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Logic Programming in an Intuitionistic Temporal Linear Logic
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Linear logic developed by J.-Y. Girard in 1987 is very useful to describe the software in which
the environment changes dynamically. Though it can represent “dynamically changing envi-
ronment”, it cannot naturally represent “time-dependently changing environment” because
it lacks the concept of time and cannot represent time-dependent resources. In this paper,
we describe a system of temporal linear logic which integrates the features of linear logic and
temporal logic, and a logic programming language based on the temporal linear logic system.
This system, developed by one of the authors, has a modal operator O which represents a
resource usable only once at the next clock, a modal operator O which represents a resource
usable only once at any clock of now and after, and a modal operator ! which represents a
resource usable any times at any clock of now and after. In this paper, a logic programming
language based on this temporal linear logic is designed by using the idea of Miller’s uniform
proof, and its efficient computation model is given by using the idea of Hodas’s 10 model.

LoE L Is HOMEBMELZRL TNERLEIOGNDZI D,
BRAZRR L -RmE LRI S.
1987 4EIZ J.-Y. Girard 23 %F L =#FHmE ¥ 13, o BEARERS  HHHBECEAIRRBIIRTH
UTDX 5 288eERDL, HEERP~0I AR ﬂ&@wﬁﬁv&mféé Thbb, REHRE
ERTWABHLVHREERRTHAS. TINETORBEEA TS, T, MERE
o HEREEEBHL ~HE  HHRECEETER mﬁ@ﬁ%ﬁfﬁ?x&%ﬁ%%ﬁﬁ%é&gk
IR ERMETHRATE 20, BFR @THE EREBBRNEZF->TN3
AECIERIZ—ELIRATE V. ZhdE BEREORBEESE~OISAR, BUERRTHEO

—oTH Y, LOY, ACL, Lolli¥), Lygon™7,

i Forum'®, 3 LOV# 50 LLP3)12)18),200,21) oyt

Faculty of Engineering, Kobe University

T FERERER B RPEHRR ERH5.
Sraduate School of Science and Technology, Kobe Lo LR s, BmasE ol (8ic B bt 25EE)
niversity .
it 2R T M S E PR %ﬁﬁﬂ_éy& T 61)1, rajﬂ:‘%ﬁﬁ@k k%)ﬂ;@)%
Nara National College of Technology BT AEE | 2RBLENTVWA EIFEE R,

11



12 HEALE]

IR TR R 1R R DRSS B IZ A B 6
7T, FEEFLEERE WIS ERBETE 2V
LThHB. TIT, WERRCHEOESEEAL L
BB REOIR LB E > TE TS D189,

ARRILTH, ZOX D 2RFREREREBICE S50
BTl 5 IV ERETHD TLLP ORE e E
WZDWTIRRS,

FAERUR SR BRI 258 TLLP 13, Yo & 2 BHEiE
B ITLLY It &ES3WTW30T, ¥£9°, ITLL O
R & RBUTOWTHR, KiZ, Miller 5D =7 4 —
XEE 1S D% 2 F A D ORESEREE ITLL A
L, FEERER S5 TLLP %31 3.

wIZ, Hodas ® IQ EFAOEX FHWHT A LIC
XoT, TLLP OHEMRHBEET LV E 52 5.

£, TLLP AR OEEFECOVWTERT 5.

2. BFHBEREOCHAKR ITLL

AR L FERREL L S L REMRRIC DN T
1%, Kanovich & FHHEIC & 5 45% 19 RLBLIC X B4k
%) BRI TS,

LaL, 0L REHREOREKASTFD | 2EA
TELT, By FREFELBL TV, #
WO =T 3 — AFEACFETHEUSTELRNTS
DI FAT B LT TE R0,

=%, B 2R T EHOEREERERE REO K
FITLLY 13, EEERWEHREILL (N138) ©
HRRIGEIZRZ>TRY, Iy FBREEELMTTS
(2B, MATO X 14 2%2%7T). Lo
T, Miller b0 z=7 +—AEHOFEEZEHL T,
REMEEARFT AN TETH S, 2, MH
T, V=T OEDITHBEROALFELETH Y,
Exchange RAIZREBD 5 BIZHEEL T 5.

ITLL &, ILLZ (L), (RO), (O) ®=>D#H A
AT MZ2RRTH D, LizB-oT, ILL TREEA
Ry —ry It _TITLL ThHERTRTH B.

A5iz, ITLL X TROWL ) #B%T3EET O
& TBRERIUBEN-STH ) 2B%T3KES D%
BATND., 2L 2T, 3ER A OA DA 1ARY
FBRE L CTHRLUELZES, ThEnRoEBMARENK
Bk X SR s.

o A BERA—ERRTRHETE 2&R
O A OB —EITRIHTE 28R
0 A BAERLDEC—ELTRIA T 5 ER
VA BERZILEE, WOoTHETHLRIATE S
BIR
F7, A OA, OA 'AREDEIZIX, BLFoXL S

]

Al AEA Iz
SF i S Gt

Jun. 2000

REEARRED Lo TV A,
TA—— 11T A
A —D0A® --Q@OA
DA——OOA
OA — O™ A (n>0)
EbiT, MORMBREOREREFLMAADER
X, IV RRENTETHS.
o ALOA: BEEIZIKOERIC—ELTRIAT
BRS¢/
o O(1& A) 1 IROWEZN &« —EFIH TS 5 &R
o O"OA: BFELY n RERBLIRIC — B2 FIA
T 28R
o O"!A:BIEL Y n BERBUREIL, WOTHE
THRATE BHER

3. BHEERELI T 4+ — L

FEEA S35 Prolog i%, &—rEilzxd 5 SLD &
HEEOFETITLELTWS., L2L, WEHRED
SRR REORAIIES CR/EN RV 2
D, DEVENS RIS 2. DF v EIRRO L
A IRTRHREREERFAEL CWRW. LER-T, B
MR OV R BRI SEL RETT 554, ¥
PCEHFEBEEIEERET 2 LI TER .

