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F1E /O85> 3Y

HH95TE ;% (Constraint Programming) [&. BB E B D IEREHN A TRESN LB RN T EHD
S IS ECHRET SRR RD7IO—F T, ZL T, LT TIX, LIELIE, THERR A5
E11E;% (finite domain Constraint Programming) |ERICEBK Tl HI#9ETEE ). BLLIX. TCPIZE £
L/i—q-o

CP X . BEIZEVWT. (BERFNKDH L. LI GUVEER 71— ILIERKEREL 3RO D
IER 4317, &KV, &2 TRIRE (sequencing and assignment of tasks) |, [EFBETEIEFERMEE
(workforce planning and timetabling) 1. [ ER & EI L 578 (frequency assignment) |, [F&3A . v
7 (loading and cutting) "1, T 57D &Y FRRE (graph coloring) ID K5 LR RABEDEEEL
THRUWEICERENTETLEY,

CP DML, FnE. #HIFIBEI% (constraint relations) DEDAVSHILEEKREZZREDIEDT

ELHIMKDRBBDI=DIC NALANLGERBEEICEICHYET . COISHENILANILDOHFIK

KIFMTO—\ILHIKIK (g/obal constraints) EFEIENFET, FIHRZ. X OWITEBRTEHIL

FDEHYFEEA IHBIETTH, HADOHICERT 2 BIET. BEOEED ZINKHIT

LEWET, HIHKICNET D, BELGMEICET MBI, V) 1—2ar7IILITYXLTHRASN.,
TILTVXLDONEESLLET,

1.1 Xpress—Kalis

['Xpress—Kalis]. BlI#F. Kalis for MoselllZ&kl . Artelys £t Kalis Constraint Programming v
WIN—ADTIERANTEET, Xpress—Kalis Z@LT.Kalis DFIFIETEIDHERED, Mosel IRIET
FIFATRTEEIZARY . 2—H1E, Mosel EEET CP ETIIEERILL T, TNEMIIENHFEFT,

Xpress—Kalis (&, [HRFAAVILN— | ETEHGCEER/ N RERDVILN—1ZHELET . RT7Y
A—LERBEDOERILERIET HOIC. COVINIITIX ARV EERERTIHEDETIL
ATz IMDEEREERLET . COBEDETIMERA T VMDEERKIE. BEIMIC,
HHEERNDFMNEREEVNTYTILT. CO2MTOBEICEM LSz, RBShTWSH—
FEREEN)H—LET, 3L T ZEDORT D 1— )LIERREEIL. BIZ, }dET52R9. 8L,
BROAIT OO T YT TEHIEEIT T, EESN, BCENTEET,

Mosel I0 RS A /N—%{FS2 & T, AEYVATHDT—RERE, EVa1—)L mmodbec ZBLTHDT—ER—
AAND ODBC 7V EREEL . Mosel RED T RTODT—EANIRYLT - T7oTa1l& kalis |z
KUY, BAL. RABENELTHEZET,

* 2B - http://www.dashoptimization.com/home/cgi—bin/example.pl?id=mosel book 4




Mosel EEE(&. IL—T . &, FYBEHLT VTV LEERTTIDICBRELGYITIL—FULBED LS
HCHBMNETOISIDT DEODERERE Y R—ELTULVET , Mosel [, F7=. Xpress—Kalis &
Xpress—Optimizer [Z#E& L. CP & LP/MIP %> T, X FE CRIRBZAEENAEELLSZTH-HD.,
B0l IWN—EEETHTIYMR—LELTHEMTEE Y, (Dash Whitepaper Multiple models
and parallel solving with Mosel #5808, ) CDY =17 LTI, Mosel ZE>TITSETILERETOY
VT OEBRITOVTHBALEY N RELQIBE. SHICEEL T —Fr—I2DOVTHMIFTT,
ZTOERECOVTDREABRF AT =3y FYBERNLGAbOF I3V RISDONTIE,
Mosel language reference manual, &, Mosel user guide ZS ML TSN,

111 8FNA—2 a3 [D2L0VTD/ —

CDIR=aTILIZEREHDHIE. TXpress—Kalis @ release 2007. 1. 01, NXpress-MP Release 2007A
beta version of Mosel (1.7.9) 1. &&U. Tversion 1.17.50 of Xpress-IVE] ZfE>TEH
NTVWET, ThoDfIN, HDN—3oTIrEhde, Gond7Ho Ty M. 2 &
BAHARATHATNENL LNERA, FICT, TOED P YINA—DOTILT) XLORE.

Xpress—Kalis DT 1 T4V FEREDEEICKY . WK, Y—FOEZEEEIhIAL LA
FtHA. Tl WVEA R T2 —X(F FHESMZ 5N TIT< L SEDYY—XT, DL,

EhoTI< ML LhFEHA,

1.2V 7 DAV AN —2aYy

Xpress—Kalis, Xpress—Mosel, Xpress—Kalis Z{#3I1Z[X, CNoDY I Iz FEA 2 AM—ILL T, 54
TUREBLBINIEBYVEL A CP ETILERSHZEE . Windows 1—H—I[E, FS5T71hILIREE
Xpress—IVE Z#BMA VA= LT HEERTETH, CNITBHBEFHTIEHYFEE A,

Mosel (B&UIVE)EZIVE1—RITAVRb—)LF BIZI&, Xpress—-MP DEFDEEIZ, RIFFIZE
ENBAURAR—ILHARIZHESTLIEELY, RUVNT, Xpress—Kalis & . Xpress—Kalis DERF D E=1Z, [
BFICERAINDIAV ARSIV T AV A= ILLTLIZELY,

1.3 #Hl#9 51 % (Constraint Programming) D E X &

HHFIFTELECP)OBEIZ. TOREEHIZL > TEERIN. FTl-. CNODREEHIIF AL L
WXEF->TVWET, BIBEERE. BE. 7 IBERE (branching strategy) [CK> TR HOUET , Ik E
BE (L. 5 2 ERRK (enumeration strategy) . —FBkE& (search strategy) EHLIEIEN TULNET,

CP (&, AIZFAA > (variable domain) D=, THHE . [REEHHIMAEDES IZFELET,
[BRR A 95T E % (finite domain Constraint Programming) 1 Cl&. S in(d. BHDES (set) .
Ff=&. 4123—7\ )L (interval) T,

CP DEFHKX(E. EBE. FIZL . VI7EBRELED L%, HhDBHDEFEFER (result) [ZEDL,



TNBEHDYa1—2avFIITV A LERBATOVET, D&V, #IHXLEESNDLE, ThIE.
ZTOERESEROINTRE, T4DHE, Y)a—2aVT7ILTVXLN, EBOFAUNG, EIT
FEREEHIE L ELRYBRLRETRELET,

CP RAREM#IFIK L. THIFK T O/ — 3> (constraint propagation) |EFEIEN B AN=X LIZ L
DTIVIEINTVET . Thhb. HAEBMDRAMUNEEREINSE. ChiE. ZOEHKICTOLTD
TRTOFNRXOBEMMEN)A—LET . CNICKY . SERF . HOEHOELEERELEZY.,
Figurel.1 QBIITRENTNSELIIZ. RIDEBDEAMD—BOBLENIA—LIZYLET (B
HOTRDEAUIE 2 DOHPXDEMTHEILETS . REORATYIT. 2 BEEOHINKDE
£, RYOHHREESI ., TOHFFMEEN)H—LET )

(a) (b)
(1) (x (¥ (z) (1)
[1..10] [5..15] [1.15] [1.5,10] [5,15] [1,15]
¥y=<Z ¥y=42
@ (y————2) @ (y———2)
[1..10] [5..14] [6..15] [1.5,10] [5,15] [5,15]
4% x=y y<z 4% x=y y=z
@ (x) (¥} (z) @ () {y) (z)
[2..3] {8,12} [6..15] [1.5,3.75 [6,15] [5.15]
4*x=y y<z 4*x=y y=z
(4) (x} (y) (z) (4) (x} (y) (z]
[2..3] {8.12} [9..15] [1.5.3.75] [6,15] [6,15]

Figure 1.1: Example of constraint propagation, (a) finite domain (discrete) variables, (b) continuous variables.

CP ML, U<, FIFKLIER (bound) ZMZ B LITES T RRIZ. EEHITONATHEET,
CP RABEMLILIT. RYDHHKD AT — AU MEECTENDIEFEYVE T, ZL T HIHX DR
FLNTEIE. TNICEIEHDRAOHSBYBRINTHEE T, FrzlTMIohHHXOKER
(. F<IZL2AD CP BREIZEEBINID T, — MBI, FEMISCOFINKE. RTEELRY. AR
LzY9 HILIETEFEH A,

BEICES>TIE, FINRKEZBLIL. BLUBEBOAN=XLDOEAELEZITT. HAHMBEAVX
A2 X (problem instance) MEITREETH A ELFIHAT 5D+ R THAZEEHYFET . LH L. KK
DIBFE . EHOF AV E FE—DDEBEMEDHEIMVREV R L PEITAIREY ) 1—13aY) [
FTHDEE B DFNZE (enumeration) ZMAT=Y . EDKILGEAFELGWIEEIEMALIZY T
BENMRBETY . SHIT. RLRVWEMBRDOEGERZH ORBEARERFZE Y —F I 5701,
BEIREH (L&, IRMER) O —FEERT HEBTEFET

14 COXEDODRE

COFF AR, Xpress—Kalis DEWVADAOF I3V TY, HIHNETEEOEARANLEFEE
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SRS ET M. REBEDESADL.CP OTI=VIIZDLNTOH., Ao D—BIGIBENH I L5
BIRELTULVET , £f=. Xpress—Kalis /Y Xpress—Mosel DEL 21— ILED T, CORF 1AV MTIEL,
RERENDPIDOERIZVHETHHERDONBIEE(L. Mosel SEEDT4—Fv—IZDWLWTHEHEALT
WFE7,

ETILHFIZE ST, Xpress—Kalis TEZRINDUTDFHLWVN E2ALTIDFENAEFIRLET .

o RELEH: BIRRFAA (finite domain) & iF B/ T s (floating point) ZE 24

o HI#IX: absolute value and distance. all-different, element. generic binary. linear.
maximum & minimum, occurrence, logical relations

o 5lZ (Enumeration) : FBRIIIERINI=HDIERAF— L1 —FH—FEREE

o RFTVa—UERK: FRYEEBRERTMREETILAT VI

CCTIH.CPETILO—RRIBE. BLU. T—HNURYLTEEL  Mosel DEWLAG DEREZFERAL
F9 . RUVT. Xpress—Kalis DEGELFIHBERIATOFENAZFIRT S-HIZ, —ED/NSLERE
NREFET . ROEIKX, 30 EAKRRESI-AET. JNEBBEERT H-DD., AlRelL. EHD A E
[TDOVWTEHRBALFET . TNLDLKONE ZDHITHATHETILHIT, BRIZ, HTETLSLD
TY RTDa—ERITOVWTOETIEH A7 Va— L ERBEDERXILZH LT Hltaskl &
lresource IELNIETIILIERDT=ODA TV EEALET,

DA THTBULKDADHIFRELT, TRTOFIA. LTFDELIITRENFET,

o FITDOLTDEREA

e CPETIELTOERIE

e Implementation with Xpress—Kalis: code listing and explanations 4> )AL F— 32D
128D Xpress—Kalis I—F D' X+ &EEA

o HER

CORFXIAVMITRTESNTWBETILEIE., FXT, Xpress—Kalis DERMEIZ. EBAYDO—EELT
REINSHIBEEID—FELTEENTLET,

11



F2E ETIEROER
AETIK, UTOZEZHBALET,

e Mosel {5

e Xpress-Kalis T, f87%: CP T LZMERL . fi#<

o ZOVINITTHHEATEITINTVNEEREL, N T D
o T—ANUFYUYTT.ETIENERT D

e HMBEKZEERITD

o TATHILED 7 IEERE (branching strategy) ZIEIET

2.1 ZODETIL

ROBBIZDONTEZTATLZEN 1 Mo 3 ELWOIBEFEFITON TSI DORFFEFIIC. 4 D
NDREE A.B.C.BLU.D ZRTVa—)LLIZWEEZTWET LKOMDREIZIE. RICAYID
HENMBETT ., COZEE. ChoDRBERICEREICRRE TEROIEEEBRLTOET AIZ I,
REAIX. REB. KB D LEAFICAKTIZENTET . REB (I, R C. R D LRILHKM®T
[CERETEEE A

ChE, KYBBEISRBRThIE. UTFTOLSISHYES, Z2T. (me MEETINGS ={4,B,C,D}) 1.
SEm OBETEERL. Chold, CORBEDREEHTT,

Vm € MEETINGS : plan,, < {1,2.3}
plan , # plan,
plan , # plan,
plan, # plan,.
plan, # plan,,

2.1.1 Mosel ZF>TITS5A TV AVT—L 3y

LUTOa—rJAMZ&LY, ETHAL-BEEDN, RiTEh, BHANET,

mode| “Meeting”
uses “kalis”

declarations

MEETINGS = {"A",’B",'C",' D'} I Set of meetings
TIME =1..3 I Set of time slots
plan: array (MEETINGS) of cpvar I Time slot per meeting

end-declarations

12



forall(m in MEETINGS) setdomain(plan(m), TIME)

| Respect incompatibilities
plan(A") <> plan(B")
plan(A") <> plan(D")
plan('B") < plan(C')
plan('B") < plan('D")

I Solve the problem
if not(cp_find_next_sol) then
writeln(“"Problem is infeasible”)
exit(1)
end-if
I Solution printing
forall (m in MEETINGS)
writelIn("Meeting “, m, “: ”, getsol (plan(m)))

end-mode |

Z D Mosel ET /LI, meeting. mos ELNVSRRI T, THFARI7ZAILELTE—TENFET, UTT, L
TEVWVEETILEFHLKRTAELLS,

2.1.1.1 — M 8iE

Mosel 7OF S LIE, TR T . model ELVIF—T—FMASIBFEYET, HELT, —FHIE AT model
ZMEEET, FL T, Mosel 7O5 5L (%, end-mode| &ELVSF—D—KRTRHYET,

Mosel (. FNBEEKIEVILA—TIZHLD T, TAYSLDBTET, FTEEDRAT—RAVRT, Kalis
constraint solver #{f3&EHELET

uses “kalis”

FTRTDATOYME, assignment THIEIZEZRIN TSI EERE. declarations £9ar
TTEESNBTNIERYEBABIZIE. i: =1 (X i 2BHEEFEL. FNICE1 2EYETES,
EFILIZIE. BEAIBATIZ, 20D &57%5 declarations 223NN ELEE Ao

BRE. RTWAIDT—XTIE UTDZDONDES (set) EBRS (array ) EEERLTLET,

e MEETINGS IX. strings D&ES.

o TIME (X, LMD, range set T, BT HIBHDEST. COBITZIL. EZIE. 1 M3
FTOEHTT,

e plan(E. && MEETINGS ELVS AU TYIRERFENF24T cpvar EWVIREEBDEF

13



T3, 2z, cpvar ITBRKALL CPEHTY (Xpress—Kalis D_DBEDRELEHD A
& cpfloatvar T, Thl, EHREEHD-HODELNDTT),

RNT, ET VI, Xpress—Kalis D F /B (procedure) setdomain ZFE>TEHDFAMVEEERLET
REZHIL. KRR TNDD declaration [ZKY. TIAIMDRERGRAMVEEZ OGN TERSH,
setdomain (&, SNLDRALU % RRMEIZH ST, TIAILMR AL D) intersection ETHADSEF
T HFEETILERL&KSIZ, foral | loop Z{ELY, & MEETINGS DT, §RTDATYIRES|
# (enumerate) LE T,

CORIZ.FHNKXDRAT AV GREFET . S. CSTRTVWSETILTIE. 4 DD (£ ZHFD)
disequality FIFIX B HFH KX DR T—F AV LT,

211.2FETIVERE, TIOMTy bEHNTS

cp_find_next_sol 772923 T, Kalis Z 0, EZRELE T (REZHD I ATITFLLT. X
TRIBEEDN BB TERDITH), CZT. ZDIT72232 D return value T AMLET , £L. VI
1—2avhe<LBoFohiGhe, CDT7ooavidk, false ZIRLTEET DT, COBFRT.
Mosel FIlE exit ZFEU, ETIILDRITZLED . E5THRIMEE KX, V) a—LaVEHRILET .

FIREZ <=8, Xpress—Kalis &, A& T 5T A MERBBEZFENET, BT, ChoDEBE
EEYIHERERALFTY .

T7oH 3y getsol ZFELN, CP ZEHDY ) 1—30FBEFT ., — T OMDIEEHZELZIE.
HAHZERITB=60 writeln TIEAEd write ZELVET,

2.1.1.3 24 —<vF1429

ETIWEELEZFIZ AVTUM AR EOTEFESIE, ETIUDHEHAZLEYET , LH L. Mosel
. hoExzRAF YT LET,

Line breaks: —1TIZ, LN DOMDRAT—F AU REELZEIXATRETT . TNEITOICIE, FEEDEKIIZ,
TIOO0V TRAT—hAVREYYEEL TEELY,

plan( A") < plan(B); plan(A") < plan('D")

LAL. 574 line end' 4> continuation character MWD T, BITICE=NBRTF—RAVMMTIE.
operator ( +, >= etc)®® , ‘DEIBFVYIIVFTRALTNIXBYERA, FNIZKY, AT—AY
AR TULVENWZENTRENET,

BITRENTULVSDEIIZ. Mosel DIAAVMTIE, ! THRFEVET . ERITOIAAUMTIE, HEHHER

14



AAVMIETT S, ! TRFEY.! TRHOYFET,

21.2ETILESVT D

Mosel ETILESVTHHEKICIE, ZD2DE—FHAHY. EDOHMNO—DERSRIENTEET,

Mosel command line MM5fT5 A% : CD A K, Mosel BFIRRTEETH LT A TDTIvk
R—LTEAEY ., COE—FE PR BGHRTAIREEHFOEBROET ILO—
BDOTUEERTLEVWESHIGE . BIZERNTT . COTVE—FRTIH. THAVAZED .
273 Mosel DEEMEICT VA TEEY,

Xpress-IVE DT Z74AIIVRENSITIAE: DA EIE, Windows T—HFNEZFT,
IVE [, ETIIVERERBIE D= DRAFRIRIET. Mosel ETILERIT=HODABDTF
ARITA9EHL, £z, 24D . V)21—230  BEU H—F V) —DT1RTL—4L#H
STHY. INIE BARERE T, ETILEY)2—2a3VT LIV LERHTHDIZETE
BERTY, ETIE. AVETITATICEBLGNDYTUTEET,

TV —230-Ta9 S LOHNBITSHZE: Mosel ETILIX, 7F)r—ar-70d
S5..(C/C++, Java, VB, NET)MST7 VLA TE, E1TCTEET, COMEEMEX. BE.
Mosel ETIILE XD IFR AT LEHELTHESESIZFERINET,

COYZAFZILTIE. COXYZATILTHRETDIETILETUTR=OIZ. RO 2 DDAEEFEL
FT,ETINETTVr—2a0 TS LICEHAD ZECDLNTOEMIE. Mosel DA—HHAK
#SHBL TS,

2.1.2.1 Mosel command |ine M 51T5 Ak

SEREETIVE. D7)l meeting. mos [CANNIE, FABEDOV) 12— avIc#LTENTEET . F

nizix.

