N ... N condition?2*® do  #
14 condition®s¢ := condition®2%¢ U £
15 Fori=1ton do # Ehhhol) T I VOERE used; DHHET.
16 For each (g, P) € used; do
17 If (P — PS;) & condition?2* N ... N condition52 then used; := used; — {(¢, P)}
18 base’ := “p(z1,-- ,zk)econdltlonbase” ¥ FHSHI-FEBRE OB,
# I11 BREOESZERTS

19 candidates := ¢
20 For i:=1tondo

* PSS, B PS; OBFRFUE LOEROBRIFUH LIS

21 Repeat # eThEERE.
22 Select PS; DEGHEHAEE PS, %8R
23 passteeur = p(PS; — PS})  E5 PS; — PS, »oERBEES.
24 condition™®ur ;=g
25 For each ¢ : T DH|EidE and each P : PS; 2 EEL
q(PIE})) € Fi, (¢,P) ¢ used; %{FEE?‘Z)#"%»%E do
26 condition™Ur := condition™®°* U q(P —PS;)# PS, OBIRIFFH LIS TR TRELES.
27 used; := used; U {(g,P)}
28 candidates := candidates # R SN-HEIRE % candidates I20Z 5.
U{“p(z1, -,z )<—condition™°Ur | passrecur»}
29 PS; = PS] # PS; BFIIC PS; L LTE S IEWESREEEL
30 Until p(PS;[EN)) = B ¢ EHE~ND.

# IV BEOICETELHERE BT S

$ PS; PEHAL-FLILKT.

31 I) 7" 7 VA base! OESHEET, BHEG(ET, 7)) KETE tﬁif’}id\%/\ base ZEKIE N ETRD 5.

32 JRHEIE S candidates DEFEETEPESE (€T, £7) KEFF LB

& recursion 28RN ETRD B,

E3 MRI7VITYXA
Fig. 3 MRI algorithm.

LRI, PS; 2ERTAERHM L, 20EKLFI
BOBP—ET BB L TR (15) TEHEEN 5.

BTV TIE, B3R D3 (greedy method) 12X
DIEFIREHPODBELY T INOAERT. /2, [
CLKBER D EE o C, ER SN -FIREEEO T2
CUEREOIRIY BT, ZRIERESRGOH
5, Bxon/-EhxHLLECHBPTELLDRIEIC
BATYWLLZETIFo TS,

ThITYXLH, FUREBHSESEL TTELEIE
INBTEEBIT B0, B used; BMfEDILTVE,

5. 7DD XLOERELER

MRI 7 & T X 44 Quintus Prolog Release 3.2
EESTERSNTVA, TUTY X5 BFRENT
HEID, WEREBEFIETH I HICEE L. 272
L, TXTOMERDBZ LTS, ZLOTREE
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TRHILE 2 25 S

#£3 TUFAERSNALEFAESICLS MRI &

®2 HERFHLTOER
Table 2 Target predicates and their definitions.

BELREDER FHEE
memb(A, B)+dec(B,C,D),eq(A,C). |+(a,lc,a])

memb(A, B)<+dec(B, C, D),
memb(A, D).

+(c; [c, 8], [8])

del(A, B, C)+-dec(B,D,C),eq(A,D).
del(4, B, [C|D))
«dec(B, C, E),del(A, E, D).

+(c, [e, d}, [d))
+(a, [b, al, b))

app(A, B, B)«nil(A).
app(4, B, [C|D])
+dec(A, C, E),app(E, B, D).

+({L11.[D
+({a, bL []’ [a, b))

last-of(A, B)«dec(4, B, C),nil(C).
last-of(A, B)

+deciA O
—aec({ A,

£ O O

D\ lact-of( D B)
Dj)last-o1{D, B).

+([d, e, a},a)
+([d, 8], b)
—(lz, 3. d], )

2
AWy ¥y Wiy w )

reverse( A, A)<—nil(A).
reverse(A, [B|C])«last(A, D, B),
reverse(D, C).

+(13,1,2],[2,1,3])
+([a,a.b], [b,a,a])
_([ay y]? [(l, y])

merge(A, B, B) <nil(A).
merge(A, B, [C|D})

+dec(B, C, E),merge(A, E, D).
merge(A, B, [C|D])

+({d], 1, [d])
+([d]; (8], [b, d])
=((d], [e], [dse,f])
_([a]: []7 [])

CRUSTACEAN o b
Table 3 Comparison of MRI and CRUSTACEAN
with randomly selected examples.

Dec. 1998

«dec(A, C, E),merge(E, B, D).
rem(A, B, B) <nil(B).
rem(A, B, [C|D])

+dec(B, C, E),rem(A, E, D).
rem(A, B, C)«dec(B, D, E),rem(A, E, C),eq(A, D).