Hodas & Miller iZ & 3 #B BRI EEE Lolli®~1Y
1%, Miller HD=7 +— A5 19 0E 2 HE, HE
ERBERBCEBALEZLDOTH Y, S—rEiowt
% SLD #BHEIR BRoELX TR STV B,

BT TH, =74 —5FEHDOE X FIZ o0 Tl
b L, FHERERE~OEA SN THRNE.

3.1 =7 #— LR

Miller 5@D==7 3 —LFEH 19 13, HBS s S5
VT OHEETAVOEMESZ B0 THY, UT
DEIBREIFICESINTNS,

o FTH =1 J4—LIAAORR BT 0S5

VT TOFER, BEEESV— AU FEHED
B b DRVCEEHAORETH Y, o - EE
(goal-directed) DR EART LN TE S, Z
T, IV EEOGERBERE L, EHE TS
R EEL TV BETT - RER (TRbb
= v N OFEBEORER) BEFHEX TR
BaL, STEEASRERAVCTHN AR E
BRI B EBEKRTB.

Fiabb, =T+ —LFEH (uniform proof) %,
Ty N ORVIERT, FABFEFRER TRV —
Ty MINTEEARBIOBRIC o THnA LS
REEA L EBE TN, RES ST I TOR



Vol41 No.SIG4(PROT)  EE:EFHHMZHE U 2RES0r 737 13
=— (dentity) = v;f AQA_Q;BC"’ Y (cun)
i —c ~— = (RT)
j%%§%<m> — ®RD)
K%%%%;%Eu&” B0 22 ey
Ae g B S vy
LB_C ARl e Rl te
Ziizﬁiﬁii;}?(L”) f%%%%%(R*)
T = W) S (ay)
S =2 ) L=t
Sir o B=C
g%§5§5<wn $§%£5%£<m>
(y is not free in the lower sequent)

1 EBEEWEREOKRR ILL
Fig. 1 System ILL for intuitionistic linear logic.

(Rules of ILL)

o —C

Tor —oo &8

o0, A—C (o)
Ir,os,0A — OC

® 2 EHBRERFFEREREOGR ITLL
Fig. 2 System ITLL for intuitionistic temporal linear logic.

BEiza=T 4 —AEHEO (ThoE~0) §FRE
FIpR 5.

EE =7 A~ LHARERNTLTH ST
AUh b bBAA, BETDHHEHADOELZHELZ
DEDS, TNTOERRERD FER TR 2 b
Tk, FIZEEBERRET, aVb— bVa

oo T — AHBRE V. UL, AT
HHBROBE D ELHBTIE, 2=74— 4
SRR OBRBETHREITRD.

Wiz, o= —AEHRENFEL 2B L )R
HERD 7T AV (REXOHLES) BN
Bl SIS EREEDDEEXDLILRT



14 TS S5 i

x5

Miller 5%, EBERRBIZBNT, T, A, D,V
MERBTFTT AL ML, 227 4 — AFEBROBRERE
HT“D"é'G‘&)‘é’J:%‘:?Lf:. E7z, FRACES W

B EFE A-Prolog & #%EHL T\ 5. M-Prolog i,
R—rHEEELTBY, SHIHEATHS. HzE
= D D G DOETE, RE (ThbbFurs
A) DEBWNLEZLETT -V GEETTAZLES
5. '

3.2 BERETOIZT 4 — LR

Hodas & Miller @ Lolli 1%, ==7 —AZFHDE
A F e BOEBAERWEREICHEALZbDTHS.

FERILL TO2=7 43— AGEHEZEZES, ®
EVEHRIZERTZZ EETERY. & 2T,
a®b — b®a, lab — la 2E X ILL THEHA
AIRETH DN =7 4 — AR E v, UL,
® & 3, WERBE TR LN HREESTFTHY,
INbEESEFEERNT I T AN R2E L AREKITD
R0,

%2 T Hodas B, ETHLVWEETLE = 2
AFTBHZET, |OBRBRFEREHBLE. 22T,
B=CiE(1B)—C &®&%T5.

Eie = OB, —F U MEUTDL 572
BRICEEL .

LA—C
T, TiTwmBEXNOES (BRI FF XN LI
), ATFGHBEROLFES (AR FERP &
M), CiHBREXTHS. 2oy —4 v i, ILL
TOIL, A — ClERET 3. 3bb, T FoRE
K 0 FIELEMETHHIATE 2RE, A Do
KNEZbrH 8 1EEFRATE BRELERTS.

IDEICERLE = 2EAL V- oKX
EREEURE, T, &, —, =, VRERBTS5 2
M, 2= 4 — AFEADERIZT THEATR S,

LaL, RiFY @ #EFENICITEA THRNEN
SMEERHB. 2T, Hodas HiX, FIFT 2%
Kz —Tr MOEDERDTH A2 T32LT, &
DFEEERRRL, BEHEMSE Lolli #8311,

LLP3:12:18).20020) ¢ - 1 o)1i 0 5t & ARC L T3
HENESETHY, LolidH T By Moo TN 3.

UTWLLPO7Z 7 A0 577 (AEFHRE
KELRT).

R:u=A|Ri &Rs|G—oR|G=R|V2.R
Gu=1|T|A|G1®G2|G1&G |
C1®G2| R—=G|R=C |G
ZIT, RV~ b OEBTEN AR (Y —

Jun. 2000

AWBXEMES), CRERHENZHERX (-1
WEXLESR) THS.