TROEDDAT—ONRETT,

meeting. mos Za /A JLL T, meeting. bim [CEHT 5,
avifILENT-meeting. bimZAO—K3 3,
O—KRLE=ETILESVT D,

Mosel Za< R -TOVTEMSEAIAL. RDIEF TIAYUREADLET,

mose|

compile meeting
load meeting
run

quit

NBOARURT, ETEFIVAASMLEN, O—REN, SUENET, 3T HE RDESLET IR
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TYMHHETEES , ZZT. Mosel DHEAENASA SN KFTRFASNET,

mose|

*x Xpress—Mosel *x*
(c) Copyright Dash Associates 1998-2005
> compile meeting
Compiling "'meeting’ ..
> load meeting

> run

Meeting A: 1

Meeting B: 2

Meeting C: 1

Meeting D: 3
Returned value: 0

> quit

Exiting.

compile/load/run ELVDL—I IV RFKLFEHONSD T, FREDLIIZELRILTHEHTEET,
exec meeting
TEOARVESAUMNS, RACRATYTH, BIEIZ, T2FT,

mosel —¢c “compile meeting; load meeting; run”

mosel -¢ “exec meeting”

—c AT avIZlk. FJIIa—T—arTHENF-OTUR - YR MEREET,
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2.1.2.2 IVE#{ES

(&l xl

[) File Edit View Buld Debug Deploy Modules Wizards Window Help =@ x|
D] & 8@ x5 e [P BE 10 b
lmlin/=/~[al = B N ™ S A v S P
[ meeting mos &) ¥
———— o Bl olx

model "Meeting"

uses "kalis" [ [Test output from Mosel/Dptimizer, ViewrEdt | Clegyr | [ Auto Hide

declarations
MEETINGS = {'A','B','C','D'}
TIME = 1..3

plan: array(MEETINGS) of cpvar

end-declarations

forall(m in MEETINGS)

omain(plan(m), TIME)

an('s') <> plan('C'}
<> plan('D')

! Solu: n printing
forall(m MEETINGS)
writeln("Meeting ", m, ": ", getsol(plan(m)))
< I _|J

[Type hers: [

end-model

Entiliss 4 .r‘ Output/input [ Stats | Matrs | Otiective | MIP search | BB wee | User graph |
g Ho matiiis available
Build | Search | Debug Waich Copy to clipboard
Ready 1die [Free Memary: 9540 | Line: 1/41 lcoo |

Figure 2.1: IVE after opening a model

ETILITF7AIL meetingmos # IVE TESIZ(X, FTERODATVITEETITILENHYET,

o IVE DL EIT: Xpress-IVE DIRFEAAL—ILFIBIZHEL, AV A= ILEITOT=1K.
TRAINYTDTAAVEZTIVLIYILTTAT S LEWRET HH . £izIL, Start >>
Programs >> Xpress—MP >> Xpress—IV EEA T, TOT S LEBET 5, £f-. DOSaTY
F-TOUTRT ive EBMTAU T BHh ., E1=IE. HhskF. mos ZHFDETILIFAIEZT
W)y dHIET. IVEZUE LIFAHIEELTEET,

o File >> Open AT, ETINI7AINERNTLEEW, £3T 5%E. ETILDY—AND,
FROYIALURY AVE Editor)|l T4 R TL—SNET,

o Run Ry BEEHYYHTBH . H UL, Build >> Run & A TSN,
D—9AR—ZD TED Build #:1d. Mosel DETILRITRAT—HRAVE—CFRRELET . ETIL
2V AYHIRIS—PRRDOMNBE, FASIE, CSITREN, IT—HARBRHEENEITEFYSIIE4—D
MEBDEME. LLHEE5. BBOHRANKRREINET . T5—%9UvIT5HE. I5—%#&ILT
WAITICA—HZENTITEES,

ETILDSUNITHhNDE. T—ORAR—REHID Output/Input #IZIE. TOTSLIZE>TER
ENBT7INTIYNNRRENETLIVE [L. F£=. CP DY —FY)—DFS5TRR(CP search D&
RIREDY T — st ERR(CP#HFFDLET . &I, IVE TlE, Mosel ETILICH T IL—F U %8B
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RO TEIZES T, A—HIXTSTEHLIENTEFITGEERIZ. TP 2—JL mmive DRF1AT—
23 ER TS,

IVE (&, EFDZED Entities B2, V) a—av DI R TOERERTLET . CORTRELEHD
YRAREREL, YORRAVBZADFTHE V) a—La ENRTESNET,

ISEE

[) File Edit View Buld Debug Deploy Modules Wizards Window Help =& x|
(D B % B @[ [ % | [P B 1 [ | 5[
|mn]=[-[a = B0 5o [ ok |5 50 (%

e

“ meeting mos ]| E‘
alx = ol
model "Meeting”
[CAExamplestmeeting.mos) mce "kalien [ [Constiaint Programming Statistics I Auto Hide
T E::T:n‘z's declarations Problem size
8 pmies MEETINGS = {'A’,'B',’C’,'D'} Variables s
3 sets TIME = 1..3 Consiraints: 4
gt Deomenaiaties plan: array(MEETINGS) of cpvar . 1 sting
[1 amaps end-declarations I R R
a4 Nodes 4
H g;;f;ft“:'; forall(m in MEETINGS) secdomain(plan(m), TIME) e a
“ | Bacidracks 0
! Time 0s
3 Total propagation time: 0s
plan('a') <> plan( Last call propagation time: 0s
plan('s') <> plan('C') Total propagation fterstions 1
plan('B'} <> plan('D') Last call propagation iterations 3
Solutions
Solutions: 1
Last solution
Obiective. ]
Nodes needed 4
! Selution printing
forall(m in MEETINGS) = =
writeln("Meeting ", m, ": ", getscl(plan(m)))
end-modsl
Eriites al _'|_I OutputAnpet (P stals [ CP search ] User araph
g CAEvamplesmeeting mos compied successiull, No matis s avallable
Masel version. 1
Modulels] in use; kalis version 2005.1.1, mmive version 1.16.0.
eling
Build | "Subroutines" locations | Debug Waich Capy o clighoard |

Ready [1cle [Free Memory: 953Mp | Line: 23741 Jeal:1 [

Figure 2.2: |VE after model execution

2.1.2.3 ETNETANYTT S

ETIVETN\VITHODE—HIE, M BMHGEREMZASETT . CCODETILTE
ZIE FIZIE, BEHDRACDEZEDREIZ, writeln(plan) EWVND T4 VEMZDZEIZEST RE
EHOERFERILIzY., E£1=. FIE cp_showprob [Tk Y. MEEEZ. 5. RILF-YT 5
LEET . T/INVIERBICTB-DIT. 2o LRmA BV AZTHSEBITIE, 21—V IF REEHIC
BREEZHILBHERFET HIZIL

forall (m in MEETINGS) setname(plan(m), “Meeting “+m)
CIT RNV HERET D + HAUEFERALEIEISERELTESLY,
ZF)IE cp_show_stats ZFFFE .5 &, CP solving DY) —#EtMNRRShET,

aAYURSA2/8—23 0 T, run—time errors D FEMIEREFA-DIZIE. ETIIL%E, flag -g Tav
NILTEHELRHYET, FIZIE,

18



mosel —-¢ “exec —g meeting”

Mosel T/3vH(EE#AIL. Mosel EEEYI7L AT =T ILESR)ZEAT SIZIL. compilation
flag -G ZESHELRHYET,

IVE [Z. TI4ILT. TIYTE—RTETILEIVNSAILL, FLT. ZLT. CBRELES ST
BH\, Debug A=—a—hD)T/N\YHEREA—ETDE. FRICHIEL T, ETILEXIGTAEIA /N
JLLET,

227F7ANDLDT—E AN

CIT . HIDFIZE. AOT—2yhERIZERTH-OICHERLETS . D, BHE5T—21ybT

ETINEZULEVWEE. ETLIZAIILDT—EEILNDERDTATERETHDIEERMTIE
B ERBVDDOTRELBYDNETY, LA 2T, 25T R DYIC. THRRARNIFAILDS T —REFHRAZ
HETH. ZFDOHEICOVTEHRBALELLS,

CORZEL. Applications of optimization with Xpress-MP& LV XED S 314405
B> TEMET. WE, CNEREEVWEE->TWSELET,

HEIBMKRZTIE. LLODDA T ar - EDa2—ILT, HFKIZ, a—RRBEHET 2LELHY
FY. MERIE, TRT 2BHTEF T AREZTHLOIC 2BE A AESN . mHEDL. FETIL.
8:00—10:00, 10:15—12:15, 14:00—16:00, H KU, 16:15—18:15T, FF8DDHEFEMNHYET
Table2 1IZRO5N A&, ALEENRBREZ TR T NIEASLEVE B (. ACEBEICETAT.
LT=hoT. ZDLSERERF B X, BlIOBERTICITHhNEITIEEYEHE A (set of incompatible

exams) o

Table 2. 1: Incompatibilities between different exams

DA NA C+  SE PM J GMA  LP MP S DSE
DA - X - - X - X - - X X
NA X - - - X - X - - X X
C++ - - - X X X X - X X X
SE - - X - X X X - - X X
PM X X X X - X X X X X X
J - - X X X - X - X X X
GMA X X X X X X - X X X X
LP - - - - X - X - - X X
MP - - X - X X - - X X
S X X X X X X X X - X
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DSE X X X X X X X X X X -

2.2.1 Model formulation

ZOD CP ETIIX.BIDELDERULEBEZL>TULET . LHL, FIDLDEDNDEWNE, T—2EF
INCOMP T.Zh L. RIBFIHTHIZTRAGEOEEBRE B ORT7ERLTEY. ZZTEH. FNbEVED
FTOEZLIFAIEDRDHYIZ, disequality constraints DIL—T TEZELET,

Ve e EXAM : plan, € {1,...,8}
Vd,ee EXAM ,INCOM ,, =1: plan, # plan,

S

2.2.2 Implementation £ > FY AF—a >

ZD Mosel ET LI, LWED, FERICKSIZHYET,

model “1-4 Scheduling exams (CP)”
uses “kalis”

declarations

EXAM = 1.. 11 I Set of exams

TIME = 1..8 I Set of time slots

INCOMP: array (EXAM, EXAM) of integer ! Incompatibility between exams
EXAMNAME: array (EXAM) of string

plan: array (EXAM) of cpvar I Time slot for exam
end-declarations

EXAMNAME: © (1. 11) [“DA”, “NA”. “C++", “SE”. “PN”. “J”. “GMA”. “LP”, “MP”. “S”. “DSE"]

initializations from 'Data/i4exam. dat’
INCOMP
end-initializations

forall (e in EXAM) setdomain(plan(e), TIME)

I Respect incompatibilities
forall(d, e in EXAM | d<e and INCOMP(d,e)=1) plan(d) <> plan(e)

I Solve the problem

if not(cp_find_next_sol) then
writeIn("Problem is infeasible”)
exit (1)

end-if

I Solution printing
forall (t in TIME) do
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write("Slot ”, t, "1 ")
forall (e in EXAM)
if (getsol (plan(e))=t) then write (EXAMNAME (e),” ”); end-if
writeln
end-do

end-mode |

B2 5 INCOMP MDEIL. initializations block M7/ JL idexam. dat NSHEARAENET .
disequality constraints O E & C. X9 % array entry—conditions DEMFTvHIE N loop. sum, F
Db aggregate operators DA T I R (I fETIY—IENFET,

ZDT—EI7AILIE, TREORBEFHFLET,

INCOMP: [0 1001010011
10001010011
00011110111
00101110011
T1T11011 1111
00111010111
T1T111101111
00001010011
00101110011
T1T111111101
T1111111110]

2.2.3 B8

ETIVE LTORRETIVNFT ., ZF. . RIDO T OORETLEINRBROR TS a1—ILIfE
AShdIEERLTVET,

. DA G++ LP
NA SE MP
PM

GMA

S

DSE

J

Slot
Slot
Slot
Slot
Slot
Slot
Slot
Slot

O dOoO T wWwnN —

2.2457—4% - FYJo-ETIL

LEDETILTIL. incompatibility T—4% . Z7AILDDHRAAFAELI=N, T—2D—E(F HHb,
index set EXANE(EZ ABERISEDEIL. ETFILT. WEE . N—Fa—FEhTULVET,
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EBEDT—REIYNTIVTES. REITTLF LT NLBETIVEERTRICIE. TRTOT—EER
E.ETIADST—E2T7MIVICHEET ELEAHYET,

FLWLWT—2T74)L idexam2. dat (&, T—RIUM)—ZEERT ST TIEEL, Bl INCOMP D
index tuple HERLFET , T—HIUMI—I&, TT, ORI index tuple AfFEFET, set
EXAN DINB EBRREICEDEEHYE R A, HERED . Mosel (£, 2D set 12, B INCOMP DA
UTYIADEE BEIMICRAAD NS TT , SBIZ, SOT—2774I)LICIE., BEH NT OHBDE
LHYET,

INCOMP: [ ("DA” “NA” M) 1 ("DA” “GMA™) 1 ("DA” "S§”) 1
("NA” “DA” ) T ("NA” “GMA™) 1 ("NA" “§") 1
“SE PN7) 1

A " “DSE”) 1
"NA”
("C++” “) 1 (C++ (C++” “J7) 1 ("C++" "GMA
)
SE”

("DA”
("NA” “DSE”) 1
)1

("C++" "MP”) 1 ("C++” 1 ("C++” “DSE”) 1

("SE” "C++") 1 (" “PM*) 1 ("SE” “J”) 1 (“SE” “GMA™) 1 (“SE” “S”) 1
("SE” "DSE”) 1

CPI DAY 1 PN UNAT) 1 CPN 7Ce) 1 CPNY “SETY 1 (PN 7d7) 1
CPI 7GHATY 1 CPWC CLPYY 1 CPW WP 1 CPNC “ST) 1 (PN” “DSE”) 1

07 7)1 (7 TSEDY 1 (T PIY 1 (07 TGN 1 NPT) T
78 1 (0" “DSE) 1

CAUIA” DAY 1 C'GMA” “NAT) 1 C'GMA” “C++7) 1 ("GMA” “SE”) 1
CAIAT PN 1 CGNA” 7J7) 1 CGMA” “LPY) 1 (“GMA” NP 1
("GMA™ ”S”) 1 ("GMA” "DSE”) 1

CLP” PNY) 1 (LP” “GMAY) 1 (LP” “S”) 1 ('LP” "DSE”) 1

CWP” TG+ 1 CMPT PN 1 NPT Cd7Y 1 NPT CGNATY 1 CNP” 7ST) 1
("MP” “DSE”) 1

("S” "DA") 1 ("S” "NA”") 1 ("S” "C++”) 1 ("S” "SE”) 1 ("S” "PM") 1
ST U 1 (ST CGIAY) 1 (ST P 1 ST W) 1 (7S DSE N1

("DSE” “"DA”) 1 (“DSE” “NA”) 1 ("DSE” "C++") 1 (“DSE” "SE”) 1
("DSE” “PM”) 1 (“DSE” “J”) 1 ("DSE” "GMA”) 1 (“DSE” “LP”) 1
(“"DSE” “MP”) 1 (“DSE” “S”) 1 ]

NT: 8

LDIEERBREE D=, ETIVE VKON EZDDENHYEY  set EXAME set TIMEIE, LVE
P RATH#ESEFYRTIEITKO T, declare SN TVET , ChITKY . TNED setIE, ZNFETIE.
FNODEZEIRTT HZEIZEDT, constant definition THoT=DEITIBIIIC, LVEDL, ThidD
set & dynamic set [CHYET , ZDFHER.RELEH plan (X, 1TV R UM EXAM DNEIHN BT
IZ. ZLT. Mosel BCDEEFI%E dynamic array ELTHYERK T HHIIZ. declare SNFEF , LIk, 2D
declaration WZEDERFNEIEY . 12T Y IR ARV ERZUHIBN DL, (Mosel FlE create L),
ZTDERMEONDIDLENHLHILEZEKRLTUVET  EHEEDAINC. Xpress—Kalis DT I+ILk
bound % set TIME (245 Y HIBEIZZEEL. setdomain ~D call ZESHZAEY

B 5| INCOMP () declaration |&. 1=, dynamic array 4 LE T, initializations block [&. IF
FEIZ,. T—3T77AIIZYRFENTNWAI VR —IZ EFEY L TEIRIIZITHNTLVS constant
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declaration T, $RXTHDIVI)—MNEZRSNTLVET ), ChIZ&Y . disequality constraints * &9
BIL—T D condition . EELET ZENAEEICHEYET, SS5LT. LWER, TRTOT—2DEE
HRTEHEIRDY IVN—DFAEEZTAMNT NIEENZEITGYFEL, KEWT—2 VLD
158 . keyword exists #fES2& T, [BAER S (sparse array) 1, T 0H, ERTDT—HERFIT, 0
LSNADIUR)—HEHTOLRVNERIITOIL—TDERITHMEREEDV TELTLLS,

model “1-4 Scheduling exams (CP) - 2”
uses “kalis”

declarations

NT: integer I Number of time slots
EXAM: set of string I Set of exams
TIME: set of integer I Set of time slots

I

INCOMP: array (EXAM, EXAM) of integer ! Incompatibility between exams
plan: array (EXAM) of cpvar I Time slot for exam
end-declarations

initializations from 'Data/i4exam2. dat’
INCOMP NT
end-initializations

TIME:= 1..NT

setparam (“default_Ib”, 1); setparam(“default_ub”, NT)
forall (e in EXAM) create(plan(e))

I Respect incompatibilities
forall(d,e in EXAM | exists(INCOMP(d,e)) and d<e) plan(d) <> plan(e)

I Solve the problem

if not(cp_find_next_sol) then
writeln("Problem is infeasible™)
exit(l)

end-if

I Solution printing
forall (t in TIME) do
write("Slot ”, t, "1 ")
forall (e in EXAM)
if (getsol (plan(e))=t) then write(e,” ”); end-if
writeln
end-do

end-mode |
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ZO. 2l TF—2-FYIToRRITESE=ETILIE. DR BIDETILERI—DEEEZET,

