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BIZEDL SR,
ETCOIAYTFHEFRLH A XTH 5.

ETOI YT FIEBERIEN 2R H 552 61
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Rebary 7 UEBEEMEZRSZ LD
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B) AYTFOAY v 7 HOBEHHOEIZL LI A
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5. CPMP #f< 7’07 5 LOBEERK
AREITIE, BETH 7L —2T— 27 % HT CPMP
OREHZETLTO 7T LR ERT S,

5.1 fEAREEB OB

X 21%, CPMP OHLEEDBITH 5.

COREE, FHODICHEEAL LD 07, E
VIR % RO D 7O T T AHPERTE L LW ) BERT
TEGHKTH 5. KX THR O kL S A TREAR
ENTHEEHBEATH D, YTIRRR T S DSt EE
RFEz v, RIS KA VD 2 L LY ToR

FOEITEHTEZZIIENEVET S, X, BROEBEHEZ V-V THFRBETDH 5.
BlIZIE, M2DHD1>ThHb
(as (decideOneMove *Bay *Move) :
(decideOneMove () ¥*Bay *Move) )

(as (premarshalling *InitialBay *InitialBay () :)

(as (premarshalling xInitialBay *OptimizedBay (xMove
*Move) (premarshal |l ing *NewBay *OptimizedBay *Moves2))

(as (move *InitialBay *NewBay *Move) :(decideOneMove *InitialBay *Move) (apply *Move *InitialBay
*NewBay) )

(as (decideOneMove *Bay *Move) : (decideOneMove () *Bay *Move))

(as (decideOneMove *StacksO (¥Stackl | *Stacks) (xTop *Sn1 *Sn2)) : (nonempty *Stackl) (top *Stackil
*Top) (getStackNumber *Stackl *Sn1) (append =*StacksO *Stacks *RestStacks) (decideToWhere
*RestStacks *Sn2))

(as (decideOneMove *StacksO (xStackl *Stack2 | *Stacks) *Move)
*Stacks1) (decideOneMove #Stacksl (¥Stack2 | *Stacks) *Move))

*Moves2)) (move xInitialBay *NewBay

(append *StacksO (*Stackl)

(as (decideToWhere (xStack | *Stacks) *Sn) : (hasSpace *Stack) (getStackNumber *Stack *Sn))
(as (decideToWhere (xStack | *Stacks) *Sn) : (decideToWhere *Stacks *Sn))

(as (nonempty (N (xE | *List))):)

(as (top (N (*E | *List)) *E):)

(as (getStackNumber (N xList) *N):)

(as (apply (*¥Top *Sn1 *Sn2) *Bayl *Bay2) : (removeTop *Sn1 *Bayl *TempBay) (push *Top *Sn2 *TempBay
*Bay?2))

(as (removeTop *N ((xN *List) | *Stacks) (*NewStack | *Stacks)) : (pop (*N *List) *NewStack))

(as (removeTop *N ((*N1 *List) | *Stacks) ((xN1 *List) | *NewStacks)) : (not_eq *N *N1) (removeTop
#N *Stacks *NewStacks))

(as (push *Top *N ((xN %List) | *Stacks) (xNewStack | *Stacks)) : (push_s *Top (N *xList) *NewStack))
(as (push *Top *N ((*N1 =*List) | *Stacks) ((*N1 *List) |*NewStacks)) : (not_eq *N *N1) (push *Top
*N *Stacks *NewStacks))

(as (pop (*N (xL | =*List)) (%N *List)) :)

(as (push_s *Top (kN *List) (N *NewList)) : (append (xTop) *List *NewList))

(as (append () *x *x))

(as (append (xal*x) *y (xal|*z)): (append *x xy *z))

(as (hasSpace (N *List)) : (length *List *Len) (< *Len 4))

(as (length () 0):)

(as (length (xE | *List) *Len) :
(as (pm *0ptimizedBay *Moves) :
(1 3 2)

2 (5 41)

(3 (7 6))) *0ptimizedBay *Moves)

(equal *OptimizedBay ((1 (45 7)(2 (1) )3 (236))) )

(equal *Moves (2?2022 NDO@ 2O 20O 270 727)))

(length *List *Len2) (add *Len2 1 xLen))
(premarshal | ing
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decideOneMove (BAY, MOVE) +decideOneMove

([1, BAY, MOVE).
¥ET. HEHESIMEEZESHICER L DR
DT, wWHTO T IALRE)FmESLTUT T AL
LCOBE®REFEZZ2V. LoT, HieT b ADNETIC
EIRIZENL, 7y O L) REIHORBRIZE E R,