+(c, [d], [d])
+(1, [1, 11D

max(A, B)«dec(4, B, C),nil(C). +([3,4,2],4)
max(A, B)«dec(A, C, D), +([5,2],5)
max(D, B),large(B, C). —([3,4,5],2)

max(A4, B)«dec(A, B, C),max(C, D) large(B, D).
ancestor(A, B)<—eq(A, B).

ancestor(A, B)«father(A, C),ancestor(C, B).
ancestor(A, B)+—mother(A, C),ancestor(C, B).
antr-in-law(A, B)«eq(A, B).

antr-in-law( A, B)«father(A, C),antr-in-law(C, B).
antr-in-law( A, B)«—mother(A, C),antr-in-law(C, B).
antr-in-law(A, B)«ftr-in-law(A, C),antr-in-law(C, B).
antr-in-law(A, B)«—mtr-in-law(A, C),antr-in-law(C, B).
HHNE MRI KT 07 I LR IELCRMT B LD TEES
B (+ &4 LEES (- £f4m)

5L OTEFEBIFEEMHICT L TOLLE LT
TW5.

B 2RO B 012, WEOFIEOAT /BITE—
FERIPBEZ GNTWE, JRICEY, BfRfmcEs
NBEVFIVEHBRTLI LTSS,

CZET, BHTERICT A0, BEREOSIHK
BTRTE2ZLNTWEE LCHBELTEZ, L,
R ENTOT T L% BRSTIIET BT R
FIHOLD B LI ExZRLATNER L. &
FNTYXLDEETIIVAN, BhEOELHATI
BELTHFHTELLIHIZBE SN TS, T/, K
ERCIEHIEIT 1 DDA ICBESATV A,

L2 ICMRIVREWT AL OTELBEEL, £
PIRWT A TDICMEL LR 2R, BRSO

E/a MRI crustacean
=Y C T N| C T N
memb [ 2/1 |57 47 11| 7 33 14
3/2|93 67 1.1| 47 87 1.2
5/3193 135 10| 84 828 1.6
del 2/1(173 109 13| 0 76 6.3
3/2|87 74 10| 7 170 5.9
5/3197 18 1.0| 10 1758 5.0
app 2/1(100 248 2.8] 33 83 38
3/2|97 494 25| 37 253 4.6
5/3[100 9348 2.5 37! 1541 2.8
last-of 2 /1|97 45 1.9] 30 33 1.4
3/2|100 60 1.6| 60 74 1.0
5/3(100 111 1.5| 80 654 1.3
reverse| 2 /11100 92 2.0!100 156 5.5
3/2 (100 145 2.0{100 425 3.2
5/3|100 823 2.0{202 523 2.0
merge | 2 /1| 83 340 2.6
3/2|80 576 24
5/3|97 8658 2.2
rem 2/1{90 1097 1.5
3/2 (100 1687 1.3
5/3 (100 1425 1.1
max 2/1143 144 14
3/2|67 215 1.1
5/3| 77 400 1.0

C = 30 HOEBRY, FLURNSALEE (%)

T = FIHEATHEEM ()
(F=N—=7 U= L BRBDOEGEERL)

N = RIS h T 0y 5 AOBDEY

Loy b, 53%4— " —70—12k 5%8%

2 550 0 80%IX TN T A —N— 70— kB KK

FH kBT R IUEEBRDT R VY ancestor & antr-in-law
WKOWTHOEFIZIER L. ThOoDERIETNS
WEER, RLIREN TS, BIERFED I 5, merge,
rem, max, ancestor, antr-in-law %, 2 2Ll EOFIRE
PFoTWw5h, B2, antr-in-law I ATLH 2 BFE T
H5HD, A2OFEREGEHES. KPAT Yy TFETS
ILTur T LEEHTELDIINE TICHD
nTnizwn,

R332, TUYAMLRALEHESD,S, HREDE
FLEN S DLERT K430 BT 2 ERERT. F
BigE, 2o0EHFF L 1 o0EHF], 3ODEFEFIL 2
DOOEER], 5ODIEEFIE 3ODAEH, D3EYIC
BATERLL. RITRSNTWAIELERE, MRIA
WO LAEHOBOPICE LW Oy I AREERATY
7EETHA. FERIZILP ¥ AF 5 CRUSTACEAN
R L7z. TIM LT A& 7205, TIM A
ShTwinizd, REURRMAT YT YAT AT
Hy, ABAENTWAS CRUSTACEAN 08 & o) g
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#47-72. CRUSTACEAN i, ¥ ¥ A ZBIEN7:
VEREBIHFOTOT T L ERNTHRIICBNT, &
NTVWBEFBEENTETVE AT ATHY, MRI
DELRZINE BT 2 Z LIIHENDS. MRI
BIELWI O 5L BERTLEEIIBVT, 440
%4 CRUSTACEAN # FH - -8R 2157, ¥/,
CRUSTACEAN 7%, [EZH%2, 3 DBFHAERVIEESE
IZE T oTnANIZIT LT, MRIIIEWETIEMAIC
BI L7 (MRI iZ CRUSTACEAN [ZH_T reverse
DA OBFET, BA40%UERVEIETHRIIL:). &
HUCE L ZZRERNIE R S .