REEH planZEBATRMIZERTDZEDRBMNEAEIL, FITTRT K32, T—FD initialization @
&1 declaration ZEIMN T ETT , CDIHFH. index set EXAM ZERIE . FLHTHLI L
(finalize) NEETY . TILTHLZEITKY, index set EXAM [F. REDIAV T VYEFD
constant set [Z%EY  Mosel (&, ZD1&(Z declare SNDHFT R TDEG|ZE. ZD set [TV TYIR
#{fL. static array ELTHEBKLET,

declarations

NT: integer I Number of time slots
EXAM: set of string I Set of exams
TIME: set of integer I Set of time slots

INCOMP: array (EXAM, EXAM) of integer ! Incompatibility between exams
end-declarations

initializations from 'Data/i4exam?2. dat’
INCOMP NT
end-initializations

finalize (EXAM)
TIME:= 1. .NT

setparam (“default_Ib”, 1); setparam(“default_ub”, NT)
declarations

plan: array (EXAM) of cpvar I Time slot for exam
end-declarations

2.3 Bt & 5% (enumeration)
2.3.1 &i#Eft

4532 222 DETIL idexam kamos E5LI-HER ., TR TOBBIHEEALTIEWARNVELS
SNFELE=M, INHLDERT, COBMENNELTHR/NDEBBTFEDOHIILNDERSIH, EEZ
BTLLS, COEBERIE, — D DHRBEILDEBET, ThEERLLELLD,

CCT. plan,ZHERCIE D EH (the same value range) xR, FTLLVRE LR numslot Z#E AL .
COEHBIE. TRTD planZHIZFELLD, KEVWEWSIEEZTTHINAEMAFTS, BEfbLT-.
—DDERIIE. T numslot 1£. FTRXTD planZEHDHZRKRIEEZELL, £FT5HZETT,

59 5HE. BHIBRIE. numsiot DIEZR/IMET HIELELY, 5T HE, TEDET AN FEOoNE
ERS

model “1-4 Scheduling exams (CP) - 3”
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uses “kalis”

declarations

NT: integer

EXAM: set of string

TIME: set of integer

INCOMP: array (EXAM, EXAM) of integer

Number of time slots

Set of exams

Set of time slots
Incompatibility between exams

plan: array (EXAM) of cpvar I Time slot for exam
numslot: cpvar I Number of time slots used
end-declarations

initializations from 'Data/i4exam2. dat’
INCOMP NT
end-initializations

finalize (EXAM)
TIME:= 1..NT

setparam (“default_Ib”, 1); setparam(“default_ub”, NT)
forall (e in EXAM) create(plan(e))

I Respect incompatibilities
forall(d,e in EXAM | exists(INCOMP(d,e)) and d<e) plan(d) <> plan(e)

I Calculate number of time slots used
nums lot = maximum(plan)

I Solve the problem

if not(cp_minimize (numslot)) then
writeln("Problem is infeasible™)
exit(l)

end-if

I Solution printing
forall (t in TIME) do
write("Slot ”, t, "1 ")
forall (e in EXAM)
if (getsol (plan(e))=t) then write(e,” ”); end-if
writeln
end-do

end-mode |

cp_find_next_sol [ZhHY. ZZTIX. BB ZEE numslot D cp_minimize % function
argument ELTREWVET,

COTRYZLIF, RIAREEL T DORBHERNIRICY)1—avEER | TOEE, EITAIEELRR
TOA-LVERVEYT DICBEGRDBERTFRERLEY .
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2.3.2 H# (Enumeration)

IVE @ CP stats pane X2, ETILD/NA—23> D#EHYIZENMT S cp_show_stats #Za—)LF 5T
T1¥5MN 5 problem statistics FLLE T HERNHMYET A, [EfTAIGERY1—2aVFRDH5 &L
STEMD, TRBIEIIZPIYEZDE. CPYILN—NY—FF5/—FD M. HhigY . EmLET,

CNETDETA, Xpress—Kalis DT I+ ILEDF| IR CTH—F%#i7>CEELIz, C2TY—FF
5/ —FDHEEFBLEIEHIENTELIMNEIM., LE=D>T, REHEHEETIDIZEPIN SRR
ZESEZHENTEINEINZRTHAELLD,

BIRERFAMVEHZEINET B1-0D Kalis DT IAHILREEE L, H—F DIBFEY DRI, FEEDAT—
RAVREEBMT HEICHEBLET,

cp_set_branching (assign_var (KALIS_SMALLEST_DOMAIN, KALIS_MIN_TO_MAX))

assign_var [&. branching scheme (a branch is formed by assigning the next chosen value to the
branching variable’)ZZBkL . KALIS_SMALLEST_DOMAIN IZ. variable selection strategy (" choose the
variable with the smallest number of values remaining in its domain)T&Y . KALIS_MIN_TO_MAX (%,

value selection strategy (‘from smallest to largest value') T9 .

CITI.BFRFTOHER/NMILEIIETVAIDT, JRE/NSWMENSFHIELZRIRTIDIELNER
DEIINBAFET LD oT TIANMEZBIREELLI-FEFTHEELLS LHL,. T,
KALIS_SMALLEST_DOMAIN % KALIS_MAX_DEGREE IZZ % T, ZHEBIRDE1—RT(HIREEZTR
FL&S. T3 BHE V) —DYAXEY—FHRED, TIHILEDESUTIZHEYELT,

LTIE, SOLBETE T2 RDET LD EATY,

model “1-4 Scheduling exams (CP) - 4”
uses “kalis”

declarations

NT: integer

EXAM: set of string

TIME: set of integer

INCOMP: array (EXAM, EXAM) of integer

Number of time slots

Set of exams

Set of time slots
Incompatibility between exams

plan: array (EXAM) of cpvar I Time slot for exam
numslot: cpvar I Number of time slots used
end-declarations

initializations from 'Data/i4exam2. dat’

INCOMP NT
end-initializations
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finalize (EXAM)
TIME:= 1. .NT

setparam (“default_Ib”, 1); setparam(“default_ub”, NT)
forall (e in EXAM) create(plan(e))

I Respect incompatibilities
forall(d, e in EXAM | exists(INCOMP(d,e)) and d<e) plan(d) <> plan(e)

I Calculate number of time slots used
numslot = maximum(plan)

I Setting parameters of the enumeration
cp_set_branching (assign_var (KALIS_MAX_DEGREE, KALIS_MIN_TO_MAX))

I Solve the problem

if not(cp_minimize(numslot)) then
writeIn("Problem is infeasible”)
exit (1)

end-if

I Solution printing
forall (t in TIME) do
write("Slot “, t, "1 ")
forall (e in EXAM)
if (getsol (plan(e))=t) then write(e,” ”); end-if
writeln
end-do

cp_show_stats

end-mode |

AR RBLEOLGVETILA—D3V TR FVFLICELZESDT, LYHEFITHHTIRTDa
—ILEBELIELTLET, TAabHb . Kalis MIN.TOMAX TIEGL, EDFEIREE Kalis

RANDOM_VALUE ZfERAL TL 5., ELVSTETY,

TR DEZR DML, 5 4 EEXR TZALY,
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| 1" [Constraint Programming search tree ™ Auto Hide [T [Constraint Pragramming search tiee [~ Auto Hide

“When paused, highlight nodes branching on b “When paused, highlight nodes branching on 52

O
Dutputflnpul| CP stats  CP searcl h | Uszer graph| Dutpulflnnull CPstats  CP zearch |User glaph|

Figure 2.3: Search tree displays in IVE (left: default strategy, right: KALIS_MIN_DEGREE strategy for variable choice)
2.3.2.1 IVE search tree display

IVE Tl&. 2O Z2DH—F V) —DiEL VI, CP search pane IZTRENDBYI—DT ST HILIERE
IZ&YU. BBICBIZRADELIITHEYES (Figure2.3 #5H), R AIBELGREIIZBDIEAHICELT
KEh. RELBMEORERIL. LT NKEVEABTIY—ISNET, Figure2.3 TRDKSIZ,
mADEEBT. —20OV ) a—avhRoteonEd, Y —F V) — T4 RTL—D/—FD LT,
TIADRALA—EE]NT & /—FES | FIREBOLZATEELEROFMARYTTIITRYY
ADHRIZENET . Fl= Y —FTARATL—D LD selection box [CEHBERLTOBRE. 5D
EHTHIETEITRTD/—FENATATHIELTEETIVE TLE2EEKDH LTI RATL—
ZF=WMERIE. FIE setname ZEL REZRICRFAZEEY B TEI (Y 3ar 2123 25 8),

2.4 EREHR

AEFBELT,. CNETRELEH type cpvar BEEERR) T /o TEFELT=, Xpress—Kalis D 2 FH
DEH type &, EfLTH (type cpfloatvar) T, COESHLEHIL. LT BHEHIZDOLTR
TE-DERBDAETHENET, FIZIE. FEEDHIZER TSN,

setparam ("DEFAULT_CONT INUOUS_LB”, 0)
setparam ("DEFAULT_CONT INUOUS_UB”, 10)

declarations
X,y: cpfloatvar

end-declarations

X o=y I Define a constraint
I Retrieve information about continuous variables
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writeln(getname (x), “:”, getsol (x))
writeln(getlb(y), ” ”, getub(y))

BERERIAT EBBRERIMITOENAIZIE, FRODEIE, LLKODDENLHYET,

o opfloatvar ZE L HIFIK (L. BB HAEK (strict inequalities) [ZIFENIELNT Hb, B
HFIE. 0= B&U. = EITAERTES,

o [FEAED global constraints (5 3 EXSHR) L. cpvar DA ITEHATES,
o ZEHORAUTHEEINET B9 —FEHIRIL, cpvar DHELIMEZLZNGE 4 EXSR),

e getnext MEIE, KA DIEZEFHIZET S access functions (L. cpfloatvar (2 TS/
Ly,
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% 3E #Hk

AETIK. BLRE214 7 OGEEL)BEEHIZEEL ., CNoZEMBTHIZ, ED &SI Xpress—Kalis ZES
FEERLET . RPN EIVav E BEGRBHIHNX O T MEELEDLSICERL. RS
=DV IDDANDFEERLET  LTDOLKDOADEILav T Ehth, HLLFIFHK
BATEBALET ., FEAEDHIN, BLDHHNXDBAEHLEEFERTINT, UTOYRME,
H5. —D2DHHX AT DERFIZRDITHDEILD TOC BLET,

e arithmetic: 2.1 (meeting.mos), 2.2 (exam*. mos), 3.7 (persplan. mos);
linear equality/inequality: 3.5 (b4seq+*_ka. mos), 3.6 (ilassign_ka. mos),
3.8 (bbpaint*_ka. mos), 3.9 (jbtax_ka. mos), 4.4 (ilassign_ka. mos),
5.2 (b1stadium_ka. mos);
Non-linearlnonlinear: 3.2
e all_different: 3.3 (sudoku_ka. mos), 3.5 (b4seq_ka. mos), 3.8 (bbpaint*_ka. mos),
3.4 (fregasgn. mos),.3.7 (persplan. mos), 3.11 (eulerkn#*. mos), 4.4 (ilassign_ka. mos)
e abs / distance: 3.4 (fregasgn. mos)
e cumulative:5.4 (d4backup2_ka. mos)
e cycle:3.10 (b5paint3_ka. mos)
e disjunctive: 3.5 (b4seq2_ka. mos)
e element:3.5 (bdseq_ka. mos), 3.6 (adsugar_ka. mos), 3.9 (jbtax_ka. mos),
3.8 (bSpaint_ka. mos), 4.4 (ilassign_ka.mos), ; 2D: 3.8 (bSpaint2_ka.mos)
e distribute / occurrence: 3.6 (adsugar_ka. mos), 3.7 (persplan. mos), 3.9 (j5tax_ka. mos)
e maximum / minimum: 2.3 (exam3. mos, exam4.mos), 3.5 (b4seq2_ka. mos),
3.4 (freqasgn. mos), 4.4 (ilassign_ka. mos)
e implies/equiv:3.8 (bbpaint_ka. mos), 3.7 (persplan. mos), 3.9 (j5tax_ka. mos),
3.11 (eulerkn2. mos)

e generic binary:3.1 (eulerkn. mos)

S HBKDN FY DT

DB AVTIE. Y230 21 ORBORT D 1—IVEERT HEVSHBERIZEYET, 20D
ETVICE, BERERIT OV TOBEGERFHX AL oTVES  LAL. CITERS LR,
TRT M), EHRELE (T LB, B4(4F cpfloatvar OEFDHWXBREEEL . IRTD
BAT D Xpress—Kalis DHFIRKICONVTEEZHIETT,
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TIZ. COMBEDOHFIKEL T, LKDOM MR FIZNERNET,

o REBIL, E 3 BIYLANICEESNAZTNIEESRLN,
e REDIX.F2HIZBLTIXRAETEALY,
o RBAKE 1 BICHRESNATNIEESEIN,

S1L1ETLOERE

chio® 3 DOEMERRXE, FEGEB)ZTHHAXTRRTEET . I5LT. UTOLRIIZ,
ETILERHLES,

Vm € MEETINGS : plan,, € {1,2,3}

plan, <2
plan,, #2
plan, =1

plan, # Plan,

plan , # Plan,,

plan, # Plan,.

plan, # Plan,,

3.1.2 Implementation

COFLLOEIFID Mosel IZLEHRITIX BHT, EETY,

model “Meeting (2)”
uses “kalis”

declarations

MEETINGS = {"A",’B",'C",' D'} | Set of meetings
TIME =1..3 I Set of time slots
plan: array (MEETINGS) of cpvar I Time slot per meeting

end-declarations

forall (m in MEETINGS) do
setdomain(plan(m), TIME)
setname (plan(m), “plan”+m)

end-do

writeln("Original domains: ”, plan)

plan('B’) <= 2 I Meeting B before day 3
plan('D’) <> 2 I Meeting D not on day 2
planCA) =1 I Meeting A on day 1
writeln("With constraints: ”, plan)

I Respect incompatibilities
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plan(A") <> plan('B")
plan(A’) <> plan('D")
plan('B’) <> plan(C")
plan('B’) <> plan('D")

I Solve the problem

if not(cp_find_next_sol) then
writeIn("Problem is infeasible”)
exit (1)

end-if

I Solution printing
forall (m in MEETINGS)
writeln("Meeting “, m, “: ”, getsol (plan(m)))

end-mode |

3.1.3 &R
HEDEIAL. 0. BRI, BRMAZTOEIIC. ETILOROBEFTIZ. T8 plan, DTV RT Ik
FMAELIz LIzA T 2DETILDEFTOHADIIUTDESIZHEYET,

Original domains: [planA[1..3],planB[1..3], planC[1..3],planD[1..3]]

With constraints: [planA[1], planB[1..2], planG[1..3],planD[1, 3]]

Meeting A: 1

Meeting B: 2

Meeting G: 1

Meeting D: 3
COEADIEHIBESC, FIHNREFRBRL-ERIC. ERTIEHORASVIETFEALTLVET, Fl
F=X(X. TENEEIZ, A D, BEIMIZIVILA—IZESh ., ZL T ThoDFBERIIMELEICEESN
E3 I8

3. 1.4 fHXIZLRTZE4FTS

EREITORRIT IS, FIHNKXHNO DV IBERO—ERE-1=Y. (disjunctive constraints D &312) T
FUFEINFYTEEIGHEE R THIWRKICT VLR TEHIENREIGEIEAHYFET . COBEM
(25t g %78 . Xpress—Kalis (L. FTLWNVIA T . cpetr EE&ELET . cpctr &, HFI K% declare L.
IR XA ERSN-RICESII—DORFNZE. ThoDFIHKICEZHIEITFENET, FIFIRIE.
Hil#ILBE{R (constraint relation) Z &Y HTHEICL> T, ERINFT,

FHRIZBFZDITAHZEIZEY., FIHANBEBMIZYIILNA—ITESNENEWSEIRIEI RN S

UFET, L. L TDETILTREN TR LS, (EEDRIDFNEEADRAT—rAVRELT
HIHKXDBIZECCETITOIRENHYES .
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model| “Meeting (3)”
uses “kalis”

declarations

MEETINGS = {"A",'B",'C",'D"}
TIME =1..3

plan: array (MEETINGS) of cpvar

I Set of meetings
I Set of time slots
I Time slot per meeting

Ctr: array(range) of cpctr
end-declarations

forall (m in MEETINGS) do
setdomain(plan(m), TIME)
setname (plan(m), “plan”+m)
end-do

writeln("Original domains: ”, plan)

Ctr (1) :=plan(B') <=2 | Meeting B before day 3
Ctr (2) ;== plan('D") < 2 | Meeting D not on day 2
Ctr 3):=plan(A) =1 | Meeting A on day 1
writeln(“"After definition of constraints:¥n “, plan)

forall (i in 1..3) Ctr(i)

writeln("After posting of constraints:¥n “, plan)

I Respect incompatibilities
plan(A") <> plan(B")

plan(A") <> plan(D")

plan('B’) <> plan(C")

plan('B’) <> plan('D")

I Solve the problem

if not(cp_find_next_sol) then
writeln("Problem is infeasible™)
exit(l)

end-if

I Solution printing

forall (m in MEETINGS) writeln(“"Meeting ”, m, , getsol (plan(m)))

end-mode |

COETILOEANS, BfHFONIFIHNKDBELGEIERICEISTIE EHRORASUIC BAL, &
BLAWIENDOOYET, Thbhb., Fl#R (L. Mosel TERINFET AS, LVET, Kalis VIL/3—(C
ELN TR, EVSTETY, HIMRDBRERT—ILIRICEF. ThbE ZhboEYIL/AN—
[SEST=RIZBLNTOH, BIDETIN—2aVERL, FAMV DDA ELNET,

Original domains: [planA[1..3],planB[1..3],planC[1..3],planD[1..3]]

33



After definition of constraints:

[planA[1..3], planB[1..3],planC[1..3], planD[1.. 3]]
After posting of constraints:

[planA[1], planB[1..2], planC[1.. 3], planD[1, 3]1]
Meeting A: 1
Meeting B: 2
Meeting G: 1
Meeting D: 3

3. 1.5 H#X ZEBATRICE T

NFETODTRTOHIT, FHKZEVILAN—IZELTEH, KBRLEW., ThHbh5, VILAN—DA2Dg
—SET4ERDITHENE BEIZRELTLVEL=,

EBRICIE. ChiZ,. T LY, B, BUBREHSIDITTIEHYER A LI=H 2T, Xpress—Kalis
(F. VILA—CBTRMICHPKZEL. ZhEBmMLEZRIC. FINK AT LOREERTI7UY
23> cp_post ZEERLET . CDT7ooavIE. T4—ITILIZIE true 2. ZLTAUT4—DT
JLIZIE false ZRLTEFET COMEEIL, FlHZELLAZT-MBICHIET HDIERTT . 2
FY. AV TA—PEUTANRDOMNBE, TRULDOHKKXDEMELLS, ZL T, EDOFHFKXMA I
T4—PEYTAEBETRL TV EI—HIHoE TN ENBTY,

cp_post Z{ESIZIX. BIOETFILT. foral I (i in 1..3) Ctr (i) &LVS5T%. FEOI—FRIZEZ
}zEd,

forall (i in 1..3)
if not cp_post(Ctr(i)) then
writeln(“Constraint “, i, ” makes problem infeasible”)
exit(1)
end-if
FHREVILN—ITET E FDTARTIZDOWVT, BENTKBENFzvIENh, HBH—DDHIFK
DEMMNAV T4—PETAERBERITE,. TOTSLIILEDOONFET,