IDTIFT AR T, =7 b — AFERHER
IH5ERTHE. LEN-T, ZOERY 153
T EROMLLL CTHRATAIDOTRVDED, HEE
ROFCIREFHRIC T B2, KBLTIERDO L H iz
EELZEZEACD (AREFHRERX, m>1).

R:=58& & Sm

Su=A|G—0A|Vz.S

Gu=1|T|A|Gi1Q®G2|G1&G2 |

Gi®G2 | R-G|S=G|!G

S, Prolog EICHYSTE2HEEL THNBDOT, U
V—REEESZ LIZT B, S HD, AP~y R
GBRT 1 HICHET 5.

IDEITEELTH, BEHETIZUTHIESET
HDT, RENIE Ebo Ty (727210 21%
GIZEHARHBRZ/FZRNEEET3).

G=R=(G)—oR
G1—o(G2—oR) = (G1®G2)—oR
G —oVz.R =Vz.(G — Rlz/z))
G —o(R1 & R2) = (G—oR1)&(G o Ry)

V:IJ.(Rl & R2) = (Vx.Rl) &(Vm.Rz)
(R1 & R2) & Rs = R1 &(Ra2 & R3)
(R & R2)=G=Ri=>(Ra= Q)

VY —=2AmBEROZ DL 52 FHRIL, SEHOHEN
HERIZAT D b0 &L, SEORBREHEITL Lo
EE TRV,

H3IZLLP DT T 5 A h Db D% HLL %717
THZIZT, BCKEU BCHRFO |R|| ik, BT
DEICHRBECEREIN 2HEBRXOESERT (2
2L, U, THETRTomHEEEH) .

(1) R=ADE, |B|={A4).

(2) R=G—oADK, |R|={G—oA}.

(3) R=va.S o, R =,|S[t/x].

(4) R=51& - & Sm OF, [|B| =||S1|U---U
(| Sm]-

HLLIZEZEEARADR £ ER iy, Zhi,
Identity $1EI% 2 ® TTXTCTHOEEARAD BC Bk
O BCHRAI (v by 7 F = A VBRI IR E)
WEEBRZON 200 TH S, £z, HLL TOIEH
T _RCa2=7 4 —A5EHICR S,

£% HLL DWW T TN AR Y 20,

ani8 1 (Hodas and Miller) LLP D757 Ay

* I 11) OO L7 AES Y58, Absorb HANCE T BC!
HRIZEALTWS. 72 BC HABZEELTNAB,



Vol.41 No.SIG4(PROT)

EHR T EEEERECBY MBI a7 3 7 15

— (R1
I‘;—»l( )

A — G T5A0 — Go
;01,82 — G1 ® Ga

(R®)

A — Gy

A S Gied e

;AR— G

nA—aRwG(R*)

TR—4 (BC1)

— 1
n&—~A“m“
(provided A is atomic and A € ||S1})

(provided A is atomic and A € ||R]|)

a7 ®D

LA — G T;A— Go
A — G1&G2

R &)

e !
r;—1!G (B4
rS;A —G
A — S=G
LA —G
Fa R = A B0
(provided A is atomic and G —o A € ||R|])

IS§;A—G
!
T,5A — (BC)

(provided A is atomic and G—oAel|s|)

(R =)

® 3 ESEHERTREOHR HLL
Fig. 3 System HLL for a fragment of intuitionistic linear logic.

MEstLT, A% HLL 3R ILL L RETHS. T
bbb, GEI—ARER, T2 Y —RE0ES,
A%V Y —2RBEDINFESLT B LELUTHM
Mt B,

HLL+ ;A — G <= ILL- T, A" — G7
EEL, T* X T %® B=C OBOmERE
(IB) oC TH_TEEBILBOERT. A*, G
LRETH S,

$ER8 Hodas M#HC 10 #B 8. m
3.3 BESVRIETOIZT & —LGEH
EEERHEGEHRE ITLL IZHL Th, EfEsS
BEREOBES L BRc =7 +— AHAOEZEHE
HATx 5. Thbb, ITLLIZHL T, BLFOLD
TS AV R EBRANL, =T —AEATREE
725 (ARET#HREL m>1D.

R:u=81&  &Sm|0(S1& - &Sm) | OR

Su=A|G—-oA|vVz.S

Gu=1|T|A|G1®G2|G1&G2 | G1 @G|

R-G|S=CG|!G|0G

LERoT, ZOERITL > THAERTREESTE
TLLP OEX:ED D.

412 TLLP Oz DfE% HTLL 277, 7221
|R|| PEBICLA T 2BINT 5.

(5) R=0OR OF, |R|=|FR|.

(6) R=OR O®, |R| =0

K% HTLL T DWW TEL AR Y 3.

@mE2 TLLP @737 Ay ML T, %
HTLL i3 % ITLL L RETH . Thbb, G%
ST—nBERX, T4 YV —XHOES, ARV Y—2R

HEXOALTFESLT DL EUTHRILTS.
HTLLFT; A — G <=
ITLLHIT", A" — G~
FEL, I*IR D %D B=C OFORERE
(IB) oC TTRCBEBRALbOEERT. A", G
LERTH S

SRR MEE 1 C[RBRICL TREATE 5. 0

TLLP # LLP L&+ 2L, O™(S1 & - & Sm)
LOoMO(S1 & & Sm) DDV YV —AHEK, BL
R OG DOHOT — BN BMIN T 3.