K T O LEOHMAE 3 5. 1 DOHIL,
(as (7 h&) {7 F2DHESR)) L) THRIS
N5, HOJED as 1% assert =T 5. (7 h4)
Y URVTIE Y, Z0dH 120U EDED <
JARNTHD. (7 ha) 12fil id, wmfRo—z %
T, HRZEATKYSNS. 7L, (), % |, 10X
) BEFEAR Y VARNVIEEANEL TOXEY 5N,
WHEMEFTHT A Y VRNV TEY. EBAHELE
ZPTERT. VAMERTH X [*Y) IZ2o0T, *X
i, CHEHOER, #Y 13X LD HRAOETOH (2%
RELTHEHSY AN 22hznET. ()Y A b
%KY, BlzIE, 3ODRLIEREEFRIFFOY A
k(%A *B*C) 1%, (*xA|(*B*C)) % (*A*B*C|())
LLEEDL. (T F20%EE) Z0MEUED (T Fa)
MNORDBHNTH L. MAGHHEBIZOWT, ??7?) 1
(*A*B*C) LFLTH5.

M 2 OALRE T, WA DA DREO — % 72 58
#C, REOHPAEANZMEOERTH D, KED
Hilx, X3 0 <~X& Bay OWIIRE L M 4(a) il
NEZDPET LIREEZZNE, DTOHTHRLT
w5,

fig { <& Bay : ((1(32))(2(541))(3(76)))

SETL72IREE : ((1(457)) (2(1)) (3(236)))
E® Bay # FETHICOWTHBT 2. S o DI
Ay s OEEEERT. AY v ik

(R v 7 F/5 (ar7+HFH)))
DY lEERES. 27T, (arFFESHD L,
32T F OB R RIS 0 DL b < B & 3%

nEN 1]

5 (4] [2] 4|

347 s 3] 3]s
2016 7116 |27 6

1 2 3 1 2 3 1 2 3

(@ ®)
X3 Bay D¥HEIKE X4 AL TFFEHENEZ
F-HER

WHZEITICEE 45 8 % 2021

T ORBEOT A
(equal ¥*Moves ((??7?) (???2)(2?72)(??7)

(?22)(?27))
X, KDL TTOBEN6RTHL I EEERKL

TWa, JAMERONF1IEOIT Y FFOBE %
T. 1BZHOERIL BETLI T FOoEF2ET.

2EHOEHFIL, BB TORY v o FriEd. 3%
HO%HRIE, BEEORY v 7 FFE2RT. 1FHO
BRI, UEREMRED, AMPFEITREREZHRLR
T B0 TS, ZOBETHOY A L3
OOMAGHHEH» S b, BOIBETTO T T LFE
TSRS RO 5 &, 25 O AR 2 A
RASNS.

Dbt REOHOEERDOERE LD D L,
[Bay OWHIIREL S 3 > 7 F % 6 MIBEH L CIEE
ZADGET LI2RKEPE—FIHTH Y, ZDOIELWFIHE
DBEZFHTH L] Lhb, KE REFEOBERE
EERHERTICIE D25 2w, 60 & v ) BRI R B8 O
L d A Loff 725 R % W T\, Bay Ok
WKL FETH L. ZOFEIZY A X2/hE VT
W, CH+TETOFFENNAZFET L HMR 7075
LARAER L TR FHEMICIE, AR aEE Al
L Th v, fEOEX L Bay OmKIRER S5 272
BN, V= VRO R 2 T 5720 TH 5.
Bk B2 5.2 C7ur s hxER LT, €07
077 MIMORL ZHESL I ENTES.

5.2 {HiRZH
TEDMARRICET A MZAHZ & T, X ORENLR T O
TIADVERTELGEDR DL, FIZIHORIOT
fR (Lower Bound, LB) % F\»7-#RZRZEH OHIR A H
b, ZO¥iE, O 3EHOMEH &
(as (move *InitialBay *NewBay (*Move | *Moves) ) :
(decideOneMove *InitialBay *Move) (apply *Move
*InitialBay *NewBay) (length *Moves *snumMoves)
(lowerBound *NewBay *LB) (<= *LB *numMoves))
ICEEHLZ 5. 22T, lowerBound/2 i&, #—51%
7S Bay T# 5|8z #» LB # %7 . lowerBound/2
RIEFRT HE G BINT 2LEDNDH LA T TIFAMET
5. Z® lowerBound/2 T 5415 LB DSIEETH 1L
EH 51T ERBREMZHIMT 220 TE L. BED
Vv LB OFtE R, Bl21E, Sk (Tanaka et al,
2019) I2H 5.