COETIN=23av DA FIDO I3V TREDDE, Fo1K( A—TY,
3. L6 ATHARKVKD TONRTF—2ay

AMOAET, FIHNXOTHNCEEEZRIFTILLETEET, BBNGHIHNKXOTONS 23057
7129 % (setparam ("AUTO_PROPAGATE”, false) &, VILN\—[ZESh-FIHADTONT -3
FThbhEREA. COBE. FIHKXDTO/NST -3 (&, cp_propagate ~Da—)LhH, FlIZ
(subroutines cp_find_next_sol, cp_minimize, etc.)DEIRIZK>THHIBEHONET,
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3.2 E#HHFIX (Arithmetic constraints)

AIDEILav T AR A EHOBREHNKX DB Z N OMRELT -, ERHFK L, BEH
HXOBHGTr—R . FabL EEF + - /. % 7, sum, prod f°, abs, In DL TR
BENTLWESARBRXOTERTHAILERLGINET  VILNA—IZE o THR—FSNhTWSEHT7Y
7230 DEAMMZIDUNTIEL., Xpress—Kalis reference manual ZZ BB L TLZELY,

Xpress—Kalis DEHHIFIR (. BRF A ZEH(type cpvar). EfEE i (type cpfloatvar), HL<
. mANESOREDTERINET, LHL., EREHESOEHFIHK L. strict inequalities &
LTREETELGLDITTEL TSV ChlF BERERTEEFELT. O=. <=0 BLUY, = £
(TAERATESEEZERLET,

LLTFIZ. Xpress—Kalis TEZ CTEHIEMBEELRFHNKX DOV OHLDHERLET,

model “Nonlinear constraints”
uses “kalis”

setparam (“"DEFAULT_LB”, 0)
setparam (“"DEFAULT_UB”, 5)
setparam ("DEFAULT_CONT INUOUS_LB”, -10)
setparam ("DEFAULT_CONT INUOUS_UB”, 10)

declarations
a,b,c: cpvar
X,V,z: cpfloatvar
end-declarations

x = In(y)
y = abs(2)
xxy <= 272
z = -a/b

axbxc”3 >= 150

while (cp_find_next_sol)

writeln("a:”, getsol(a), ”, b:”, getsol(b), ”, c:”, getsol (c),
“ox:”, getsol (x), “, y:”, getsol(y), ”, z:”, getsol(2))

end-mode |

3.3 all_different: %4

TR/ ZIE, BERFEDNAZXILT, Fil, S<OFROFETHLRELONDLSIZHYEL, D
NZX)VIF, BZLNT 9x9 DAR—RIZ 1 55 9 DHFEIEDHTHLDTT A COR—FD—EDH#
[CIEBFENASOTVET, LT, AR ZEOFABICEDRATHFIT. EOFEHORELTLS
1.5 BELU. 33 DY ITR—FDITRTH 1 H5 9 DBFE—DEFECIIICHFEED T,
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99 DIR—F DT RTHDEDHIZHMEEANIRALTETY, Table 3.1 & Table 3.2 &, ZD/IXILD 2
DOFIETT ., ADEEIZIX, FHEWIKWBEBTT A, Shio®D/ X)L, CP #FE-THIIENH
XF9,

(FRGE : T3/ X)L JIZDULVTIE, http://www. oct. zag. ne. jp/woodside/ jsudok/ Z#SHE,

Table 3.1: Sudoku ("The Times', 26 January, 2005)

A B c D E | F G H I
1 4 3 6
2 6 5 7
3 8 7 3
4 5 1 3
5 1 2 8 4
6 9 7 5 2
7 4 5 9
8 9 4 5
9 3 4 6

Table 3.2: Sudoku ("The Guardian', 29 July, 2005)

A B C D E F G H I
1 8 3
2 5 4
3 2 7 6
4 1 5
5 3 9
6 6 4
7 7 2 3
8 4 1
9 9 8

3.3.1 EFILDERI

INSDBIDESIC. R—FDFEEE XS = AB ..., [JT.ZLT 1TEEE VS=1{1,2,..., 9}
THRLETXSDIARTD x & YSDIRTD y [TEALT. REEH v, ZEEL. TDELLT,
Bx YOBEMBELET,
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CORBEDFHFR(E. FEREDBLDIEIFTTT,
(1) HEITOHFIE. TRT BAEDIHFTHINELSEL,
(2) HAINDOFIE. TRT BELABFTHINITLESLL,
(3) 3x3 DY ITHR—FDEF &, TRT. BLGHMF THRITNITESLL,

NSDOHEIFIK L. Xpress—Kalis @ al |_different relation TRSIZRIRTE=EIT ., COHIPX
F. COBERICHITRTOEHRD. BLLHEZMSLIITLET,

Vxe XS,y:v, € {1,...,9}
Vxe XS: all—ahﬁ’erent(vx1 ,...,vxg)
VyeYS:all —diﬁferent(vAy,...,vly)

all - different(v ..., v¢s )

all - different(v ..., v )

all - different(v ..., v )

all - different(v y, ...,V s )

all - different(v ...,V 5 )

all - different( )
all - different(vg, ..., v,;)
all - different(v g, ..., v, )
all - different( )

2
V7 seees

VG799 V9

ZFLT. WD DEH vV, &, 520N TWAHICEAELET.

3.3.24vTFYAvF—vay

Table3.2 @ Sudoku /SXJLD Mosel ATV A F—avid LD ESIZHYZET,

mode| “sudoku (CP)”
uses “kalis”

forward procedure print_solution(numsol: integer)

setparam(“default_Ib”, 1)
setparam (“default_ub”, 9) | Default variable bounds

declarations

X$={AN,B,C,D,E,’F,’G,’H,"I'} ! Columns

YS=1..9 I Rows

v: array(XS,YS) of cpvar I Number assigned to cell (x,y)
end-declarations
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| Data from “The Guardian”, 29 July, 2005. http://www. guardian. co. uk/sudoku

v(CA ,1)=8; v(F , 1)=3
v(B,2)=5; v(G,2)=4
v(A,3)=2; v(E ,3)=7; v(H ,63)=6

v(D ,4)=1; v(1",4)=5
v(C,5=3; v(G,65)=9
v(A,6)=6; v(F',6)=4
v(B ., D=1, v(E ,D=2; v(I",7)=3
v(C,8)=4; v(H,h8)=1
v(D,9=9; v(I",9)=8

I All-different values in rows
forall(y in YS) all_different(union(x in XS) {vix,y)})

I All-different values in columns
forall (x in XS) all_different(union(y in YS) {vix,y)})

I All-different values in 3x3 squares
forall(s in {{{A",'B",’C}, {D,’E'",’F'}, {G,'H," I'}}, i in0..2)
all_different(union(x in's, y in {143*i, 2+3%i, 3+3%i}) {vix,y)})

I Solve the problem

solct:= 0

while (cp_find_next_sol) do
solct+=1
print_solution(solct)
end-do

writeln("Number of solutions: “, solct)

writeln("Time spent in enumeration: “, getparam("COMPUTATION_TIME™),

writeln("Number of nodes: “, getparam(“NODES™))

! Skeskskeskokskokskeskokskok sk skskesk ok skok sk sk ok skske sk skesk sk skeok sk sk sk sk sk sk ok sk ke ks sk sk sk sk sk sk ok sk skeskske sk ok skok sk sk sk skok
I Solution printing
procedure print_solution(numsol: integer)
writeln(getparam("COMPUTATION_TIME™), “sec: Solution “, numsol)
writeln” ABC DEF GHI
forall(y in YS) do
write(y, "1 ")
forall (x in XS)
write(getsol (v(x,y)), if(x in {C,’F}, " | "7, ~ ")
writeln
if ymod 3 =20 then
writeln(” “)
end-if
end-do
end-procedure
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end-mode |

ZDETILTIE, cp_find_next_sol A%, while LI—TFITEDHAFEN, TRTHORIFAIGELHEE Y —
FLET . TRTDIL—TDRERITT, Roh o=V )a—a e BEICT+— L THIRIT 518
[ZFIE print_solution AaA—JLENFET , Mosel DHTIL—FUIZIE. A—HILDEENT=HIZ
declarations blocks B®HAMELNFER A, ZLT. TNLIE. WANWALRT—F 1AV RERYET,
CHDETILTIE. COFETIE. COFIE~ADI—ILAEZDRFINFLISD T, F—7—FK forward
ZEVD. RO DHICEETIRELNHYET,

HIIN—F UK > THIRIESN B IEHRERIRT H=0IZ, Mosel D 2 DDELZ/NN—2a0 D if AT
—FAVREEWNET , ThHbE inline if & —BDRAT—FAUMEET if-then TY,

ETUSUDEDOYIZ, VILIN—D 5534 Lt (parameter COMPUTATION_TIME) &, H—FI(C
Ko TIERLI=/—F D%k (parameter NODES)&#JR)—TLET,

Xpress—Kalis 24 F[Ck 2 TERINT=/N\FTAZID L) ALEFFBIZIE,

mosel -c “exam —p kalis”
EWVSTATURERALTLET  Xpress—Kalis DHEEEDTLEHI A NEFDIZIL, flag —p ZERH> TS
L\, IVE Tl Modules >> List available modules %#®IRT Zh. HBLE @R 5SS
LTLIZELY,

3.3.3 &R

EOEF LG, UTERALES . B, 800/ KL ORE—DLABYE LA, COMBEDES
—oTT,

0.16sec: Solution 1

ABGC DEF GHI
1:869 243157
2:3571619]|482
3:2411875|369
4: 4981132675
5: 7131586924
6: 625[794]831

o
o1 © =
wW 0
N O
o w
oD O N
— ~J oo

N
H = ©
o o W

Number of solutions: 1
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Time spent in enumeration: 0.41sec
Number of nodes: 2712

all_different BRI&. AT athi 2 BEDOT7—FaA0MEEIY. ChickY, 2—HI(F, #lHEHE
ST 5DICELNDEZTANT =23V TIITVXLERETEET, ST HZIE 2 BEEOT—
FaAUMELT, T4+ L 0EEE (Kalis FORWARD_CHECKING) % . ¥ > & I 2 # 73 B BX
Kalis_GEN_ARC_CONSISTENCY IZEELI=¢T 5L,
forall(y in YS)
all_different (union(x in XS) {v(x,y)}, KALIS_GEN_ARC_CONSISTENCY)

J—EDEMN., Fo=D—2D/—RIZETRLTEIDONRELNETLLD, ThHDL, HEA. B
FIRRHERANT HIETHEI NI, EVSTETT  Y—FICEOSh-BEIE. EOIZETEL
LETH. fHEHEZRANT HIEICEDPILERIL 4-5 FBITBYFETH. TN THL I O[S D
—TY, COERBMNKLEDDIL., general ized arc consistency algorithm M EA—/\—A
IRMRELLGEMNLTT . LHL. 2KRELTHSE. EDERL. BELHEDI-H ORI, 7l
[T 1090 1 KiglI@ESnEzY,

—fiBRYIZ. general ized arc consistency algorithm (&, KYUs&LINYIAA (stronger pruning)
ERBLFET . T0H5. COTLTYXLRE BERDEA D, KYSDOEERYBRLNTME
T, LWL, STERFROEMDIH. COTILITVXLOFERAIE. WDOBEHEINDENIDITTIE
HYFEEA, LA ST REB . BESADETILT. MADTILIT) X LEREERADLIITLTLE
=Y,

. 3.4 abs & distance: JEEEY

TLAZaZ s —a v OMEE, 2. BEKEREE. BIRKEI LREEICEFRT 5. BIRRNSFESE
TREEEb=LLEL,

Sl MR GRIREFEGZR DI/ —RPDORIET—I0BYET , HEILIZIE. ZHOE
BENR)DOBHMDOFENHYET , Figuredd [ XY T—UDBEEZRLTVET, MR
(edge) ITHEEN =/ —FIX. BEET HTRAITHAEHBEINET . ENODEILIE, FHEEITS
=01, ALEARBERYETONFE A TD L, HACILBAVKONDRRBEFERAT 545, T
NoFDEED 2 T BGoTWVRITAIERYFERE A CCTOBRMIE, Rk —2I2ERAEN DS
RIRBOBHER/NTEHETT,
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Figure 3.1: Telecommunications network

Table 3.3 [F. EADEILOEARBOBDFEEERLTVET,

Table 3.3: Frequency demands at nodes
Cell 1 2 3 4 5 6 7 8 9 10
Demand 4 5 2 3 2 4 3 4 3 2

3.4.1 Model ®ER1E

NODES Ay b D—ODITRTD/—FDEEE. ZELT.DEN, ¥ n € NODES DERBDFEER
FTEDELET T, RUMNT—TIE 8 LIMS DEBELTEZONET , I, DEMANDS =
{1,2,..., NUMDEM 18, BB DEESERTINDEL. COEETIX, TRTO/—FILEHKLTHE
SNTEY. LR MMDEN NEEZEDRBIZL>TEALNTWNSELET  HBIRIZE array /NDEX, (XK.
/—E n @ DEMANDS 0) starting index #RIBDELET,

HoWBDEE de DEMANDS IZEIY B ToNSBRBERT =012, use;,#ZBALFET , ZZT. use,
[X.set {1, 2,..., NUMDEMy D isF DIEERYET,

OLT 2 DOEADHPEHGBELTWS/—FITEIYSTONDELGIRRM. BLU. /—F
DFORERBE DR/ DIERE, UTOLIIETILETEES,

INDEX , +DEM,, -1 INDEX,, +DEM,, -1
V(n,m) € LINKS : all — different Y  use, U Y  use,
d=INDEZX, d=INDEX,,

Vn e NODES,Vc <d € INDEX ..., INDEX , + DEM, —1:|use, —use, [> 2
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BHIERIE. ERASNDIEARBDEER/NITEHIETT . CCTIlE, use; EHDERDERBD
HERNTHETERELLET,

minimize maximum,_p.., s (Use,)

342 4TV AVTF—ay

FLaZaz=Hr—ia - xyhI—9F T D&, UAL LINK ELTETIVIEESNFET . 2T,
M#R 1 (edge 1)1 (£ (LINK(I, 1), LINK(I,2)) ELTEZONET,
FL/—RIZEIVHTONDEARBOEICEAL TORBEHED AT A T—23 0 ITIE, Kalis TIE,
2 DDRFLERMHYET , 745, abs FlHIFHZEESIH. HLLIE, distance FIFIFHERES
NTY,

mode| “Frequency assignment”
uses “kalis”

forward procedure print_solution

declarations

NODES = 1..10 I Range of nodes

LINKS = 1..18 I Range of l|inks between nodes
DEM: array (NODES) of integer I Demand of nodes

LINK: array(LINKS, 1..2) of integer I Neighboring nodes

INDEX: array (NODES) of integer I Start index in "use

NUMDEM: integer I Upper bound on no. of freq.
end-declarations

DEM :: (1..10)[4, 5 2, 3, 2 4 3, 4 3 2]

LINK:: (1..18,1..2)[1, 3, 1, 4, 1, 6,
2,4, 2, 1,
3,4 3,6, 3 8 3 9
4, 7, 4,9, 4,10
5, 7, 5, 8,5 9,
6, 9, 7, 8 8, 10]
NUMDEM:= sum(n in NODES) DEM(n)

I Correspondence of nodes and demand indices:

I use(d) d =1, ..., DEM(1) correspond to the demands of node 1

! d = DEM(1)+1, ..., DEM(1)+DEM(2)) -7 - node 2 etc
INDEX (1) := 1

forall(n in NODES | n > 1) INDEX(n) := INDEX(n-1) + DEM(n-1)

declarations

DEMANDS = 1. . NUMDEM I Range of frequency demands
use: array (DEMANDS) of cpvar I Frequency used for a demand
numfreq: cpvar I Number of frequencies used

Strategy: array(range) of cpbranching
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end-declarations

I Setting the domain of the decision variables
forall (d in DEMANDS) setdomain(use(d), 1, NUMDEM)

I All frequencies attached to a node must be different by at least 2
forall (n in NODES, c,d in INDEX(n).. INDEX(n)+DEM(n)-1 | c<d)
distance (use(c), use(d)) >= 2
I abs(use(c) - use(d)) >= 2

I Neighboring nodes take all-different frequencies
forall (I in LINKS)
all_different(
union(d in INDEX(LINK(CI, 1)).. INDEX(LINK(CI, 1))+DEMCLINK (I, 1))-1) {use(d)} +
union(d in INDEX(LINK(I,2)).. INDEX(LINK(I, 2))+DEM(LINK(I,2))-1) {use(d)}
KAL 1S_GEN_ARG_GCONS | STENCY)

I Objective function: minimize the number of frequencies used, that is,
I minimize the largest value assigned to 'use

setname (humfreg, “NumFreq”)

numfreq = maximum(use)

| Search strategy

Strategy (1) :=assign_var (KALIS_SMALLEST_DOMAIN, KALIS_MIN_TO_MAX, use)
Strategy (2) :=assign_var (KALIS_MAX_DEGREE, KALIS_MIN_TO_MAX, use)
cp_set_branching (Strategy (1))

setparam (“"MAX_COMPUTATION_TIME™, 1)
cp_set_solution_cal Iback (“print_solution”)

I Try to find solution(s) with strategy 1
if (cp_minimize (numfreq)) then
cp_show_stats
sol :=getsol (humfreq)
end-if

I Restart search with strategy 2
cp_reset_search

if sol>0 then I If a solution was found:
numfreq <= sol-1 I Add upper bound on objective
end-if

cp_set_branching (Strategy (2))
setparam (“MAX_COMPUTATION_TIME”, 1000)

if (cp_minimize (numfreq)) then
cp_show_stats

elif sol>0 then
writeln("Optimality proven”)

else

writeln("Problem has no solution”)
end-if
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I $xfx Solution printout sk
procedure print_solution
writeln("Number of frequencies: “, getsol (humfreq))
writeln("Frequency assignment: )
forall (n in NODES) do
write("Node “, n, "1 ")
forall (d in INDEX(n).. INDEX (n)+DEM(n)-1) write (getsol (use(d)), ” )
writeln
end-do
end-procedure

end-mode |

BL5Y—FHETRERLTHSE, variable selection criterion % KALIS_MAX_DEGREE (% %

52 ETHELNIEEIE, VEEV. TRLWa—Yav INEDFohbE, REEER BT

TEDZDHOMYELT=, LIzA> T COMEIIUTD 2 AT YT THRIIEANTEET . FT . TR

V)a—2av 1 ERDFEEOIC. T4T7HIVEREENES , COY—F (&, time |imit ZHET

28T 1 BRICIEDONFET, ZLT. 2 FEHOBRL GOV THON-BHBEROEICE

LM=bound ZfEWL . BE. Y—FZRBLET . Y—FE BRI A1, cp_reset_search Zf#E > T,
VYILN—DHROH—FIY) =% )T 2RENHYET .