FTHbbh, n BARIC-ELTRATE ZER, n
BZIUC —ERTRATE ZRIRERBRTE, £k
gl — oD LTS — A DRITRAREIZR 5 T
w5,

ERE L CRERBER (FTHRER) itk
HHAN (VY — ) bRIBTE 3005, TLLP I3FFH
LB T AREERRT D700, BRNROE
WA TWA EEZ DN B, 2B, BEMICER
TEX A7l 5 APV T 5 ETHRRS.

4. FHERTRENSE

AHTIE LLP OFfEEF NV TH B [0 EF D
W L, TLLP ~O#ERIZ YW T~ 5.
41 LLP® IO ETIL
HLL TOo=7 x— ALt B R T 2856, —F
RgEE 72 500 R HAITH S.
AL — G1 TAy — G2
AL Ay — G1Q Ga (Re)
ZOHEBETHL E~EALL Y ETELE, AR

TLLP OFEET IV




16 TR

Ry AmA gy
F

Jun. 2000

(Rules of HLL)

aoX,A — G

Iox,0A — OG (

)

B 4 EBERRERIER

oA % HTLL

Fig. 4 System HTLL for a fragment of intuitionistic temporal linear logic.

CTRAME A E A BT ALERDH D, b
2L, VA — G1 @G ZFEHL L D 23 5 L x,
AL — Gy & T Ay — G BENENGEATTEE
WRBE, wAFES AL ODATFELS Ay
& A IZHBIL 2T IS 2 b 2. ZosBloHtHi
ADHARX%E n bTBE MIRY, FEPREMENK
0,

Hodas Hi%, ZORBEOMIIELL T, VY —R%
BI5BIEMCIT O DD IO EFAEEELE. 0
EFATIE, T—N%, V—RE2EBTIHEBEL
B2B. Tibb, GieG DETTE, FTAD
IHON OPEEST G ZIEAL, £DH%, o
T V—R%EHE->T Gy AT B, ozl V—2
TD Go DIEADB KRBT HIE, Gy DI 7 b
SwvrL, BOWEFERHET

UTFTIO =T MIDOWTHBATHR, VY —2R4

BIOBBEIIRETOR Y O LI EERICHHRTE B
DT, ZOETOBMIMEDOD, MRLT L%
EOEREL TS,

I0E=FVTiX, HLL O —4# v FOEBR® 10 =
VTRANEMINAHRERXOY X NTRBET A, T
ebh, IOAVTFEXN &I, URB [ri,re,...,m0]
T, Bk, VY—RARERX (BERYY—XEES),
FEY V—-REIC ! 2o RER (ERUY—X
EFER), ERF1THD. 1L, VY—ABRENE
TOERITTHBINZZ L2 TREROEE L CEA
T3, ARV Y—RiZ, HLL O3 —4F v h o Ra
UTERAMFDY V—RHERUITH IS, ERY V—
ATER2 L THFRANFDY V— BT T 5.

HLL TO&—7 v Mg, 10 BFATIE, UTO
L O RRTERBRAENB.

I{G}0
ZIT, GidEa—AHmE, I,oOII0arsxx
Thd. Bz, TRAA2 TR EETH, I—
N GDETEBTHETZA I Y—RE2HKL, O
HAaFHFR N TN, 99— G OFETHRET

Bole ) V—RE&T.

I0 7 VDER 10 2K 5 17RT

Z T, subcontext(O,I) 1%, 10 = FHF R b I,
OZ20T, OB I DL THR BRI >TH
LZE, TRPH O, POV OPOFERY V—
2% VICEEBRITZ) A M RS>TWEZ L2 EKRT

DMETHY, LLTOX dcEHESHS.
subcontext([s1, ..., sn],[T1,...,70])

= FHi=12...,nC2°C, 1) r, BER
YUY —=Z 81 & & Sm D& XL 54 =r; £7201%
s =1, (2) FNLSND L =X 8i =T Lo T
AR

E12BFE pick(1,0,8) 1%, 10 2> FHRR [0
VYy—XESERMYHEL, FREHEELEIO 2T
FRAIN O TNDBIEEEKT 5.
pick([ry,...,rnl, [81,..., 80, S)

= (1) HZ2AR) Y —RAr; =81 & - & Sm I
DT S =8THY (1<k<m), s =1
Dsj=ry (AL LROTVWD, Fhkix, (2) H
LHRY YR, =18 ZONT S =85 Th
n, 8§ =715 (1 <ji< n) Lo Tn3.

% 10 & HLL iXRMETH 5. 10 & HLL OFE
HERND7DIZ, £T1-0%, subcontext(O, I) %&
Wiz 10 2 FHF A MR LTEETS. 10 =2
FERPDE]— O (I,A) Th Y, TIFISH
I DERT (LEB-TO DERIZY) 2oT0 3

V—RH S DES, AT RD IDERICR-TEY
OTIX1ZZR>TVWAY Y —RFHHEX R D ALFE
ETH 5.

7B, BRIO TI{G}O BiEHTERL &, &
1 subcontezt(O, ) B VLT B Z LITEESH
AN

W8 3 (Hodas and Miller) #% 10 134 %
HLL ¢ RETHS. Thbb, ¢ 22— LHER,
I, O % subcontext(O, I) &%=+ 10 2vFF X |
L, [-0=(T,A) ChaEFBE. ZOLEUT



Vol.41 No.SIG4(PRO7)

R R AR B 2 RE T 07 3V 17

ROYAR

I{Gi} M M{G2}0O
I{G1®G2}0

(®)

I{Gi}O
Gioco ¥
RGO

T{RE—<G}O

pick(I, O, A)

T{A}0 (BCy)

pick(I, M,G-oA) M{G}O

subcontext(O, I)
1o U

I{G1}O I{G:}0O
I{G1 & G2} O

(&)

%’fj 0

LS| {G}[S|O]
[{S=G}0

(=)

I{A}O (BC2)

5 &% 10: & LLP oxi$ 5 10 7L
Fig. 5 System 10: I0-model for propositional LLP.