A RBECREO REREC BHEVET 57200V 7 827 7 L—AT— 7%

5.3 FEER

HEEPSFHEEERT L. FhxdEEHEI V-
VOREGTRET L. IO HFZWMZ V- VOES
* HEEK T 5 778 Koike etal. (2001) 7 & TIRE
ENTWAE, M5 EXG61E, K2 0,6 HEARK
LEXBRZLV—VOELSTH S, HEAE NI,
Koike et al. (2001) D FFHFEIIHED L FERY AT 4% 1
WTATo 7z, 2OV —VoHEEIR, SELFER ETI
(Koike et al, 2005) TEIET AT U 7T AL TLH 5.
Lo TCZOTEIHET L72WIIT, 7077 A0FEST
AU THSH. Hmmiid, MRS I3ERTD &
IV Q THKENS (S=DUQ). QIF, FEITH:IZ

AN SN BN ERA»OIESL NS, HEIAERK S L
EFHXRZINV-VIT QR QICHERMBILE, £
DESHE®RERFT 2 MDUQ =MDUQ)).
2T, M) BEHESICE o THELMESTH S,
V= oIk L 323 % #HMIE Akama &
Nantajeewarawat (2006) (2@ 5.

K71, K5 EK6DTOrTLEFETLIERT
HbH, L—FPEAENLEME L Tm??) & AT
5, 72 )EICHET (ans(pm *A *B)) < (pm *A ¥B))
MESND., ZOHORT 1 (Hio—L ) HHOT b
LAY A, AW RER V=V TO R EREEERZ 5
N5, V=Vl Lo TERSINDZEEICIE, B2,

(Rule ruleName
(Head (pm *K12 *L12))

(xY12 *A13 *B13)

(Body (decideOneMove *D13 *F13)
*E13 *H13) (minimize *H13 *[13)

(apply *F13 *D13
(add *G13 *I113 *J1

(Rule ruleName (Head (decideOneMove *X7 *Y7))

(Rule ruleName2
(Head (decideOneMove () *G64 (¥H64 *164 *J64)))

*M64 *N64) (decideTolhere *N64 *J64))

(Rule ruleName

(Head (numBad|yPlacedContainers (xJ3 | *K3) *L3))
(Body

(Rule ruleName (Head (numBadlyPlacedContainers ()
(Rule ruleName

(Head (numBad|yPlacedContainersinStack (W8 *X8) x*

(Body

(%C13 *D13 *E13) (xF13 *G13 *H13))))

(Body (exec (= *K12 ((1 *M12) (2 *N12) (3 *012))) (= *L12 ((*P12 *Q12 *R12) (*S12 *T12 *U12) (*V12 *W12 *X12)
(premarshalling ((1 32) (2 (54 1))

(Body (ascendingOrder *J1)))

x[12)))

(Rule ruleName

(Head (premarshalling *A11 *B11 (xC11 | *D11)))

(Body (move *A11 *E11 (+C11 | *D11)) (premarshalling *E11 *B11 *D11)))
(Rule ruleName

(Head (premarshalling *S1 *T1 ())) (Body (exec (= *T1 *S1)) (optimized *S1)))
(Rule ruleName

(Head (optimized (*Q1 | #R1))) (Body (optimizedStack *Q1) (optimized *R1)))
(Rule ruleName (Head (optimized ())) (Body))

(Rule ruleName (Head (optimizedStack (xI1 *J1)))

(Rule ruleName

(Head (move *D13 *E13 (¥F13)))

*E13)
3)

(Body (decideOneMove () *X7 *Y7)))

(Body (exec (= *G64 ((¥K64 (xH64 | *L64)) | *M64))) (getStackNumber (xK64 (¥H64 | *L64)) *164) (append ()

(Body (exec (= *G64 (%064 *P64 | xQ64))) (decideOneMove (*064) (xP64 | *Q64) (xH64 *164 *J64))))

(Rule ruleName (Head (getStackNumber (kX *Y) *A1)) (Body (exec (= *Al1 *X))))

(numBad | yP lacedContainersInStack *J3 #*M3) (numBad|yPlacedContainers *K3 *N3)

*F)) B

Y8))

(reverse *X8 *A9) (revNumBad|yPlacedContainersInStack *A9 *Y8)))

(K= %J13 0)))