B2 —FHBOEBRERSIZTB=8H. 247 cpbranching M array Strategy ZE&HLELT=,
CD array [$, BELGSY—FHRBREREANTT5-HODEHEDTT,

DAV T)AT—avITE>TERIASN=FLWTA—F v—I&, callback DERM. KYIEHEIC
[%. Xpress—Kalis M so/ution cal lback TF , solution callback (&, H—FHV1)a— a3 FRDOIT
fEEF VWD TH YN — L TELLI—HHTIL—FUOTERINET . TOAB MR
BIE, PREIMGEY)21—232 D logging ¥ storing, HLLIE. HEFHZEWMASZLLETT . FlE
print_solution (X, BIZ, ZhFETICR DM oY) a—2a ZHRIT BISEEE R A,

FEOERLERETS : LOMBEERLTE. 5/ —FDFTRTO demand . B KU,
ChEDEROFNEUNRLRICEARTTHS I LICKRIMNINIHMNFER A, HOHK
ZHUAHELDT, ALEVCEBTEEJ & d+1 ICEALT. FTRE. T useTBT LT,
NoDEEXEEZFIATESTL LD,

use,+ 1 < use,,

COYBHET, TA474I/ILNEIEEE ST, MREX, 40 LT/ —FTREBNFEONEL=, ThE,
TRDEIITECTET. SHIT 35— HEHDHELHEFT,

use,+ 2 < use,,
NLDHEIEBEDEMIZEY, 35D, /—F-H—FHRELEVET, CNODOHIFEEIL, abs
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constraint 42 distance constraint DXHYIZFSZESZ TEET,

3.4.3 #HE
COREORERZIZ. 11 OBRLGIEEKEZFERLEYS, LEOTOI5SL-YRMDETILIX, /—
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DI AV TERBAINSEREIL. TApplications of optimization with Xpress-MP] &ULY5 K
® Section 7.4, TSequencing jobs on a bottleneck machine] MSELNF=HLDTI,

COMBEDBMIE. BE—DERMLRY )T oD LT BIGSEMERESA . EREhHR 7P
—IUDNEDRSIZGENEHD=ODETIVEERTHETY, COT, SFHLERR., FiH0E
B, &V BEDEFHER/NMITAICIEESLIH LD [TDVTERELLD,

— DRI FE=F. D3P, BE—DHEMTREEINSELET, CCTOEREF FRIDETIE.
DEFURBEINTL, DEND L. ERESNEET. #GEMICEI RN BELET,
Table3.4 2, TARTDARARY i [CELT. 20— B, 2RAVEA/. AN EZ SN THET,

Table 3.4: Task time windows and durations

Cell 1 2 3 4 5 6 7
Release date 2 5 4 0 0 8 9
Duration 5 6 2 4 2
Due date 10 21 15 10 5 15 27

UTTIE, R D a— )L D #EH R (makespan), TEHLIBEER ., BEBRBEHEZRDICTSHIEEE
Z.TNFNDOBRDEODRBIEFXEDIIBILDIZHEINEHRELLD, O T, BEBEEETE
X BL2DIITDOERLN., TNFNOMBEBZ CLESRKRBOEETEEKRLET,
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351 ETFILDERIE 1

UTT.ZO0RBHMBGETILOERLEZRALET . RADEXIE (L. TApplications of
optimization with Xpress-MPJ] O DHEHEENDEXLISEVNLDTY , ZHFBDERLIF.
disjunctive constraints & branching ZEWVE T, ChOZDDETILERIETIEK.IER. B
HHEMBEREFEVETA. ETILARKIER—TY,

HEOS—HIURERT DI ZITEH rank, (Ke JOBS{l,...,NJ ) BALES . HoW
%237 jIE.23TDV—IIVADEN D, -E—ERFEIFHIEELES . CORIBEH L. T
rank,@ all-different TR ZENTEET,

all-different(rank, . . . , ranky,)

(& k D227 DEHR Dur,I& DUR,,, TEABNET . ST Durld HIDEI2avOT—T
LTEZBNETASz M RERLET . RIS, JU—RBR rel, (&, REL,, THEALIET,
CCTLRELIFE VI—ABRHERLET .

Vk € JOBS : dur, = DUR
Vk € JOBS :rel, = REL

rank;,

rank;,

start, B kDTIT DFBELTHDET D0, COERK, COMEICEYHTOHN-D3TDY)
J)—RBEDLELEBRUM , RELLGLTIFBYFER A COVITDEREFZ comp, 1. TDEIAEF
Z& ZDTITOUNEBEREDEEHTT

Vk € JOBS : start, 2 rel,
Vk € JOBS : comp, = start, + dur,

LI—D B DFERFHENDETT . ENIE FFIC 2 DOLEBEREBETERL., ELDSEHTT,
Lo T B8 EDRE A+7 DT (E, P37 kANTET LB LBEICIRESLITAILRYEY
Ao COFRMBIE. TOXIIRYFET,

Vk €{l,... NJ —1}: start,,, > start, + dur,

B RIBE%L 1: HAOBEER 1 (X, makespan(RT P 1— L EADERBERE)ER/NTHIETT, INIE,
F . REODITW BEDOVaD)DERBRZR/NNITIIELLAETT ., IOLT. ETILER
(. FEROLIITHYET , CCT MAXTIME (&, BIZIE. TRTDY)—XBET R TOREEFRHE D
BEDOLI%G. +RITKEMETY,

minimize comp,,
Vk € JOBS : rank, € JOBS

Vk € JOBS : start, ,comp, € {0,...,MAXTIME}
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Vk € JOBS : dur, € {min ,_,e DUR,...,max _o, DUR, |
Vk € JOBS : rel, € {min ,_,pps REL ,...,max ,_o,s REL |
all - different(rank, ...,rank,, )

Vk € JOBS : dur, = DUR
Vk € JOBS :rel, = REL,,,

Vk € JOBS : start, > rel,

Vk € JOBS : comp, = start, +dur,

Vk €{l,..., NJ —1}: start,,, > start, + dur,

ranky,

BHIBEH 2. FHUNEBFBZRDCTIEHIC. ITRTOPITOERBEHOEGHERTEN
totComp ZBNMLFET . €L T. totComp ZEFtH I 571, FREIZ. LT OHFIFHZEMLET

totComp = ZCompk

keJOBS

HFLOEMBERIE, FHLEREER/NMNITEHIETT . ChiF. Dad0LEBREZR/NMNITH
EERIFTY,

minimize totComp
B RIB% 3:

SERF.BEDOESHER/NMITH. ELFELLI CCTH HLWEHZEALEY . EATHEHIT.
MEBDRICLATZTLAEN., Ca7DMBBNORMEHETEIEHTT . B /ate, (X AFB DY
FITDMBNOBMTY , TDEIX. MBIEERFLINDETT . Cad MBSO L5E
(F. ZDMERFEOTY, IHLT. UTOHRPEHERET,

Vk € JOBS : dur, = DUR,,,;.
Vk € JOBS : late, > comp, —due,

HFHLOEMBRBOERIEDE=OIZ. TIRTOOITDREBIEERT L totlate ZEALET, B
B, COZEHDEEZR/NMNITHETT,

minimize totlLate
totLate = ZIatek

keJOBS

352 EFNLIDAVTYVAVTF—a Y
LITD Mosel 12 TYAT—avidk, ThEhn, B4 MBESZEE . RICHEZ. 3 [, X,
HRLLTEONDY)a—3 % FE print_sol BELWU.print_sol Za—)LLT. FYURLE
—3-0

47



mode| “B-4 Sequencing (CP)”
uses “kalis”

forward procedure print_sol
forward procedure print_sol3

declarations

N =7 I Number of jobs
JOBS=1. . NJ

REL: array (JOBS) of integer | Release dates of jobs
DUR: array (JOBS) of integer I Durations of jobs
DUE: array (JOBS) of integer | Due dates of jobs

Number of job at position k

Start time of job at position k
Duration of job at position k
Completion time of job at position k
Release date of job at position k

rank: array (JOBS) of cpvar
start: array (JOBS) of cpvar
dur: array(JOBS) of cpvar
comp: array (JOBS) of cpvar
rel: array (JOBS) of cpvar
end-declarations

initializations from 'Data/b4seq. dat
DUR REL DUE
end-initializations

MAXTIME:= max (j in JOBS) REL(j) + sum(j in JOBS) DUR(})
MINDUR:= min(j in JOBS) DUR(j): MAXDUR:= max(j in JOBS) DUR(j)
MINREL:= min(j in JOBS) REL(j): MAXREL:= max(j in JOBS) REL (j)

forall(j in JOBS) do

1 <= rank(j); rank(j) <= NJ

0 <= start(j); start(j) <= MAXTIME
MINDUR <= dur (j); dur (j) <= MAXDUR
0 <= comp(j); comp(j) <= MAXTIME
MINREL <= rel (j); rel (j) <= MAXREL
end-do

I One posistion per job
all_different (rank)

I Duration of job at position k
forall (k in JOBS) dur (k) = element (DUR, rank (k))

I Release date of job at position k
forall (k in JOBS) rel (k) = element (REL, rank (k))

I Sequence of jobs
forall(k in 1..NJ-1) start(k+1) >= start(k) + dur (k)
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I Start times
forall(k in JOBS) start(k) >= rel (k)

| Completion times
forall(k in JOBS) comp (k) = start(k) + dur (k)

I Set the branching strategy
cp_set_branching (split_domain (KALIS_SMALLEST_DOMAIN, KALIS_MIN_TO_MAX))

Ix+x Objective function 1: minimize latest completion time sk
if cp_minimize (comp (NJ)) then

print_sol

end-if

Ix+x Objective function 2: minimize average completion time *#kx*
declarations

totComp: cpvar

end-declarations

totComp = sum(k in JOBS) comp (k)

if cp_minimize (totComp) then
print_sol
end-if

Ix+xx Objective function 3: minimize total tardiness *xkx

declarations
late: array(JOBS) of cpvar I Lateness of job at position k
due: array (JOBS) of cpvar I Due date of job at position k
totLate: cpvar

end-declarations

MINDUE:= min(k in JOBS) DUE(k); MAXDUE:= max (k in JOBS) DUE (k)
forall (k in JOBS) do

MINDUE <= due (k) ; due(k) <= MAXDUE

0 <= late(k); late(k) <= MAXTIME

end-do

I Due date of job at position k
forall (k in JOBS) due(k) = element (DUE, rank (k))

I Late jobs: completion time exceeds the due date
forall (k in JOBS) late(k) >= comp(k) — due (k)

totLate = sum(k in JOBS) late (k)

if cp_minimize (totLate) then
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writeln("Tardiness: “, getsol (totlLate))
print_sol

print_sol3

end-if

I Solution printing

procedure print_sol
writeln("Completion time: ”, getsol (comp (NJ)) ,

“ average: ”, getsol (sum(k in JOBS) comp(k)))

write("¥t")
forall(k in JOBS) write(strfmt (getsol (rank(k)), 4))
write ("¥nRe|¥t")
forall (k in JOBS) write(strfmt (getsol (rel(k)),4))
write ("¥nDur¥t”)
forall(k in JOBS) write(strfmt (getsol (dur(k)),4))
write ("¥nStart¥t”)
forall (k in JOBS) write(strfmt(getsol (start(k)),4))
write ("¥nEnd¥t")
forall (k in JOBS) write(strfmt (getsol (comp(k)),4))
writeln

end-procedure

procedure print_sol3

write ("Due¥t”)

forall(k in JOBS) write(strfmt(getsol (due(k)),4))
write ("¥nLate¥t”)

forall(k in JOBS) write(strfmt(getsol (late(k)),4))
writeln

end-procedure

end-mode |

FE . BB GE. COFIT. ERICRTTEFITEHEE, £oL, start-end BBABLEEFIEHE DL
WO, ERBEICEDNEINBELNFERA BRICEANYDREDESALLS LS L5
NFEH AN Mosel EEETIE, end &, F—T—FFZMBTY, (Mosel language reference manual
® reserved word MY RLESHR) , ShiZkY. end 40 END (&, Mosel FOV S LTXF—T—RELH
SNTLFEIFAREMNHYET . bo&t End DEIIT, KXF. IMNXFEEABGDLETEI/N—D3
DHABETT A BIYZ SREEZEET IO ChOoDEREBEFSLEHBLEE A,

3.5.3 &R

AT a— )LD/ makespan (& 31 T, &x/NOSERBE S EHE 103 T (S, F15103/7=14.71
#5Z2F9). COBMBEMOEICHIGT AR a—)LiE, 23T 5— £37 4237 1— U377
7-237 6— 037 2— 237 3 T, Ff-. ERBRIEMPE LR T SHE,. 23T 1,037 2. D3
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T 3. BELU. 3T 6 BEIICEN . BN D EEE 21 TT,

R/NDOEBEE 18 TY, COBEZF DR Da1—LIEP3T 5— 23d 1— 37 4— 37 6—
0372— 037 7- 23d3T. 037 4EPaT I N A A LA ZyMNECK, FLT, Pad 3 1E.
16 34 L-2ZYNEBNFES . CDP3T 3 & MEATH SR 156 TIEGL, BZl 31 [TRDYFET,
DARTo1—)LDFEHFTEREFFEIL 1571 TY,

3.5.4 disjunction Z{# 5 REMLERK{L

2 BEDETILERLIE. 20, BEE. FVEEMIZRELTLWSLDTLES, COERXEIE.
disjunctive constraint, S &£V, ZNBHD branching #F5AEZTDERIELTT,

SEE. FTRTOVaTE, BIEEL. $hbb. Efstart(j e JOBS=1L,...NJ})l=&>THRL. Th

BlEAREL)...MAXTIME\D R DIEZRYET , 22T, MAXTIME (. FIZIE, T RTHY)—RBE

TRTONERBOAHD LS., +ICKEMETYT , ZCTIE, FEEDKSIZ. disjunction %,
FTRTOTIT DEREEZ SNIBRFRICBEET 2B —D disjunctive relation ELTRBLET .

disjunctive([start, ..., start,, | [DUR, ..., DUR,, ])
COFMEHET. TATOOITDHMEE i < j e JOBS ITBAL T, TEED pair-wise disjunction
EEBLFT,

start, + DUR,; < start; v start; + DUR ; < start,

& k DT DWEEM dury &, DUR,,, 1&>TEAONET  SST ORI BIDEY >3y
DT—IINTEZLNMEFFEZEEKRLEY . BRI, JU—RB re/, (& RELrankk (RELj 12k

THEZLoNET, ZITOREL,,, [F. FIEDY ) —ZABZEKRLET,

ranky

Vk € JOBS : dur, = DUR
Vk € JOBS :rel, = REL

ranky,

ranky,

Ca7 j DEREEL comp, |+ BIIAE %I S MIBEER DUR, D EETT

Vk € JOBS :comp ; = start , + DUR
HABA% 1: —&FB 0 BRIBEHKIL. makespan(R7 L a— L2 ADERFINER/NMNITEHIEF
WMREZ 5L BREDDITORAFKLNERLECTSHILETT ., FIR.COETILOEKRTT, T,

MAXTIME (£ BIZIE. FTARATODN)—RBEFTRTOUEREBOESED LA, +HIZKELMET
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minimize finish

Sinish = maximum _;,ps (comp ;)

Vk € JOBS :comp; € {0...., MAXTIME }

Vk € JOBS : start, € \REL, ..., MAXTIME |

,,,,,

Vj € JOBS :comp; = start, + DUR,

BB 2: —FBOEMBAKI. RVOET/ILOEMBEKERL T, FHLEREZR/NIT
M FF ENERFTEH, DaTDUERMER/NITHETYT , ST IRTOYDITD
SERRREID ST ERT LR totComp ZBALFET,

minimize totComp
totComp = ZCompk

keJOBS

BHBE# 3 BEEDEHER/NTHEMBEREER LT DO FHLWES /ate ZEALFET,
INE CITHEIBETICEROLSBVTERET 5LE. TORMBICRAET 500D TT . Thi
DEHDEF, 23T/ DFERBEMB DUEDEEZRTELDTY , Dadh MHALEIRHL5EE.
ZOERFEATT, BME. ChoDEEEBDEHER/NMNITEHIILETT,

Minimize totlLate

totLate = ZIate ;

jeJOBS

Vj € JOBS :late, €10,..., MAXTIME |
Vj € JOBS :late, > comp, — DUE,;

35.5EFETN2MDATYAVTF—SaY
ETIL 1 ERLESIZ, Mosel AVT)AUT—Savid, FnFhn, BG5E0EHEFL., RCRKE
.30, BEHERELTELONDY Ja—avE, FIE print_sol X W, print_sol #Za—)LL
T.TI)URLET,

model “B-4 Sequencing (CP)”
uses “kalis”

forward procedure print_sol
forward procedure print_sol3

declarations
N =7
JOBS=1. . NJ

! Number of jobs

52



REL: array (JOBS) of integer | Release dates of jobs
DUR: array (JOBS) of integer I Durations of jobs
DUE: array (JOBS) of integer | Due dates of jobs

DURS: array(set of cpvar) of integer ! Dur.s indexed by start variables

start: array(JOBS) of cpvar | Start time of jobs

comp: array (JOBS) of cpvar I Completion time of jobs

finish: cpvar I Completion time of the entire schedule
Disj: set of cpctr I Disjunction constraints

Strategy: array(range) of cpbranching ! Branching strategy
end-declarations

initializations from 'Data/b4seq. dat
DUR REL DUE
end-initializations

MAXTIME:= max (j in JOBS) REL(j) + sum(j in JOBS) DUR(})

forall (j in JOBS) do

0 <= start(j); start(j) <= MAXTIME
0 <= comp(j); comp(j) <= MAXTIME
end-do

I Disjunctions between jobs
forall(j in JOBS) DURS (start(j)):= DUR(})
disjunctive (union(j in JOBS) {start(j)}, DURS, Disj, 1)

| Start times
forall (j in JOBS) start(j) >= REL(j)

| Completion times
forall(j in JOBS) comp(j) = start(j) + DUR(})

Ix+xx Objective function 1: minimize latest completion time *kkx
finish = maximum(comp)