BT B
IOI—I{G}O<=>HLL§—I‘;A~—>G

$FAA Hodas DX 10 22 H. 0

0 10 TF Mt~ T VB REER TV, U Y —
R DB R BEANCIT D &\ 5 AT, BT HLL &
Ta=7 3 — AERRREREITOLEREIVL, I
BB TH 5.

4.2 BHESFHRE TLLP c®¥T25 I0 7L

METES L -HERERELEE TLLP XL
TbH, LLP DBE LR IO TFLEERTE 2.

LaL, LLPD IOEFNVERKRD IO 2 TF R
FNEZFOEERWEDOTIIERICHENEIRD.

e ziE, AAarTFHEAN[=[p,0q 00" d
LeETT—L OGRETTIHELEERLD. ZOHS,
T G DEDDANALTHAL T = [1,q,0r7]
B INSERTALERDS. 20X 321027
XA NDOEXBIITIEFITHINE.

2T, 10 a3y TR A RO Y YV —RITHEAE
BEMAEL, HERTEAIRAERTHERERD. 20O
EHCHBELEZIO IV TR R 0T a3 TF A
kERER. bbb, IOT AV THF AN LIV Rb
[Tl,Tz,...,T’n] T, &Kol <S],&&Sm,t> EJ e
(O(S1 & - - - & Sm), t) E7ciE (15,0) 2k 1 TH D
At IRFERER) .

DX HICRLEE, IOT 3V TFF A MFTLUTO
oY V— 2R3, Bt O R TRHHATRTHS.

o (51&.. & Sm,t)

e (O(S18&...-&Sm),t') (L ¥ <1t)

e (15,0)

L7 oT, Bt LI TRIARTRER Y Y —RET
DHEDOHDTHS.

o (S18& .- &Sm,t) (L >1)

o (O(S18& .. .&Sm),t") (T IFERE)

e (15,0)

¥, RI{G}OWRHRIERALRTIHARK 1 %
L, UTFOX SRR T 5.

I{G}+O

DX IOETAEERELEARIOT 2K 6
WZRT.

I T, 1REE subcontext, (O, I) BEU pick, (1,0, S)
BUTOLIREBSNDIBETHS.
subcontexty([s1, ..., 8nls [r1, ..., Tn])

e FK o= 1,2,...,n 00T, (1) rp A
(S18& & Sm, t') (FFEL ¢ > t) £l
(O(S1 & -+ & Sm), t'y (' FEE) D& &I,
8 = r; £2iE s = 1, (2) FRLSO L 1T
S =1 £ o TS,
pick,([r1,...,7nl, (81, ., 0], S)

= (1) BBER) V=R r; =(51& & m, t')
(L =) BV = (0(S1& & Sm), t)
(L E <) IZDOVT S, =8SThH (1<
k< m), 8 = 10> 85 = 7Tj (j # 1) LT
B, Elix, 2) HHERY Y—Ar, =5, 0)
ZHoWNWT 8 =8 ThY, S =Tj (1§]§n) b
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T{1} I e

I{Gihh M M{G:2}:O
I{Gh ® G2}: O

(®)

I{G:}:O

I{Gi & G2} 0 (@)

(B,t+n) [T1{G}:[1]0]

subcontexts(O, I)

I{T}O (M

1{G1}+ O TI{G:}:0O
I{G1 & G2}: O

(&)

Ficrs O

[(15,0) [ 1]{G}: [(!5,0) | O]
I{S=G}L0

pick,(I,0, A)

I{A}tQ (BCy)

[{OHR—OG}tO
(provided R = (S1& - & Sm) or R=0(S1& - & Sm))

(o)
I{G}+4+1 O
r{ocro ©

pick, (I, M,G—-A) M{G}O
I{A};O

(BCz)

® 6 #% IOT: Ml TLLP kx4 3 10 &7
Fig. 6 System IOT: I0-model for propositional TLLP.

Ro TV 3.

R I0T & HTLL ixRfE<H 5. 10T & HTLL
DEMEEEFR B 2012, 10 OBE L T, 10T
ATHRRAMDET] - O %, subcontext: (O, I) i
T IOT 2 7R 2 Mt L TERTS (tiTFEa%
). IOT =27 RAMDET -, O 34 (L, A) Th
D, DI (15,0) 88 I DEFRIZ (Lizdi>T O DHEH
b)) BRoTWBY Y~ § DES, AW (Rt
BN IDOBERIRS>TEY (EFELURMP S1& & Sm
DEZEL >t O(S1& & Sm) DE XL ILE
H), OTIR 1R sTWB Y Y—RHEX RIcx
LT max(0, ¢ —t) D O ZfHF MY v — = hE
X (Thrbb om0 DRy Do FEATHS.

2B, BRIOT TI{G}: O BNERATERAL &, %
12 subcontext: (O, 1) BV L >TWB Z LI HERE
iz, '

Wl 4 R IOT 3R UTLL L AETHS. +
bbb, t AR, CEI—LAHER, I, 0%
subcontexrt: (O, 1) W=+ IOT = FF AL &L,
I—0=T,A)ThadET5. Dk XL FAMRE
T 5.

IOTFI{G}: O < HTLLF ;A — G

SEER MREE 3 LRARICL TREHTE 3. o

5. RrERVREREE TLLP

5.1 TLLP O#XX

Prolog 3 &X' LLP DFRIEICHEV, FEFERERER
S TLLP o7 0/ 7 AR TOREEUTOL 51
EHD (ATRFHENX, m>1).