@ (7 6))) *K12

(numBad |yPlacedContainers *E13 *G13) (collectNBSs

(add *M3 *N3 *L3)))

ody (exec (= *F 0))))

X5 ERIhEFREERTIL-IES (1/2)
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(Rule ruleName (Head (collectNBSs (*J3 | *K3) +*L3)) (Body *L3
(numBad|yPlacedContainersinStack *J3 *M3) (collectNBSs *K3 *N3)))

(Rule ruleName (Head (collectNBSs () *F)) (Body (exec (= *F ()))))

(Rule ruleName (Head (move *M25 *N25 (%025 | *P25))) (Body (decideOneMove *M25 %025) (apply *025 *M25 *N25)
(length *P25 *Q25) (numBadlyPlacedContainers *N25 *#R25) (collectNBSs #N25 *S25) (minimize *S25 *T25) (add
*R25 *T25 *U25) (<= *U25 *025)))

(Rule ruleName2 (Head (decideOneMove #M59 ((xN59 (¥059 | *P59)) *Q59 | *R59) (*xS59 *T59 *U59))) (Body (exec
(= %059 *S59)) (getStackNumber (¥N59 (%059 | #P59)) *T59) (append *M59 (*xQ59 | *R59) *V59) (decideToWhere
*V59 *U59)) (Body (append #M59 ((xN59 (059 | *P59))) *W59) (decideOneMove *W59 (*xQ59 | *R59) (*xS59 *T59
*U59))))

(Rule ruleName (Head (apply (%05 *P5 *Q5) ((xP5 (*R5 | *S5)) | *T5) *U5)) (Body (push #05 #Q5 ((*P5 *S5)
| *T5) *U5)))

(Rule ruleName (Head (apply (xJ5 *K5 *L5) #M5 #N5)) (Body (removeTop *K5 #M5 *05) (push *J5 *L5 *05 *N5)))
(Rule ruleName (Head (removeTop *D1 ((xD1 (*xE1 | *F1)) | *G1) #H1)) (Body (exec (= *H1 ((*D1 *F1) | *G1)))))
(Rule ruleName (Head (removeTop *V ((xW *X) | *Y) *A1)) (Cond (not (var #W)) (not (var *V)) (/== *V *W))
(Body (exec (= *A1 ((+W *X) | *B1))) (removeTop *V *Y *B1)))

(Rule ruleName?2 (Head (decideToWhere ((xV1 *W1) | *X1) *Y1)) (Body (exec (= *Y1 *V1)) (hasSpace (*V1
*#W1))) (Body (decideToWhere *X1 *Y1)))

(Rule ruleName (Head (hasSpace (xU *V))) (Body (length *V W) O 4 *W)))

(Rule ruleName (Head (push *A1 *B1 ((xC1 *D1) | *E1) *F1)) (Cond (not (var *C1)) (not (var *B1)) (/== =Bl
*C1)) (Body (exec (= #F1 ((*C1 #D1) | *G1))) (push *A1 *B1 *E1 %G1)))

(Rule ruleName (Head (push *P1 *Q1 ((xQ1 *R1) | #S1) *T1)) (Body (exec (= *T1 (xU1 | #S1))) (push_s *P1
(xQ1 *R1) *U1)))

(Rule ruleName (Head (push_s *D1 (xE1 *F1) *G1)) (Body (exec (= *G1 (xE1 *H1))) (append (xD1) *F1 *H1)))
(Rule ruleName (Head (append (¥S | *T) *U %V)) (Body (exec (= *V (xS | #W))) (append *T U *W)))

(Rule ruleName (Head (decideOneMove *R27 ((xS27 (xT27 | xU27))) (xV27 *W27 *X27))) (Body (exec (=*T27 *V27))
(getStackNumber (xS27 (xT27 | *U27)) *W27) (append *R27 () *Y27) (decideToWhere *Y27 *X27)))

(Rule ruleName (Head (reverse (¥B1 | *C1) =*D1)) (Body (reverse *C1 *E1) (append *E1 (xB1) *D1)))

(Rule ruleName (Head (length (x0 | *P) *Q)) (Body (length *P *R) (add *R 1 *Q)))

(Rule ruleName (Head (length () *F)) (Body (exec (= #F 0))))

(Rule ruleName (Head (reverse () *F)) (Body (exec (= #F ()))))

(Rule ruleName (Head (revNumBad|yPlacedContainersinStack (xY *A1 | *B1) *C1)) (Cond (number *A1) (number
*Y) (O *A1 *Y)) (Body (length (xA1 | *B1) *C1)))