Strategy (1) := settle_disjunction(Disj)
Strategy (2) := split_domain (KALIS_LARGEST_MAX, KALIS_MIN_TO_MAX)
cp_set_branching (Strategy)

if co_minimize(finish) then
print_sol
end-if

Ix+x Objective function 2: minimize average completion time *#kx*
declarations

totComp: cpvar

end-declarations
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totComp = sum(k in JOBS) comp (k)

if cp_minimize (totComp) then
print_sol
end-if

Ixx++ Objective function 3: minimize total tardiness **xx
declarations
late: array(JOBS) of cpvar | Lateness of jobs
totLate: cpvar
end-declarations

forall (k in JOBS) do
0 <= late(k); late(k) <= MAXTIME
end-do

I Late jobs: completion time exceeds the due date
forall(j in JOBS) late(j) >= comp(j) — DUE(])

totLate = sum(k in JOBS) late (k)

if cp_minimize (totLate) then
writeln("Tardiness: “, getsol (totlLate))
print_sol

print_sol3

end-if

I Solution printing
procedure print_sol
writeln("Completion time: “, getsol (finish)
average: ”, getsol(sum(j in JOBS) comp(j)))
write ("Rel¥t”)
forall (j in JOBS) write (strfmt (REL(j),4))
write ("¥nDur¥t”)
forall (j in JOBS) write (strfmt (DUR(}),4))
write ("¥nStart¥t”)
forall (j in JOBS) write(strfmt(getsol (start(j)),4))
write ("¥nEnd¥t")
forall (j in JOBS) write (strfmt (getsol (comp(j)),4))
writeln
end-procedure

procedure print_sol3

write ("Due¥t”)

forall (j in JOBS) write (strfmt (DUE(}),4))

write ("¥nLate¥t”)

forall (j in JOBS) write(strfmt(getsol (late(j)),4))
writeln
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end-procedure

end-mode |

ZDAT)AUT—230TlE, settle_disjunction & LY S #LLY branching scheme Z&ALZEL
fzo TNETRTE T branching B{EREIXEAY ., 2D branching scheme (X, ZEHHTIEAL, FlH9
KIZDOWTDHbranching il EERLET . ZD scheme kY, 5X oM =E &M LHIFIFHERED
AT/—REERL. ZD/—FEH 50 branch (. 20 disjunctive constraint /3 5. B>
([CHEth B AR HIFI D — D% 2 constraint system [CIIZAHZETHLNET,

EE . Xpress—Kalis @ disjunctive constraint I2&kY . 2RV DMNIBEFRDED pair-wise
inequalities MEEILSNET , LAL.disjunctive constraint DEEIL. CO7r—RIZEEFYE
HAodisjunction (£.2 DULEDIAVR—RUPEFEDOIENTE, EABZITOHIKFEHTEE
WEBA, CnIZIE,  and > or' [ZXoTHIMEHERE T A LTHRONAMDOD Y IERLE
(ERTWET,

3.6 occurrence: FhHED A E gar production

DI avDfEREIL. TApplications of optimization with Xpress-MP1&ULYSAR M Section 6. 4
lCane sugar production] M SE->F=£DTY,

F—ZAPSUT7TOHERDIE L, FBICHBILSATOET ., YrIFERT IS RPGLEDD
T, ®WRERICEESNET,

DIV EROBEOY L IFENSENLIBHEL. NEIN-ELY I FEDRBESWVICIKE

LTWET, D&, IRIESNLE DT REICKYRRITHRDLTHEFET LA >T. ZL

T.732 1 BROEAHEIE. HAFEIEDL, TOMEINTLRICHEGYET, LVE. RLEZTE

AN EQTDITUNEBERICEIFELEL . ChoDTIV(E, DI IEIC 1 BRSO HES

DXL BEBTHONDEO>TWSERIZREDD-OICHANONEL Iz, LTOT—TILIF,
NEDT—REFLEDEDTY,

Table 3.5: Properties of the lots of cane sugar

Lot 1 2 3 4 5 6 7 8 9 10 11
Loss (kg/h) 43 26 37 28 13 54 62 49 19 28 30
Life span (h) 8 8 2 8 4 8 8 8 8 8 8

no® 11 OAYKE, TRT, ZXHS, FoKAFORETIVICE>TRESNFES, —DOD
AyMLET BICIE 2 BEANMET, ZLT, REF BLLEL, TIVDEARDFHRNEDHLE
TIZRTLTWVETNIERYER A,

BBEADOTRDv—(F, RE. FHFITHAH. METEHOVNE EQOLIBRT7D 21— )L TREL=S,
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WHEOORZR/MNITEIIENATEEINEZMY=-NEB>TWET,

3.6.1 ETILDERIE

WAGONS={1, --- Mt TOI>DEEE M THEEZAODHZE. DUR T, I TORAYFOLEEEE

RTIDELFET . ZLT. BT w1 BECEDORIE LOSS,. ZL T, Fuld LIFE,ZELET,
BB T BESAUEPHLELTEKCEARETY GG, PELAZITAIE, OvbDiaEY

ZESEBLKTIL DT, TET. WEORAREMZ LI ENTELINLTT . ChIE. HodHOY

FOWEDTTET BFED sOUREVSHEADED THASELZEKRLET . ZCT.5>0 THY. BHT

T .s DRAHRADIEIL, HIEFMHSEET S, RS DUR DBEREITDH. 34405 NS= ceil(NW,/NL)
T9, ZZT. ceil IZ. Trounded to the next largest integer] &bk LEd, L. MM/NL A

BHTHALGL, FAV(F.TARTNS AOYMZITRELET , £5TRWMEE &, LD D AU,
NS-1ByRERIBT B EITHYETH DEEE 1 DDAV T NSAVPERELET, TTD

BB T RBAT V21— ILDORSE NDURKETY . CCTIE, SLOTSH1,. NS/e TRsfElm DERE

(set of time slots)] EPFUELELS,

AvhE, TRT ETHDOEFRTICEIYV B TONGEFNIELGYER A, ST, 7T32 w [TEIYEHTS
N-BwERI LY process, . COIIAVTHRAETHORTRTES /oss, ZEHELETT . b
ANLAEKDLEFIZAHHEHDT, REMHABEE R DOERHEFTICIE. §XT. /X NLEOOYNE
BYBTONET . LA >T. process, ZHT. HEHF TOHRE HZEHRLZET (this

constraint relation is often called cardinality constraint),
s € SLOTS :| process,, =5 |, apicons < NL
BT s TREBINDOY FOJIU—ESOBWEOOR wik, COST,, = s *x DUR * LOSS, T

T T EH /oss, TTIIAVwIcBENRTLSOY FTRAETHO0RERTEDELET,

Vw e WAGONS :loss,, = cost

w, process,,
BHIBE%k (MHEODREE) . IRXTOORDEHERYFET,

minimize ZZOSSW
weWAGONS

3.6.2 4T AvTF—ay

LUTFDETILIE. COREED Mosel A1V T ) A T—30 T, COETILIE, B DORKBDE
&Iz function ceil ZF->TLVET,
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The constraints on the processing variables are expressed by occurrence relations and the losses are
obtained via element constraints. The branching strategy uses the variable selection criterion

KALIS_SMALLEST_MAX, that is, choosing the variable with the smallest upper bound.

MBOEHIZDODWNTOHIFIE L. ocourrence relations TRIBENTULVET, FL T, AXIE
element constraint Z{FE > TERIEBE I TLVE T, branching strategy (X . T H#HEIR K &
KALIS_SMALLEST_MAX Z#{>TUL ET , KALIS_SMALLEST_MAX (%, &x%/INE0LY upper bound Z3#IRLE
ER

mode| “A-4 Cane sugar production (CP)”
uses “kalis”

declarations

NW = 11 I Number of wagon loads of sugar
NL =3 I Number of production lines
WAGONS = 1. . NW

NS = ceil (NW/NL)

SLOTS = 1..NS I Time slots for production

LOSS: array (WAGONS) of integer
LIFE: array (WAGONS) of integer
DUR: integer

COST: array (SLOTS) of integer

Loss in kg/hour

Remaining time per lot (in hours)
Duration of the production (in hours)
Cost per wagon

loss: array (WAGONS) of cpvar I Loss per wagon
process: array (WAGONS) of cpvar I Time slots for wagon loads
totalloss: cpvar I Objective variable

end-declarations

initializations from 'Data/a4sugar. dat’
LOSS LIFE DUR
end-initializations

forall (w in WAGONS) setdomain(process(w), 1, NS)

I Wagon loads per time slot
forall (s in SLOTS) occurrence (s, process) <= NL

I Limit on raw product life
forall (w in WAGONS) process(w) <= floor (LIFE (w)/DUR)

I Objective function: total loss

forall (w in WAGONS) do
forall (s in SLOTS) COST(s) := s*DUR*LOSS (w)
loss (W) = element (COST, process(w))

end-do
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totallLoss = sum(w in WAGONS) loss (w)

cp_set_branching (assign_var (KALIS_SMALLEST_MAX, KALIS_MIN_TO_MAX, process))

I Solve the problem

if not (cp_minimize (totalLoss)) then
writeln("No solution found”)
exit (0)

end-if

I Solution printing
writeln("Total loss: ”, getsol (totallLoss))
forall (s in SLOTS) do
write("Slot ”, s, "1 ")
forall (w in WAGONS)
if (getsol (process (w))=s) then
write ("wagon ”, strfmt(w,2), strfmt(” (” + sxDURXLOSS(w) + ”) ”, 8))
end-if
writeln
end-do

end-mode |

MBEHICOVTOHRNEHORBNLGERXEIX. FhioEx, BE—0 distribute relation TE&E
EMZ B ETT, CZThdistributerelation i, TR TCOBRBET. SAIUNFEZIRD.
BADH MINSE=0 and MXUSE=N) EE1HH ZDIZEDIET .,

forall (s in SLOTS) MAXUSE (s) := NL
distribute (process, SLOTS, MINUSE, MAXUSE)

Xpress—Kalis Tl&. COMEZE. EoIZH5— D AIOHBTERILTEHIELTEFET . THEHL. 2D
fii7E% cumulative scheduling problem(see Section 5.4) LRI 52 & T, FZTlE. 7
TJVICEEN-OY ME, TN TADNEESA VITHIET % discrete resource EIZR Y
U a1—)LEN B tasks of unit duration TREINBEEZFET,

3.6.3 &R

ARDAEFHE. 1620 kg DWHETT . TNITHIET DR TP a—ILIE, TD Table 3.6 [TRE
NTWET,

Table 3.6: Optimal schedule for the cane sugar lots

Slot 1 Slot 2 Slot 3 Slot 4
lot 3 (74 kg) lot 1 (172 kg) lot 4 (168 kg) lot 2 (208 kg)
lot 6 (108 kg) lot 5 (52 kg) lot 9 (114 kg) lot 10 (224 kg)
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lot 7 (124 kg) lot 8 (196 kg) lot 11 (180 kg)

3.7 distribute: AETWE

BEEOREEL. REBOBBHROTIUELTVWERS>TOWET BISICIE. TR 7
Ra— LR)—= DAV FVIN—= AT D=2 BLU. I ELS 8 ADKEE
MNWET, TIFFFEHIE. 3 ADEBEA. BIEOAO 1 EAO 2 (E. ThETh. 2 ADBRENNBET
ToE5IT 1 ARV VIZERELGTNIELGYERA. REBDAFILPELX ADFAHLE R
FNIEESHENDT, LTOFHEERTILENHYET,

1. LRY—IE BIED 2 FEEDOAYOICERELGZFAIEESEL,

2. AT EEO 1 BEHOAYOIZERELLZTNIEESEL,

3. TIAYR. RATIL. BEU, DAV IE. BEWMZ, —#EIZEIFEL,

4. FVN—FFrIrTBICRET 5L, vU)H FIICREBELA T NIEESRL,

3.7.1 Model formulation

PERS ZABND&EAEL.LOC = (1,. .., A Z#EBENDERELET, CITo1 (FYIFFTB. 2 (F
AO1 3 1XIZAR 3. 4FyA—9ERTELET,

CCT HREB p[TBIVAETONDBIZET T RELEH v/ace, & BALES . IHL T, UTFDKIIZ,
BEICDONTD 4 DDFIMEHEERILTEET,
placeLeslie = 3

placeMichael = 2

all - diﬁ(‘erent(placeDavid b placeMichael b placeJason )

placeOliver = 1 = placeMarylin = 1

Fr BE, TRNTOREAEDEHLFB SR TNEBYEE A,

Vie ‘placep =l‘p = REQ,

<PERS
312407 ATF—a Y

COBRERBBOALT)AT—30(Z1F ., Xpress—Kalis DEFD. 2 DDELS constraint i id—
DEERFET, IhbHE. (BBEBEBRTCEIT—DD)occurrence constraint, £ L < (X, (global
cardinal ity constraint & L THIB>h T 3)distribute constraint T, #&FX. TRTD
BIZEERRETDLDTY . UTOETLRE. CAODBADATLavERLET £VVaY
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3.6.2 DBIEIEABRIIZ, COETIVIZIE, equality constraint AHYES , LIz >T, T,
4 DDT—FaAVMEHD distribute TIXAR L 3 DD7—FaAUbdD distribute /NA—30%F
FNET 4DDT7—FaA b Ddistribute TIX.RZRED 2D T7—F A&, lower bound,
upper bound TY,

COETIVIL, attractive display D=8 IZ. £& LOC DFDEEIGFHFD L. BLU. ThIZ
e TBATYIREIZDWNTDHBMET—2EBEELEALTHYET,

model “Personnel Planning (CP)”
uses “kalis”

forward procedure print_solution

declarations
PERS = {"David”, “Andrew”, “Leslie”, “Jason”, “0liver”, “Michael”

“Jane”, “Marilyn”} I Set of personnel
LOC =1..4 I Set of locations
LOCNAMES = {"Ticketoffice”, “Theater1”, “Theater2”
“Cloakroom”} | Names of locations
LOCNUM: array (LOCNAMES) of integer I Numbers assoc. with loc.s
REQ: array(LOC) of integer I No. of pers. req. per loc.
place: array (PERS) of cpvar I Workplace assigned to each peson

end-declarations

I Initialize data

LOCNUM (“Ticketoffice”) := 1; LOCNUM (“Theater1”) := 2
LOCNUM (“Theater2™) := 3; LOCNUM(”Cloakroom™) := 4
REQ:: (1..4)[3, 2, 2, 1]

| Each variable has a lower bound of 1 (Ticketoffice) and an upper bound
I of 4 (Cloakroom)
forall (p in PERS) do
setname (place (p), “workplace["+p+"1")
setdomain (place (p), LOC)
end-do

I “Leslie must be at the second entrance of the theater”
place (“"Leslie”) = LOCNUM(“Theater2”)

I “Michael must be at the first entrance of the theater”
place ("Michael”) = LOCNUM (“Theater1™)

I “David, Michael and Jason cannot work with each other”
all_different ({place ("David”), place("Michael”), place("Jason™)})

I “If Oliver is selling tickets, Marylin must be with him”
implies(place ("0liver”)=LOCNUM("Ticketoffice”),
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place ("Marilyn”)=LOCNUM (“Ticketoffice”))

I Creation of a resource constraint of for every location
I forall(d in LOC) occurrence (LOCNUM(d), place) = REQ(d)

I Formulation of resource constraints using global cardinality constraint
distribute(place, LOC, REQ)

I Setting parameters of the enumeration
cp_set_branching (assign_var (KALIS_SMALLEST_MIN, KALIS_MAX_TO_MIN, place))

I Solve the problem

if not(cp_find_next_sol) then
writeIn("Problem is infeasible”)
exit (1)

end-if

I Solution output
nbSolutions:= 1
print_solution

I Search for other solutions

while (cp_find_next_sol) do
nbSolutions += 1
print_solution

end-do

I x4k Solution printout ek
procedure print_solution
declarations
LOCIDX: array(LOC) of string
end-declarations
forall (I in LOCNAMES) LOGIDX (LOCNUM(I)) :=I

writeln("¥nSolution number ”, nbSolutions)

forall (p in PERS)

writeln(” Working place of ”, p, “: ”, LOCIDX(getsol (place(p))))
end-procedure

end-mode |
CCTIE B2, —DOERTARERV) 12—V EFRD2IT-L\O T, ZOETILIX, ZRFIZ, EIfTA
BERV)a—Sav DEEEXZTANTETT , RITAIRELRY 12— av i bEE1E. ETILIE. RoH

=) 21— 3 SO, DT R TOERITARELEY2—1avFHELEFT, Y)ai—avhRi
DMBTF-TAZ, procedure print_solutionZa—J)ILLT. TFNnETYUFLET,
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3.7.3 #HE
COIREIZIX, 38 ORBATRELV) 2a—2avdBbVUFET, EITRIAEY)a1— a3 % IVE &fE-
TIS7RTRSEDE, Figure32 DESIZHYET,

|1 Paused: press a key to continue [~ AutoHide

I Click for graph histary j

¥ W Personnel
¥ B Locations
¥ B Assignments

il 0 1 2

Dutput.-"lnputl CP statsl CP zearch  Lser graph

Figure 3.2: Personnel schedule representation in IVE

CDTS5T499FRTIE, LLTD Mosel a—REF->TRRESEBEED T, EEL<I%. Mosel language
reference manual MEC 2 —J)L mmive IZTDWTODEHRBAEZSEL TLEELY,

procedure draw_solution
IVEerase
PersGraph:= |VEaddplot ("Personnel”, |VE_BLUE)
LocGraph:= IVEaddplot (“"Locations”, |VE_CYAN)
AsgnGraph:= |VEaddplot (“"Assignments”, |VE_BLACK)

forall (d in LOCNAMES)
[VEdrawlabel (LocGraph, 1.2, LOGNUM(d)-getsize(LOC)/2, d)

idx:= 1
forall (p in PERS) do
[VEdrawl ine (AsgnGraph, 0, idx-getsize (PERS)/2
1, getsol (place (p))-getsize (LOC) /2)
[VEdrawlabel (PersGraph, 0.1, idx—getsize (PERS)/2, p)
idx:= idx + 1
end-do

62



[VEzoom (-1, getsize (PERS)/2+1, 2, -getsize (PERS)/2)
|VEpause ("press a key to continue”)
end-procedure

3.8 implies : RA YV FNDEE

DI avDfEREIL. TApplications of optimization with Xpress-MPJ & ULMS5 &M Section
71.512% % [Paint production] MSE->=£ DT,