Cu=A.|A:-G.
R = 51& - &Sy | #(S1& - &Sm) | @R
S u=A|G-<>A] forall X\S
G = true| top | A| G1,G2 | G1&G, |
G1;G2 | R-<>G | S=>G | 'G | @G
22T, CE Prolog ERBRDT 1S 5 Kk FT.
Tur 7 A, THEN VEABIOVE(G — A)
EWVIOHHCIY Y2 HiEEWRL, BRaLFH2 b
FIZEPN D, ZOMIE, 5 3 ED TLLP DERIC
RISTD. 7L 2x, WEXO((OR) o) ix7uy
7 APTIL @UER)-<>G) &Rk T 5.

F—E LT, true, A, G1,G2, G1;G2 72T % H
WTW S TLLP v 5 A, HEXHIC b E KRNI
b Prolog &R —8T 5.

Eo, EEF#LLERAL QWL TLLP 7 u s 5
LPE, MR H BRAIZ S LLP L2 —57 5.

5.2 TLLP 07 a4 35 Afl

BT, a, b, ¢, dD 4TERMPBRBFEET T 71T
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BT, HE a»BER d~DN IV B (T
CHOEAY—ETOBOREYE) P2HE®ETSH LLPY
asSATHS.

p(V.V, VD = v(V).

pCU,V, [UIPD) :- v(U), U, W), pW,V,P).

e(U, V).

goal(P) :~ v(a) -<> v(b) -<>

v(c) -<> v(d) ~-<> p(a,d,P).

Tibb, goal(P) ¥ EfTT2L, FEHAZ v(a)
MNH v EWnWH Y Y=L TENL, Thbzbx
HSE1ETOMBRTIERRRTHILITRD.

TLLP D4, LI DRFLATY VR EHET
ZERBRTE S, ez, ATFO TLLP v
S AL, Br—oBA KR EED TS, i,
#v(a) FHRRZILIBCHEBTE DY VY —X, @ av(b)
i, 2EABETICEBETESY VY —X, @ #v(c) i,
1 FZIBUBCEBETED ) Y —2RE2RL TV END,
oFar T s, HELEIFHCHEY, BEick
QBELUBICEANIND URBERREL TV 5.

p(V,V, VD) = v().

pU,V, [UIPD) :- v(W), e(U,W), @p(W,V,P).
e(U, ).

goal(P) :- #v(a) -<> @ Qv(b) -<>

Q@ #v(c) -<> #v(d) -<> p(a,d,P).

AT ADTA T F—bRREDL I, HDHEE
HTORELOROBETORBEERTE T 0
S AL, REEY —RALLTRETIZEICLD,
TLLP CTHERIZERTES. 7 1%, TLLP Tk
LESAT - F—2D7al55TH5 (HADED
DT7aT T AEFTERLTH D).

o7us S AR, Y Y—Z (I, iF I,D
DUBIZBRHERTERIHDZEEERL T A, BFE
next (I, IF, RERIKFEHRIE DS &R
L, FOBH/ITY V—Aeb(I,)) ZEMTS. 72
L, W% next DETTHBORNSHEINLTLES
DEB5 729, negation as failure I L 5 HE%E ZHE
AT, BEBETRF oy 7T EIToTW S T
b, next(I,J) BEIIT B8, \+ next(I,J) itk
L, R Z hF v ik >THRTOY V—RER
HROEENS. LR o>T, next(I,J) BNREIT3
B, \+ \+ next(I,J) IXRZHIL, VYV —RIXHES
iz,

oM, BEEASN U Ry b, ITLL Ty 2—F 4
VIZTEBZIENRRENTEY ¥, TLLP THERICE
RTEx DEBEO—HlIL2o TS,

EEEHEFREREC BT 2R a3 0 19

life :- N = 20,
b1, 2) -<> b(2, 3) -<> b(3, 1) =<
b(3, 2) -<> b(3, 3) -<> n(N) =>
loop.

loop :- loop(i, 1.

loop(I, J) :- n(), >= N, {, @loop.
loop(I, J) :- n(N), >= N, !,

I1 is I + 1, loop(I1, 1).
loop(I, J) := \+ \+ mext(I, J), !,

I
J

J1is J + 1,
@b (I, J) -<> loop(I, J1).
loop(I, I :-

J1 is J + 1, loop(I, J1).

next(I, J) :- b(I, I, !,
count (I, J, C), 2 =< C, C =< 3.
next(I, J) :- count(I, J, C), C = 3.

count (I1, J1, C) :-
10 is I1 - 1, I2 is I1 + 1,
JO is J1 ~ 1, J2 is J1 + 1,
count_b([(I10,J0), (10,J1),(10,J2),
(11,300, (11,J2),
(12,300, (12,J1),(I2,I2)1, C).

count_b([l, 0) :- !.

count_b([(I,N1IJs], C) := b(I, 1), t,
count_b(IJs, C1), C is C1 + 1.

count_b([(I,J)[IJs], C) :- count_b(IJs, C).

®7 7475 —A0 TLLP 707 A
Fig. 7 TLLP Program of life game.

6. TLLP OMEXR

% 4.2 BTk~ 10T BF M E3F1E, TLLP
DAVET) ZFNBEREFERTEZ2ZERBETH .
FEO—FlE LT, I Prolog THRIBL 721 %
TV ERBRERYT (2L, VEFAREY Y —RiZ
BoHzIeN) .