INLDYAT MIFREN TH 728, —HRICHE
BomziE. MRI CRREEMZH > TEIE 72
HEHBRLTWA. E3ITIZWLOOBPEH L TR
LR, dRLE. ELwrar s raz&t, Siwv
BT 2SI LEEEHRITHETNITY ALY, BF
BADTHBEEZLNLY, TOHETYH, MRI X
CRUSTACEAN t R%L LR 2H> 2 L AURE
nr:.

¥ 72, MRI Tt CRUSTACEAN »S#8H§5% 2 &
DTELEV2OUFOEEH 2R -7 0T 7 HI1CD
Wb, 1 20BREHOSBE L FEEOIEESR, FET
B, BEEEEONL I EIIRENL.

6. 8bH VI

AR L T, BHIOBME L HEENIIINTEI L
TRMMICHRE O 7 428HTHH LT VT
ALERREL 72, BEEECE SO TR OEES
AT A FHEIEER ) B LOTH S, RHLOH
T GRER, BREEOESOMSETEAL, TN
BREICHIET I 2R, SLRFOFEREICE
FNBHERENFINVERMEOT I LIHD. ThiC
$oT, BBOBRELEUHET OS 7 A EFNT
BIENTEDLIC o, TDIIFADRES T
T AEGHBEEN LT v T RETERT LI LA
TELLIICh o720, ThAPRLOHTTHA.

ZZTMRIDEHICDWTKRET S, MRI i &
IE1ODFEBEIREL, W{OPOBBHPLLLTS
07 IAERMTHIENTEL, Z0k XEFEI
120BIFITINVHOLY, Z2D)TINVOE L A
HEIEILHE ) 7 IV DE © 51O KRR LTl
PWERESRIFNEE SRV, BRAEICEITNLI TN
TOMRFER, HEBEED, H5VIIRBERETRITN
Eaohn, IhoPim/-dns e %, MRIMIEL
WSS AERBOD1I DL LTERTEI LN TES
BHOEEVERET S, £E, K2 RLALEBY,

B OBESTIT ROV BRNGRE T O 7 A DIRM 3163

BEL 27077 A0FTRCOHEHVLEHIES
BEZONDBILT, 707 T L%RHTEZLHET
&5,

B2 MRI OF M &M S ICBT 2 RE BB, K
YAT MITIM® & ARG AEH>THE Y, B
N IBRENTVREFEROVC O EHVEZ LT
&%, CORMRIILLE, BAEICEING YT INVD
i3 O((kjm) ) TBEZON B Z LM hoTVAS,
¥ 70, WEELRBHEEORIZ 2272 O((kjm)! *)
Tha. 1L, E ZEBBOT )71, § IFERM
BICEINHBFEOT )T A ORKE, m EERMH
BWMICEENLBEOE, £ LT ITREERORR
DEETHA.

TSRO FINOKE s, BBEEORK
Fptth ThnE7NTYXATHWORITEE
BOBETH, TLITY)XLh, EIEEEEIOK
X REF RS OEGBICEINE YT INET
RTROBEH (7 TYXLD5~1147) &, BF
HOBEBEEDDER (21~3217) THY, L dIIHF
BBEDOHO< v F V7R 1=hED sn BiToTW5.
T/, LEDORYF 71 O6) BiEdhs07T, =
NS O OB S 1% O(ins) = O(in(kjm)’)
THhb. TNH MRI O 1 BOBEOREER S *
WRHOTEBY, MRIZINEL»ED p BEYET.
L7dioT, PVITY XAEEKTHI BRI R b
it O(in(kjmy" - p) = O(in(kjm)i’ - (kjm)i %) =
O(in(kjm)? O+ T2, b L i, j, k 2EHE
RETH%5Em & n lZHT 5L EAEMLUAIILT

VT AAELET A,

TIM 7 VT XA TlE, MRI & R ICRBEE
ISR S, ERBHEEOHLT, BHK n &
DREBPIBE LR LBELROILEY YTV
FIWEYVRENL20, MRL L) dbFricdbin
O(inp) = O(in(kjm)’ *) DB I A+ FLEL
5.

MRI 7V T X LB 4T - KR, ETEN L -
AFHATHIET, FOFL—AEFEFTELT O
TILRIBHTEODTHS. LI ->T, KRVAF
LDIFMCELRBTUTS LDy T A, WETE
BUEEMEN S B, 72k 21, FEEFEHI1OTHD T
EERRETAHIEICEY, MEEEEBEELTREL T
WA, FHEREEL STICZORELNTZ L1345
DFETH 5.
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