BEDEED—HELT, HEIRAUIRIIE, RELLEFEEFOTLORENISATUMIMA
TR ZDRAUED 5 DDNYFEEELTVET . <D 5 DD/N\YFIE, WOHRELTY , XA
SrDONYFIF TRTC BE—D ALEETOCLRTEESNES . £EEICHESREEIE. H5/\y
FNLRDINYFICHHEE BT HEFSNETNELRYER A RIUED 5 DDRE/NNVTF 1~5
DOFERBIE. ThEh 40 5.35 53,45 73.32 . B LU 50 5 TY, HFEHEIE. BERIUE
DEATITERKBFLES BIAE AR—RDRAVNEKERAUNDRICEELZY  BOLEDOARLS
rOEEDRIC. BWRAUPEAEELEYT DEIGEE . RRERE ERMNNYES, Table 3.7:
Matrix of cleaning times M FIX. BT, CLEAN,; 1&. Ny F [ ENVF j &EDED K%
FTY,

Table 3.7: Matrix of cleaning times

1 2 3 4 5
1 0 11 7 13 1
2 5 0 13 15 15
3 13 15 0 23 1
4 9 13 5 0
5 3 7 7 7 0

COSHE mOTEELF-OTLDOT, BBEITI. COEEETE (BIF TOC AE) &, TELEITE
W THEFEEVEEZTOET . £592EHIZEF. RAVMYFE, EDQLSIBIEF TITo1=5
FWOTLESID . COIEFIE. 8. THhN5D T, RULEBEMZREICTSIZIE. HEEDRED
NYFERDBDRAND/NYF DR EFHELERTIVLENHYET,

3..1ETIL1DERIE

Z ZTIZ. Section3.5 DEREZE. 2 DORBMEETILELTERIELELLS . MDD ERXEIZL.
lApplications of optimization with Xpress-MP] DFEEEHEEIZEDERILITIEVED T, =
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EBHDEXIIL. two-dimensional element constraint AT EIEXILTYT,

JOBS = [1,. .., NITEET BNV FDEEE. DR, TNy F j ONEBK%E. CLEAN,T=D
DEFLUINYF (1 ENYTF JOBOESEFBBZEZRTIOELET, . FP a3 T0EKED
3TERTO. JOBSODHDEEMBRELE suce, ZBAL. £V a3 TDERDEFICHER
K ZRY clean,ZBALEY, &£ 3 TORDKFICHLELRMEIE. succ, DIETA VT Y
DALTHFET. Z5LT. UTO&SIZ, MEOERLEZITVET,

Minimize Z(DURj+cleanj)

jeJOBS

Vj € JOBS : succ ,JOBS \ {j}
Vj € JOBS : clean; = CLEAN

J.suce;

all - diﬁ‘erent(Y jesops SUCC )

BRBERIE, TRXTO/NY FOUNEBRRE EREFRMEELOET, ZEDal I-differentHilFI5
Hix, HowdNYFH, £EIEFEOFTC—ELMECZ ORI EEZRIELET,

BEENS. COETLE V) 2—230D— D0V AV LERRKTELERIELEE A,
EE. ETILEHRC & BIEEBR2ZINEONETHN, TORICEF. 2205 THA9)L1— 3
= 22> 1EYTHA4IIL4 -5 - 48HY, Y)a—arvelL T, BUTEHY FEFEA,
NEMRRT B=HD—DD AL, ETIVICdisjunctionZZ ., T AU IILEH =LY
J)a—23VERFHIET. BYEBRL, ETLEHELIETT,

Vsucce, #3 v succ, # 2V succ, #1v succ, # Sv succ; # 4

LML, COFIEIX. BEMICEEIZEZ <D disjunction #BAT SAREMINH DD T, &Y
REVWTF—8 £y FCHERAHTLL S, LEADT, YITHA I LREDLHIZ, FED
&I E¥ y, & implication constraint ZE L, EEBRHGEXILDAXERVET,

Vj € JOBS : rank, € {l,...,NJ |
Vie JOBS,Vj=2,.,NJ,i# j:succ,=j=y, =y +1

TRy EETAIOLOHRTOY 3T jOUEICHIELES . ChoDfl#EHT, 23T
TE, W2BFEIROYavERYETS,

382ETNIDAVTIAYT—a Y

BIDE LIV TERIEEN=ETILDMosel /T A TF—av(d hMEYEETIT , HTH (5
JILBREDRIFIEHEIE., impliesZEFEd>O0 v IBRELTEITINE T, (equivZE{ELY, implication
Z#equivalencel TEEH#Z AET, TNLDFHNEHD ., KYBNWVERIENESNET,)
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model “B-5 Paint production (CP)”
uses “kalis”

declarations

NJd =5 I Number of paint batches (=jobs)
JOBS=1. . NJ

DUR: array (JOBS) of integer I Durations of jobs

CLEAN: array (JOBS, JOBS) of integer ! Cleaning times between jobs

CB: array(JOBS) of integer I Cleaning times after a batch

Successor of a batch

Cleaning time after batches
Variables for excluding subtours
Objective variable

succ: array(JOBS) of cpvar
clean: array (JOBS) of cpvar
y: array(JOBS) of cpvar
cycleTime: cpvar
end-declarations

initializations from 'Data/bbpaint. dat’
DUR CLEAN
end-initializations

forall(j in JOBS) do
1 <= succ (j); succ(j) <= NJ; succ(j) < j
1<=y@() vy <N

end-do

I Cleaning time after every batch
forall(j in JOBS) do
forall (i in JOBS) GB(i):= CLEAN(j, i)
clean(j) = element (CB, succ(j))
end-do

I Objective: minimize the duration of a production cycle
cycleTime = sum(j in JOBS) (DUR(j)+clean(]))

I One successor and one predecessor per batch
all_different (succ)

I Exclude subtours
forall (i in JOBS, j in 2. .NJ | i<>])
implies(succ (i) = j, y(j) =y(i) + 1)

I Solve the problem

if not cp_minimize(cycleTime) then
writeIn("Problem is infeasible”)
exit (1)

end-if

cp_show_stats

I Solution printing
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writeln("Minimum cycle time: “, getsol (cycleTime))

writeln("Sequence of batches:¥nBatch Duration Cleaning”)

first:=1

repeat

writeln(" “, first, strfmt DUR(first),8), strfmt(getsol (clean(first)),9))
first:=getsol (succ(first))

until (first=1)

end-mode |

3.8.3FFIL2DERI

Section 3.5.1 DIEF{FHHET ILIZ{LLF= rank variable Z{F>T. CORAVMEEDRBEEZEITTHZ
EHTEET,

BIER#R. JOBS={1,. NJYWNEE/NVYFDEE . DURMNINYTF j DIIBEERT . CLEAN, IV ERTL 1=/
OF (ENVTF jOEIDEEFEERTELET T, LB £ 12H 5 job DEIEELL T, JOBSDHD
EEMBDRELE rank, TBALET , T clean, (CZT. ke JOBS) I&. k B OB EEREZERL
FI . COESEREIE. 2 DBEHELIZEE rank, DIET CLEAN,EZAVTHLUTLTHLNET .
OLT.UTOBEDERLERFET,

Minimize ZDURJ.Jr ZCleank
jeJOBS keJOBS

Vk € JOBS :rank, € JOBS

Vk €{l,..., NJ —1}: clean, = CLEAN
cleany;, = CLEAN . .o,

all — different(Y ,_,pss rank, )

rank;, ,rank;

ETIL 1 ERFR, BHIBRIE, TRTONYFOMBLE SRR DA OR/IMETT . HEHE R
MoIFBEICIIDETIHYFEAN, DERKMEEFHRZTNETNAEIC, BGEIKHIUT
YITEHLTVET . ChITKY, DaTICETE&K5E. DaTDMEICBT SR EDENETRL
FY,

CDETILTIL. rank variable [ZB§9 3 all-different constraint Z#0 & AH . TRTD/NVFH, & E
JEF DIz, BRHFIZ, =E—ELIFULAALENESIZLTHYFET,

384214 VT AVT—a Yy

ZEBHODETILDALT)AT—a0(d, Xpress—Kalis D 2-dimensional version of the element
constraint #fERALTULVET,

model “B-5 Paint production (CP)”
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uses “kalis”

declarations

NJd =5 I Number of paint batches (=jobs)
JOBS=1. . NJ
DUR: array (JOBS) of integer I Durations of jobs

CLEAN: array (JOBS, JOBS) of integer ! Cleaning times between jobs

rank: array(JOBS) of cpvar I Number of job in position k
clean: array(JOBS) of cpvar I Cleaning time after batches
cycleTime: cpvar I Objective variable

end-declarations

initializations from 'Data/bbpaint. dat’
DUR CLEAN
end-initializations

forall(k in JOBS) setdomain(rank (k), JOBS)

I Cleaning time after every batch
forall(k in JOBS)
element (CLEAN, rank(k), if(k<NJ, rank(k+1), rank(1))) = clean(k)

I Objective: minimize the duration of a production cycle
cycleTime = sum(j in JOBS) DUR(j) + sum(k in JOBS) clean (k)

I One position for every job
all_different(rank)

I Solve the problem

if not cp_minimize(cycleTime) then
writeln("Problem is infeasible™)
exit(l)

end-if

cp_show_stats

I Solution printing
writeln("Minimum cycle time: ”, getsol (cycleTime))
writeln(“Sequence of batches:¥nBatch Duration Cleaning”)
forall(k in JOBS)
writeln(” ”, getsol (rank(k)), strfmt(DUR(getsol (rank(k))),8),
strfmt (getsol (clean(k)),9))

end-mode |

3.8.5 &R

COBBEDRPDYAINEALIE 2433 TT . lFE 1 - 4 >3 -5 —> 2 - 1DIEFT/N
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YFENIBTHLETERTESETY , £, 243 &, (EfFETEEU)NIERR 202 50& 41 H D3
EEEANLEOTNVET,

CDFERED Xpress—Kalis [ZE > THEBESNI-FRBIZDWLTO#HMTERDE. COFHDETILIEL.
(TA74IWREBREREFEFALOMYRNINEZTO TLWADT, IBLERILITHIZENDLIMYE
—d—o

3.9 eqUiV.:FT B OB BEDEE IS

Z DI, TApplications of optimization with Xpress—-MP &LV D Section 15.5 (28 Al Location of
income tax offices |MNSEL>f=H D TY,

FEHRELOEFIE. EERBEOMESHRBRA I RORYNT—VEBEEFHELELSELTE
T CIT.RBMHTDERDOEE. TARTOETEDEBENHA>TULVES (Table Table 3.8), FTfF
BB L EFFIEL. +ORBEEEHN—T B2E=HICIE. 3 DOHBHFITA I RERBET RETHD. &
LWDOREZTO>TVET . CNbDAT(RZE ER—AHEYD . ZBLEVAFHA T4 AETOT
BEBER/MIT H=OICIE AT, REEZITRET RETLLID,

Table 3.8: Distance matrix and population of cities

1 2 3 4 5 6 7 8 9 10 11 12

1 0 15 37 5 24 60 18 33 48 40 58 67
2 15 0 22 40 38 52 33 48 42 55 61 61
3 37 22 0 18 16 30 43 28 20 58 39 39
4 55 40 18 0 34 12 61 46 24 62 43 34
5 24 38 16 34 0 36 27 12 24 49 37 43
6 60 52 30 12 36 0 57 42 12 50 31 22
7 18 33 43 61 27 57 0 15 45 22 40 61
8 33 48 28 46 12 42 15 0 30 37 25 46
9 48 42 20 24 24 12 45 30 O 38 19 19
10 40 55 58 62 49 50 22 37 38 0 19 40
11 58 61 39 43 37 31 40 25 19 19 0O 21
12 67 61 39 34 43 22 61 46 19 40 21 0
Pop. (in 1000) 15 10 12 18 5 24 11 16 13 22 19 20

3.1 ETFILDERIE

CITIESZ# T DEATHAELFELLS FEDERXIEIZIE. 2 DDTIL—TDRELEHHIALETT,
Thbhb, T8 build, 28 depend, TS, =3k build,|E. #T ¢ ICFRIBHREBINA T4 ANKES
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N=HEE. ZLT. ZEDGEET 1 EWSBEEVET . T devend, &, & c LT DA T4RX
NDESEZRVFET FIHNEHEOEXED=HIZ. BT 2 DOBEPMERDES. THEDbL.
depdist,. 5EXV. numdep,ZBALEYT , depdist,|L. & ch o depend, TREINBZA T4 AETD
BEBEERL . numdep, X, BIRA T4 AME I NBMUBICE>TRESTKHEEHHT DT,

LT OBERD, E8 depend, |IZEH build, %) BDITBHETT,

(1) numdep |3 . % #k depend,dd A T D office location cDFELERMMEHIVILET,

(2). 8T c ITATAANFRESINDSHZE. ZTLT. ZTDIFEITFZT., numdep, 21 EEYFETEHEREL
T. 8 c ITH T4 ADNFRESNGWZE L. numdep, 1$=0),

V¢ e CITIES : numdep, = |dependd =c

deCITIES

V¢ e CITIES : numdep, 21 < build, =1

BEINDIT T RDBMBFTIED NUMLOC THIBBEN TSN T, FERDRERFET,

> build, < NUMLOC

ceCITIES

E8 build, EEH depend, DEID—_FEB DBEFZEDEXLIL. EFEIZIX. implicationT £ L .
numdep,>1 THAELIE, 3T NIE, #H c DA T REFJRELZITNITESMEL, ZLT, HIZ, &
T c DA T4 ADRBEINLZWNESIE, numdep =0 THITHIXESHEN 1 ETNIE+HHTLLD,

BRIMISNEIREEMBEHEE. BT DOEROBICE > TEA DTSN REHMTT . FR—AHI=
YO, ZLEWFIBRATAAANDEYEHEZFLHICE BRELTELONDEZ. REOKRAOT
BOWENHYES . T ¢ NoRLEVEHRBINA T ADMELTTDIERE depdist, %,
discrete function, 745, depend, DIETAL TV ASNT-EERET NIV R DIST,,DFT c THRLHN
F9,

depdist, = DIST

¢,depend,,.

ULFY, ATDCPETILERES,
minimize ZPOPC -dist,
ceCITIES
Ve € CITIES : build, € {0,1},depend, e CITIES,
numdep, € CITIES Y {0}, depdist, € {min aecirzs DIST, 4 max oz DIST, d}

V¢ e CITIES : depdist. = DIST,

c,depend,,
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> build, < NUMLOC

ceCITIES

V¢ e CITIES : numdep, =|depend , = c

deCITIES

V¢ e CITIES : numdep, 21 < build, =1
3.9.2 4TV AvT—Yay

CORIEEEL=DIZ. 2 DDESD M 55D branching strategy ZEHZLET . TD—DIL. T
build, D=6DH, ZLT, 53— 2. B depdist, DF-ODELDTY , &EFIX. sp/it_domain
branching scheme Z{E>THIZEENET , 2D branching scheme (&, (EZZEHIZEYLTEHDTIE
75<) branching variable MR AL Z B D disjoint subsets [ZHEILFET, FLT. 7—Fa A ke
L. procedure co_set_branching|Z. type cpbranching M array ZELET . COFLADFDFA
—3—T. LSRN ERINDGET, CCTOIEDHIR . BMEDT RTOREEHEHT
BB ATIELVELD T, Xpress—Kalis [, H—FHEERZERALRIC. 7SN TORNEHR
MESTWBIERIE. TATHILMNEREFE>TINOEIETLET,

mode| “J-5 Tax office location (CP)”
uses “kalis”

forward procedure calculate_dist
setparam ("DEFAULT_LB”, 0)

declarations

NC = 12

CITIES = 1..NC I Set of cities

DIST: array(CITIES, CITIES) of integer ! Distance matrix

POP: array(CITIES) of integer I Population of cities

LEN: dynamic array (GITIES, CITIES) of integer ! Road lengths

NUMLOG: integer I Desired number of tax offices

D: array(CITIES) of integer ! Auxiliary array used in constr. def

build: array(GITIES) of cpvar I'1 if office in city, O otherwise
depend: array (GITIES) of cpvar I Office on which city depends
depdist: array(CITIES) of cpvar I Distance to tax office
numdep: array (CITIES) of cpvar I Number of depending cities per off
totDist: cpvar I Objective function variable
Strategy: array(1..2) of cpbranching ! Branching strategy

end-declarations
initializations from 'Data/j5tax. dat

LEN POP NUMLOC
end-initializations
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I Calculate the distance matrix
calculate_dist

forall(c in GITIES) do

build(c) <=1

1 <= depend(c); depend(c) <= NG

min(d in CITIES) DIST(c,d) <= depdist(c)
depdist(c) <= max(d in CITIES) DIST(c,d)
numdep (¢) <= NG
end-do

I Distance from cities to tax offices
forall(c in GITIES) do
forall(d in GITIES) D(d):=DIST (c, d)
element (D, depend(c)) = depdist(c)
end-do

I Number of cities depending on every office
forall(c in CITIES) occurrence(c, depend) = numdep (c)

I Relations between dependencies and offices built
forall(c in GITIES) equiv( build(c) = 1, numdep(c) >=1)

I Limit total number of offices
sum(c in CITIES) build(c) <= NUMLOC

| Branching strategy

Strategy (1) := assign_and_forbid (KALIS_MAX_DEGREE, KALIS_MAX_TO_MIN, build)

Strategy (2) := split_domain (KALIS_SMALLEST_DOMAIN, KALIS_MIN_TO_MAX,
depdist, true, 5)

cp_set_branching (Strategy)

I Objective: weighted total distance
totDist = sum(c in CITIES) POP(c)*depdist (c)

I Solve the problem

if not cp_minimize (totDist) then
writeIn("Problem is infeasible”)
exit (1)

end-if

I Solution printing

writeln("Total weighted distance: “, getsol (totDist),

“ (average per inhabitant: ”
getsol (totDist) /sum(c in GITIES) POP(c), “)™)

forall(c in GITIES) if(getsol (build(c))>0) then

write("0ffice in”, ¢, "1 ")

forall(d in CITIES) write(if (getsol (depend(d))=c, “ “+d, “"))

writeln
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end-if

I Calculate the distance matrix using Floyd-Warshall algorithm
procedure calculate_dist
I Initialize all distance labels with a sufficiently large value
BIGM:=sum(c,d in CITIES | exists(LEN(c,d))) LEN(c,d)
forall(c,d in CITIES) DIST(c, d) :=BIGM

forall(c in CITIES) DIST(c,¢c):=0 I Set values on the diagonal to 0

I Length of existing road connections
forall(c,d in CITIES | exists(LEN(c,d))) do
DIST (¢, d) :=LEN(c, d)
DIST(d, ¢) :=LEN(c, d)
end-do

I Update shortest distance for every node triple
forall (b,c,d in CITIES | ¢<d )
if DIST(c,d) > DIST(c, b)+DIST (b, d) then
DIST (¢, d) := DIST (¢, b)+DIST (b, d)
DIST(d, ¢) := DIST (¢, b)+DIST (b, d)
end-if
end-procedure

end-mode |

CHDETILDAT YA TF—23 02 Mosel TOHTIL—FDRIDOFERFINEENTINET,
Thht BT —20HE (L. FIE calculate dist TITHNTLNET, ZDER. EFI/ILOEE L
ITHITIL—FoxFAL. TETILOERIEIS., FHEIEIRIZRMYBRLIENTEET,