ZDAVET Y ZAERIE, V- RD5EIEEE
BUCAT D &\ D AT, B HTLL ECTa=7 34—
LEEBABRR AT D AER L Y L EENER, 10T =
VFXRRR Y ARNTREINNS E W AT,
R,

—75, EHS O LLP LERIE, VY —REAvia
ETEBLTRY, FLI0OETALEHBELEZV~L
fH& 10 BF A D18 LA TV AR EEF V2 RA
T3z LY, EFHEE—2ODIO 2 TX A
P ERBETNTIRVE SIRIREN TN,

FIT, ZOBDOREFEE LT, TLLP 25 LLP
~DF G AL — kR BFRIZONWTERT A, 7283, LLP
SLERITITEAE, WAM 2 IERL 72 g LLPAM
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AND I NA IR, Java~D KT AL —F
LB FRxx O ZFEERFET S, 23 TABRDIE
523 (SICStus Prolog @ compact code =23/
A5 &Y, 2~3f5E<L, SWI Prolog 2734 Z LY
BEE) T DD, REOH, VEBALY V—
AP RA N REEN TVRY.

FFE IO & 10T mERCHE B TR, EARNIE
TLLP O& BRI RFZ% RT5[8EBMT 52 LT,
LLP OB EBTE D R0 D

FYP, R—oG HD20E S=G O Thnd —i
GIZ2WTEZX DL, UTOLX 52%# Glt) ¢, H
FEDOREZ| ¢ ZBMTE R,

1t] =1
T =T (#HROBHICER)
p(@)[t] = p(¢,2)
(G1 ® Ga)lt] = GlH@GQ[t]
(G1& G2)[t] = G1[t] & Galt]
(G1 @ G2)[t] = G1[t] & Gat]
(Ot =G+ 1

72120, R-<>G HBWE S=>C OBOT—1 G
WZOWTH, ATk 2ic, B2 Y —20FIC
IGC TR EBREITOLER D S.

(O™(S1 &+ & Sm) = G)[¢]

= (Si{t+nh & & Sm{t +n}1) Gl
(C"O(S1 &+ & Sm) = G)[t]

= (Si{t+n}a& - &Sm{t +n}2) oGl

(S=a)
= S{t}s = Glt]
458 S{th I, BRIt ETICHATE R Y Y —RAD
BHBTHAINLRODLIICEETS.
p@){th =p(, ¥
(G —op(@)){t} = G[t] o p(t, )
(Vr.S){t} s =Vz.S{th

B S{t)e 13, Wl ¢ DECRIATE S Y Y —RAD
FRTHINDLRDOEDIITERETD.

p(E){tye = Vt'.(t' >t —op(t', 7))
(G —op(X)){t}e =
v (' >t @ G[t")) —op(t', )
(Vz.9){t}e = Vo.S{t}s

2 S{t}s 13, EEORATHATEDZ Y Y —2D
BHMTHBMNORDE SITERTS.

* http://bach.seg.kobe-u.ac.jp/lip/
** hitp://pascal.seg.kobe-u.ac.jp/” banbara/PrologCafe/

L B Jun. 2000

p(@){t}s = V' p(t', D)
(G ~op@){t}s = V¢ (G[t') o p(t', 7))
(Vz.8){t}s = Vz.5{t}s

LiehoT, 7mé ZiZRifoIvh VREBOT 1
TTAILUTOLICEHBRINS.
p(T,V,V, VD) :- v(T,V).
p(T,U,V,[UIPD) :- v(T,0), e(T,U,W),

(T1 is T+1, p(Ti,W,V,P)).
e(T,U,V).
goal(T,P) :-

(forall T1 \ (T1>=T -<> v(T1,a))) -<>

( T2 is T+2,

v(T2,b) —-<>

(forall T3 \ (T3>=T+1 -<> v(T3,c))) -<>
(forall T4 \ (T4>=T -<> v(T4,d))) -<>
p(T,a,d,P)

).

F7m, BBEO LLP 702 7 A%, 3X3) Ok
ZRAVILE, 7538 WAM Tdh 358 LLPAM @
BREGSIC TN Tary XAV TES.

UL, BIZEOEBET T 2FAED —WICxL
TIXIEL < pvs., F—b T3, BRI THB T
72U = ADWL O EIERIICEET S & S BhE
2ITH. Lz o, subcontext; TiX, t' <t &ieo
TNBY V=R (81 & & Sm, t') BEHEL TITWT
2D, EEOBBRIECHEBINDFEERH D.

LI T REENTHRVWEAE, &
Bt LLP 71 7 7 ADEFR 10 TOIEHA AR,
HED TLLP 7/ 5 ADMEKR IOT TOIEFRREME
LR—CR DT R RED.

BT, MBEROBMEET 27 T A~Da 3o
NFRIZHOWTERT . LLP S8R 5 g
LLPAM i%, IO =7 VEHBE LV E [0
FIACEE SO TR SN TEY, FEFEHEORNE
WEAEHRL TS, LEB-T, Zhz I0OT 5L
WESWTIRRETHE, BBE/NREORER BT T,
HEOE TLLP DRENERHTEZLEZ20N1 3.

BERANE, R T{G}: Ol THRAERA t &
FTL IV RZ%E LLPAMICEML, 10T =2 7% R
MDY Y —AKE (R, t) KL T, LLPAM DY
VA RTEBERCEL OO T —/V R 2B
T5. BT, subcontext: B LN pick, ITHIGT S
MBS EERETEERW. 2L, FIFERY
V= RENBBERBETIHHEELED, FEMICONT
FEBICRFEZEDILERDS.
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7. HEbH Y IC

AIHICTIE, B & EROES & 5 A TR
B ITLLIZESWeETus 5 I 7 EETH 5 TLLP
DR & BEFET OV TR~

TLLP i%, Prolog 8L REAIETE LLP DL
Bloiz-TRY, BEIEFELLEBERERA TS
BTE 3.