(Rule ruleName (Head (decideToWhere () *F)) (Body (exec (false))))

(Rule ruleName (Head (revNumBadlyPlacedContainersIinStack (xI) *J)) (Body (exec (= *J 0))))

(Rule ruleName (Head (revNumBadlyPlacedContainersinStack () *F)) (Body (exec (= *F 0))))
(Rule ruleName (Head (ascendingOrder (kY *A1 | *B1))) (Cond (number *A1) (number x*Y)
(ascendingOrder (xA1 | *B1))))

(Rule ruleName (Head (ascendingOrder (xK))) (Body))

(Rule ruleName (Head (ascendingOrder (¥Q *R | *S))) (Cond (number *R)
(false))))

(Rule ruleName (Head (revNumBadl|yPlacedContainersInStack (0 *P | *Q) *R)) (Cond (number *P) (number *0) (<=
*P *0)) (Body (revNumBadlyPlacedContainersInStack (P | *Q) *R)))

(Rule ruleName (Head (decideOneMove *152 ((xJ52 ()) *K52 | *L52) (M52 *N52 *052))) (Body (append *152 ((*J52
0)) *P52) (decideOneMove *P52 (¥K52 | *L52) (M52 *N52 *052))))

(exec (M3 | #N3)))

(<= *Y *A1)) (Body

(number *Q) (> *Q *R)) (Body (exec

BEOKA, 7 FLroHE - HEHRZ, ZLT,
DS R D 0B EOF~OEXHZ 2D 5.
EHZAER, EDON—VEBHTERL o725
HIXEIET 5.

K6 EHShiFHREEeRTII-IVES (2/2)

1>
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ZEEERLTWA. T2, ZHOT bAoA pm/2 D% 1
FIEREONFIHC L > Tar 7 F 2~ 2 7%
®D Bay DIRFEZEL TS, LOFIE (a) 225, X4
(a) ® Bay 2%, FE (b) 75X 4(b) @ Bay SN2

nTwihud s ) HIIFEZAHICE LD, K7
FEEOFATEM T, 7 ) FIZK 8 AVRT 2 DDHEIHS
Beol-lbhkET. ZOHERL TIrTFOBBHO
FIHE LT,
(@ (732) (313) (213) (721) (521) (421)
(b) (731) (523) (423) (123) (712) (312)

LV 200MBELI, B, TRUSOMAT

nEonr..

TUT T AR T HE ZIRZI— IOV THLA
5. #HlIE Koike etal. (2005) (2d 5. WV — ) VidLh
TOX) L EFRD

(Rule OV—)v44) (Head (7 b £4%1)) (Cond (7 b
251)) (Body (exec (7 b 2&F0)) (7 b 2Fl)))

W=V EEDOY Y RNVTHLH. V=%
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Execution mode
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execution time:
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X7
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AT

B

N @21))))<.
(ans (pm ((1 (2))
2) 31 2)))<-.

2 @7) @45

(ans (pm ((1 (45 7)) 2 M) G236)) (132 @13 213 721 B2
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(731 523 (423 (123 71

X8
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ETE 5D, V=) %) O%IZ Head #H%%t . Head
HIE1 2 07 M AZFD. Head HD %12 Cond
#25%E < . Cond (& Condition % & L, Head 7213 T
BEREHETELZVV— VOB 2583 5. Cond
HILAMETE %, Cond #? 12 Body &A%t < .
V=)Vt Body #i% 1 2L EFED. Vv — LV 0@ HREIC
Body flOE 72T HiAHER SN, £ IO Body 12
o THIOEZZ IR 5. > THRED®
B B |\ RIR T %é@f%@ 1%%%%?3
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5. exec
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Software Framework Design for Fast Enumeration of Optimal Solutions to
Combinatorial Optimization Problems

Hidekatsu KOIKE!

Abstract

Frequent revision of program specifications can occur in software development to solve problems
of which well-established solutions have yet to be found. This paper proposes a framework for
software development to efficiently enumerate optimal solutions to combinatorial optimization
problems; the framework copes with the frequent specification changes. A peculiarity of this study is
that we represent each program component as a correct rewriting rule, which is generated from a
specification and accumulates in a program. The peculiarity enables us to manage both efficiency and
correctness of a program. This paper demonstrates a software development process to efficiently
enumerate optimal solutions to a container pre-marshalling problem as an application example of the
framework.

Keywords: Combinatorial Optimization, Container Pre-Marshalling Problem, Enumeration, Logistics,
Software Framework.
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