L#?>L, TLLP THY# % 2L, ITLL O—
oL, ezl TBEERIRROBEICS &
AL—ERITRIATESER] 2RT ALOAR, TR
LY n BRUERWSTHLAETHRIATE 25
Bl 2RT OMAREE, TLLP ®J YV—XH/m#EKX
TR,

Miller e 4 D=7 — LFADE ZIZHE SRV
X, ABSCTRAEM B Rz B mESOREY
BT AT L3RR DICRA2E. 2 =74 —AGEH
% SRR~ L8R 5% (Harland and Pym®,
Andreoli?, Miller'®) 7%2¥ OMAE2E X HLERD
BIEAS.

FARBLTIE, TLLP OREEFFEZOWT, £T,
TLLP O$RBEVEELERTIOOHEET N T
53 I0T EF M HWTRAEZ., &b, Bk
EEEHEL LT, I0T =FAMIESILAE7 V4
MERE, LLP ~DF 52 XL —F ABROEBRFE
[ZDWTHRA, [0T BF /U &3\ 2 fISER O
LDy R NVEFRIT DN TEEE T,

T OHSEOEMEE 2D, T FAER
EREBETIIENESHOBRBELRD.
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8% TLLP OA 247 Z0ER

SICStus Prolog T L7 TLLP ®A > %7 &
PR,

/3%
TLLP interpreter in Prolog
*/
:- op(1060, xfy, (&)).
;- op( 950, xfy, [-<>, =>1).
:- op( 900, fy, [!, @, #1).

prove(G) :-
prove(G, 0, [1, [1).

prove(true, T, I, I) :- !.
prove(top, T, I, 0) :- !,
subcontext(T, 0, I).
prove((G1, G2), T, I, 0) :- !,
prove(Gi, T, I, M),
prove(G2, T, M, 0).
prove((Gl & G2), T, I, 0) :- !,
prove(Gi, T, I, O),
prove(G2, T, I, 0.
prove((G1 ; G2), T, I, 0) :- !,
(prove(G1, T, I, ) ;
prove(G2, T, I, 0)).
prove((R -<> G), T, I, 0) :- !,
count_next(R, N, R1),
TL is T + N,
prove(G, T, [(R1,T1){I1, [1101).
prove((S => G), T, I, 0) :- !,
prove(G, T, [(!1S,0)I1I1, [(!s,00{0D).

Jun. 2000
prove(!G, T, I, I) := !,
prove(G, T, I, I).
prove(@G, T, I, 0) :- !,
T1is T + 1,

prove(G, T1, I, O).
prove(A, T, I, 0) :-

pick(T, I, 0, A).
prove(A, T, I, 0) :-

pick(T, I, M, (G ~-<> 4)),

prove(G, T, M, 0).

count_next (@R, N, R1) :- !,
count_next (R, Ni, R1),
N is N1 + 1.

count_next(R, 0, R).

pick(T, I, 0, 8) :-
picki(T, I, 0, S).

pick(T, I, I, 8) :~
rule(S).

pick(T, I, I, (G -<> A)) :~-
rule((A - G)).

pick1(T, [(!S,0)1I1, C[(!S,00111, 9.

picki(T, [(#R,TO)II1, [11I], 8) :-
T >= TO,
select (R, S).

picki(T, [(R,T)II1, [11I], S) :-
\+R = (10, \+QR = (&),
select(R, S).

pick1(T, [RIII, [RIO], 8) :-
picki(T, I, 0, S).

select((R1 & R2), R) :~- 1|,
(select(R1, R) ; select(R2, R)).
select(R, R).

subcontext (T, [J, [I1).

subcontext (T, [(!S,0)[0], [(!S,0)11]1) :-
subcontext (T, 0, I).

subcontext(T, [R1/01, [(#R,TO)II]) :-
(R1 = (#R,TO) ; Rl = 1),
subcontext(T, 0, I).

subcontext (T, [R110], [(R,TOXII]) :-
\+R = (1)), \+(R = (#.)),
TO >= T,
(Rt = (R,TO) ; R1 = 1),
subcontext (T, 0, I).

rule(( p(V,V,[V]) :- v(V) )).
rule(( p(U,V, [UIP]) :-
v, e,W, @p(W,V,P) ).
rule(( e(U,V) )).
rule(( goal(P) :- #v(a) -<> @ Qv(b) -<>
@ #v(c) ~-<> #v(d) -<> p(a,d,P) )).

(TR 114 10 A 15 BZAF)
CERE 124 2 A 22 B&&)
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BT, #1985 4 B A IBM FUR BRI RETHT

FER. 1988 FE L W P RETEE. HAHRE (linear
logic), @B s S IV7, HIKT v F I 77
CICHEEREFR>TN S

TH R

BAFD 40 4. TRk 3 EMPFRE
KERHERFEHRRME LHRET.
YR 4 oL ¥ a—F B AERERM
AR, NENERT. A6 FEa
B o — & B AR AR,
B T RO R B RB E AR LA,
BECED. FHEREmELHET

FI KB

1976 B4, 1999 EMFRFELHE
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PRERER B RR AR 3R
EATH R AR T EER. RECE
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HEHETEHIGEHREC B 2HRES 05 5 0 23

£ =HE

1970 4. 1993 FFMKZF (8
H) BERgspag. ReEL) 1
R F R FE R LA AR
. 1996 ERIARFERFE HRBE
PIRRHE R R TR E
T. 1996 F & Y RAZEEE 8RR A ARHE LRER
HIARER B, W RE (linear logic), MES
7 IVl OMRCHEE. BAY 7R U= T RES
=8B,

ER EA

1971 4R, 1994 FHpF R
R R, 1996 FERIKFERFE
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BRET. AIFEIRRIESEH
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