3.9.3 #R
COMBORERELT, ARZVI—FELT, #REERE 2438 LLNSEABONELT -, EEREIZIE.
& 18 73 5000 ADERAVNSDT. ER—AH-YDTEREEEL, 2438/185,. T7ahb . #
13.178km EHYET 3 DDA T RIE, /—F 1, /—F 6, /—F 11 [TERISNBEITHYFET, /—
F1OATARIEEH 1.2.5. 7 —ERRIFGEL, /—F 6 DA T, RIFH T 3.4.6.9FH—ER
RigEL, A /—F 11 DT RILERT 8. 10, 11, 12 FH—ERARBELET,

3.10 cycle : R4V DAERE

CDEYaVTIE. £5—E. Section 3.8 DRAUMEFEDBBEICDOVWTERATRELLD, COME
DENIE. TRTOHEDOLEZOMICIE. D37 DHEE T, mEHMNIEFITIKET HIKET. O3
TDEEEE5ZONTEE . TRTDVITELEDLILIEETITo1zb. EEYF A VIILHR/NILD
MNERETHILETY,
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3.10.1 EFILOERI

923 38 OMEERILIE. PaTDTARTH, —ELFITHONEILERIT ST 58I,
"all-different’ constraint {0\, 'element’ constraint Titi#FFHIZETEL. ZLTC. £ EIBFTOY D
YA NEHRCTE=OIC MBEBERNEHEEALEL, ZE. ChoDHNEHELNRIERD
FTRTH. IzFZ—DDHIFIBE K. ‘cycle’ constraint TRIZTHIEMNTEET,

JoBS = 1,..., NA THEETZN\VFDEEE. DUR T/IAYTF j DUIEEEM%E. LT, CLEAN, T
ZODEHETHNYF [ & ORDEERHEERTLDELET . AIERL LI, FP3TITHKDa
TaRTT=0IZ, JOBS DHRDEZMBREER succ #EBLET . UTIE. ZORELETILE
X1TY,

minimize ZDURj + cleantime

jeJOBS
Vj € JOBS : succ; € JOBS\ {j}
cleantime = cycle((succ ; )je 0B (CLEAN i ),» jeJOBS )

where "cycle’ stands for the relation ' sequence into a single cycle without subcycles

or repetitions’. The variable cleantime equals the total duration of the cycle

ZCT. cycle'lZ. Msubcycle, B LU, repetitionZELIZ, BE—®D cycle IZIEFF T 5 1EWSEREE

BRLEY , F1=. £ cleantime [, cycle((succ‘/.) (CLEANU)_

i,jeJOBS

)= HLRYET

jeJOBS’

3.1. 24 U AVT—2 3y
cycle constraint Z{£>7= Mosel ETJLIE, FEEDELIIZHYET,

model “B-5 Paint production (CP)”
uses “kalis”

setparam (“"DEFAULT_LB”, 0)

declarations

NJ =5 I Number of paint batches (=jobs)
JOBS=0. . NJ-1

DUR: array (JOBS) of integer I Durations of jobs

CLEAN: array (JOBS, JOBS) of integer ! Gleaning times between jobs

CB: array(JOBS) of integer I Cleaning times after a batch
succ: array (JOBS) of cpvar I Successor of a batch
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cleanTime, cycleTime: cpvar | Durations of cleaning / complete cycle
end-declarations

initializations from 'Data/bbSpaint. dat’
DUR CLEAN
end-initializations

forall (j in JOBS) do
0 <= succ(j); succ(j) <= NJ-1; succ(j) < j
end-do

I Assign values to 'succ’ variables as to obtain a single cycle
I "cleanTime’ is the sum of the cleaning times
cycle(succ, cleanTime, CLEAN)

I Objective: minimize the duration of a production cycle
cycleTime = cleanTime +sum(j in JOBS) DUR(}j)

I Solve the problem

if not cp_minimize(cycleTime) then
writeln("Problem is infeasible™)
exit(l)

end-if

cp_show_stats

I Solution printing

writeln("Minimum cycle time: “, getsol (cycleTime))
writeln("Sequence of batches:¥nBatch Duration Cleaning”)
first:=1

repeat

writeln(" “, first, strfmt (DUR(first),8),

strfmt (CLEAN (first, getsol (succ (first))),9) )
first:=getsol (succ(first))
until (first=1)

end-mode |

cycle constraint TROSNDAANTH—TYMIRSIT=DOIC ZRIDBE BN, 0 HhOIEFEIITY
DATATFBEALONTULDDITEELTIIZELY,

3.10.3 #EH
COMENORBEHRTIE. S=ZT LY AIILEA L1F2439 LY FORRIE. (EHETEEL)NIEE
12025 LG EMM 2 TT,

Xpress—Kalis [Z& 2 THERESNI=ETIL-SUIZDWNTOHMETIZELDE. COETILD cycle’/3—237
VI COMBEERBEL. <=0 DRIMENLEHETHAENBELMZHEYELz, ThIX. &5
23v 38 M2 D2DERILLYE, KYDHNV/—K, SYELERBTELBONELT,
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3.11 Generic binary constraints: 744 5—®OF A b Y7 —

CCTORERX. FIRABOLET, A28, TRTORILE, —ELT, BiBL., RERIC, HFE
RARDTKBY7— (BB ZRDITHIETY . TARDERIE, FTADFREIL—ILIZHEDEZITA
EFHYFER A TARE, —EIC. BEEAMRICTI DOELLETEHE, 8T KEARIZIE2DODEIL
EIHEK 3LLE ZEEAMIZ2 DO RILETEHE, 2T OKEARICE 1 DOELETENEF
9, DFEY. Figure3.3 TRENTWSELIIZ. CORDBPRIZHEL TS FTAME. BREBDEILIZD
H BNTBH. ELVSIETT,

Figure 3.3: Permissible moves for a knight

3.11.1 EFILOER

FIRBEERT=OHIC. CTIER.BILIZ.O DS M ETOEEZMITET, CSTNIEFIREBED
TILDETT , TALDREE, FABR. YV T7—DRF O/ BEDHEETT NMEADER pos, 12k
STEEREINET,

RODERZE. V7 —ORIERIELTERICEAELEY  15—2. AN TR ERHIFIFHEZ.
FTRTOEH pos; [FEREDHEZMDHENSITET BMETNIE, FTRABOEILE, FRTH, FEIZ,
—EEF, FEENSENSTETY,

all — diﬁ‘erent(posl yeers DOS | )

CCT.EBRLMEEN AT T A NDBBZERT OMNEINIEF IV TESHHMEREMHELY
ZHENRHYET, COBMDT=HIZ, HLL binary constraint "valid_knight_move ZE&L
F9, 'valid_knight_move' IZ. 5X5NF=ZDDEDHEN ., FAFOBHIIZDODLTHOFIADIL
—IVIZHES. F SN BEEEETINEINFIVILET . ZDODEF. BEEAR. LU, KF
ARIZ 2 DUTOEILTHNTNASZE, ZELT. EEAM., KEARDIGHDEVDEFHMN I T
BNIEBYVEL A, SSLT. ETLEERIEUTOLSICHEYET,

Vie PATH ={l,..,N}: pos, € {0,..,N —1}

75



pos, =0
all — a’iﬁ%rent(pos1 yeers POS )
Vie POS = {1,...,N — 1}: valid _knight_move(posl. ,posm)
valid _knight move(posN , POS, )

3N240T)AVF—aYy

TACDHEE a hHHUE b ~NODHEHAELWLWAESIHIEZT AT S &L, function
valid_knight_move TITAET . CZTLdivVIE,. RYZFFLHZOEHDEYE (integer division
without rest ) T. 'mod'[d. B DEIYE DR (rest of the integer division) ZEKLFET,

function valid_knight_move (a, b)
xa = adiv E

ya = a mod E
xb = b div E
yb = b mod E
deltax} := |xa-xb|

deltay} := |ya-yb|
return ((deltax} <= 2) and (deltay} <= 2) and (deltax} + deltay} = 3))
end-function

LA D Mosel BT JLIE. movep ELVDZDDEDRTEZIZDLTHDIEFHLLY binary constraint D=
fT1ELTO. user constraint function 'valid_knight_move’ MEFZTI , (Z D constraint &,
generic_binary_constraint [C&YERESNET),

model “Euler Knight Moves”
uses “kalis”

parameters
S=28 ! Number of rows/columns
NBSOL = 1 I Number of solutions sought

end-parameters

forward procedure print_solution(sol: integer)

N:=S * S I Total number of cells
setparam (“"DEFAULT_LB”, 0)

setparam ("DEFAULT_UB”, N-1)

declarations

PATH = 1. .N I Cells on the chessboard
pos: array (PATH) of cpvar I Cell at position p in the tour
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end-declarations

I Fix the start position
pos(1) =0

I Each cell is visited once
all_different (pos, KALIS_GEN_ARG_CONSISTENCY)

I The path of the knight obeys the chess rules for valid knight moves
forall (i in 1..N-1)

generic_binary_constraint (pos (i), pos(i+1), “valid_knight_move”)
generic_binary_constraint (pos(N), pos(1), “valid_knight_move”)

I Setting enumeration parameters
cp_set_branching (probe_assign_var (KALIS_SMALLEST_MIN, KALIS_MAX_TO_MIN

pos, 14))
I Search for up to NBSOL solutions
solct:= 0
while (solct<NBSOL and cp_find_next_sol) do
solct+=1

cp_show_stats
print_solution(solct)
end-do

I #x+x Test whether the move from position a to b is admissible k%
function valid_knight_move(a:integer, b:integer): boolean
declarations
Xa, ya, xb, yb, delta_x, delta_y: integer
end-declarations

xa = a div S

ya = amod S

xb = b div S

yb = b mod S

delta_x := abs(xa—xb)

delta_y := abs(ya-yb)

returned := (delta_x<=2) and (delta_y<=2) and (delta_x+delta_y=3)
end-function

| soksfoksoksotokstoksdoksdoksookatoksokdoksorsktoksoksoksokkatoksoksoksorskookstoksoksokskorsk ok soksorsok
I Solution printing
procedure print_solution(sol: integer)
writeln(“Solution ”, sol, “:”)
forall (i in PATH)
write(getval (pos(i)), if(i mod 10 =0, "¥n ”, “"), " > ")
writeln("0”)
end-procedure
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end-mode |

ZHDETILTHEAEINS branching scheme (&, probe_assign_var heuristic T, EHEIRDF=HD
KALIS_SMALLEST_MIN(smallest lower bound Z¥FDE#HZEEIRT D). BLU. EDEREETHD
KALIS_MAX_TO_MIN(FRBRKEVRALAENDETRB/INEVDRASUEN) EHAEDHOETHEVET . (£
DIA—F)RFDERELYENTTA)KERET HIEMNHIBAL TS, 35— DD Y —FEBRIL. L
TDOHLDTY,

cp_set_branching (assign_var (KALIS_SMALLEST_MIN, KALIS_MAX_TO_MIN, pos))

CDETILIK.2 DONSAEEERLET ., CHIZKY .. ETILERITTEHEE, ETILY—REE
BIBHIELR, FIRBO)D YA X0, RTTBHEZITRODDV)2—2a 0 OEINBSOL)EZEZ BT
EDTREIZRYET,

3.11.3 #£H
COETIIZES>THIRIEN -RFDV) 1—3viE. L TFTOYF7—TT,

0->17->34 ->51 -> 36 -> 30 —> 47 -> 62 -> 45 -> 39
-> 54 —> 60 —> 43 -> 33 -> 48 -> 58 -> 52 -> 3b —> 41 > 56
-> 50 —> 44 -> 38 -> 55 —> 61 > 46 -> 63 —> 53 —> 59 —> 49
> 32 >42->51 >4 ->25->8->2->19->4->14
>3 >31->22->17->183->28->18->24->9->3
->20>2->106->1->11->5->15->21->6->23
29 >12->21 ->10 >0

SN ARBHLGA VTV AVT—V3Y

LEDETILOEMIZE, user constraint DEHED—HIEHFHETLI-A, Section 3.10 M cyclic
scheduling problem BIZHERENF-ETILEFEST, KYMNRMLHET,. COBBEERITTHIEL
A[HETY ., set of successors (domains of variables succp)li\ _E . user-defined binary constraint
DEFATHEALLOLRLTLTYX LEFERTHETHETEET,

Without repeating the complete model definition at this place, we simply display the
model| formulation, including the calculation of the sets of possible successors
(procedure calculate_successors, and the modified procedure print_sol for solution
printout. We use a simpler version of the "cycle’ constraints than the one we have
seen in Section 3.1-0, its only argument is the set of successor variables——there

are no weights to the arcs in this problem.

CCTR.ETILEHEDEREZRYIKRZ ST | sets of possible successors (procedure
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calculate_successors), H&LK, V) a—3a> DT D= DIEESNT= procedure print_sol
FEOL.ETIDERIEDAZERRLET , Section 310 TRE=EDKUB., &Y E L cycle’
constraint M/ N— 3 FFENVET A, FDOMHE—D argument [, set of successor variables T9, =
DFEED arcs ~NDIVIAMIFESTLBHYFEE A,

model “Euler Knight Moves”
uses “kalis”

parameters
S=28 ! Number of rows/columns
NBSOL = 1 I Number of solutions sought

end-parameters

forward procedure calculate_successors (p: integer)
forward procedure print_solution(sol: integer)

N:=S * S I Total number of cells
setparam (“"DEFAULT_LB”, 0)
setparam (“"DEFAULT_UB”, N)

declarations
PATH = 0. . N-1 I Cells on the chessboard
succ: array(PATH) of cpvar I Successor of cell p
end-declarations

I Calculate set of possible successors
forall(p in PATH) calculate_successors (p)

I Each cell is visited once, no subtours
cycle (succ)

I Search for up to NBSOL solutions

solct:= 0

while (solct<NBSOL and cp_find_next_sol) do
solct+=1
cp_show_stats
print_solution(solct)

end-do

I s+xx Calculate possible successors #k*x

procedure calculate_successors(p: integer)
declarations
SuccSet: set of integer I Set of successors
end-declarations

xp = p div S
yp = p mod S
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forall (g in PATH) do

xq = q div S

yq = q mod S

delta_x := abs (xp-xq)

delta_y := abs(yp-va)

if (delta_x<=2) and (delta_y<=2) and (delta_x+delta_y=3) then
SuccSet +={q}

end-if

end-do

setdomain (succ (p), SuccSet)
end-procedure

I ksksfokskakookokskokokokkodokokskokokokskookskakolokokkookokskkookokoookokookskadolokokdodokokok
I xtk Solution printing skxx
procedure print_solution(sol: integer)
writeln(“Solution ”, sol, “:”)
thispos:=0
nextpos:=getval (succ (0))
ct:=1
while (nextpos<>0) do
write(thispos, if(ct mod 10 =0, “¥n ”, “7), " > ")
val :=getval (succ (thispos))
thispos:=nextpos
nextpos:=getval (succ (thispos))
ct+=1
end-do
writeln("0”)
end-procedure

end-mode |

E# succp DAV DFREIZKY . ThinExk.2-8 ERFTRLSEET . HoWEHEH pos,D N=
64 LLEERL TS0 ShizkY COMED Y —FAR—R ([ AT DLET .

This second model finds the first solution to the problem after 131 nodes taking just
a fraction of a second to execute on a standard PC whereas the first model requires
several thousand nodes and considerably longer running times. It is possible to reduce
the number of branch—-and-bound nodes even further by using yet another version of
the "cycle’ constraint that works with successor and predecessor variables. This
version of 'cycle’ performs a larger amount of propagation, at the expense of
(slightly) slower execution times for our problem. The procedure
calculate_successors now sets the domain of predp} to the same values as succp} for

all cells p.

COZ_EBDETILIZ BED/AVIVT. 131 /—FOH—FDHE. COBBEDORADY) 21—
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IVFE. FSLL T REBFFICHADTELZ. ZNRIZEVDLT. RVDET L TIE. BHF O/ —FDH
—FARBET.LEAS>T. MEYRVWETRHBNEMNYET , S5I2. ‘cycle’ constraint M
successor ZE#. predecessor THEEE T HELITRID/A—2 3% FS L. branch—-and—bound node
DEE. BOEFLT ENTEET , cycle D, CD/N—DavE, CORMBEDORTHEZ. Z<hHT
NTETHIEHICTHILLEIEMRIC, H062DTANSF =230 FRITTEET , procedure
calculate_successors [&. ¥RTD Il pIZf=L LT, domain of pred, % succ, ERICIEIZEYMT
B&3ITYET,

declarations

PATH = 0. .N-1 I Cells on the chessboard
succ: array (PATH) of cpvar I Successor of cell p
pred: array (PATH) of cpvar | Predecessor of cell p

end-declarations

I Calculate sets of possible successors and predecessors
forall(p in PATH) calculate_successors (p)

I Each cell is visited once, no subtours
cycle(succ, pred)

Figure3.4 [, IVE M'user graph#geZF > TEREIN=F A DY T —D T S714hIVIET 4 AT L—
T,

| 0" [Graph created using the "mmive" library. [™ Auto Hide

ICIick far graph histary d

[ W Board
|| ¥ B Knight tour

g
3

al--|--

Td==ll==

jEsvazcanl
[l AR |
rus=vayal

Z 3 4 5 6 7 8 9

n
0

0

Dutput.-"lnputl CP statsl CP search  |lser graph |

Figure 3.4: Knight’ s tour solution graph in IVE
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SILSRBHGA VTV AVT—Y3y ZDZ

LWL, E5IT, (ALESLHD/—FTEA AMEYRDETEHRBEVLDIBERTIZEMEMLGDE.
Section 3.10 TBAEh TLVS cycle’ constraint AT A FEEDETILAN—3TY,, C
DETLTE N DOMEICRDMEFTOBRERMIE. BEKRLGZO T, CITIE., B,
"cycle’ constraint OFRTHZRHBEELHRICEEL T, cycle length ZxiETAEICHFILE
ER

sets of possible successors (procedure calculate_successors) . LU, YJa—3>DTFY)
URTIRD =D procedure print_sol &L . FDOMDIT RTHOES L. FIOETILHASOIE
__G-a-o

model “Euler Knight Moves”
uses “kalis”

parameters
S=28 ! Number of rows/columns
NBSOL = 1 I Number of solutions sought

end-parameters

forward procedure calculate_successors (p: integer)
forward procedure print_solution(sol: integer)

N:=S * S I Total number of cells
setparam (“"DEFAULT_LB”, 0)
setparam (“"DEFAULT_UB”, N)

declarations
PATH = 0. . N-1 I Cells on the chessboard
succ: array(PATH) of cpvar I Successor of cell p
end-declarations

I Calculate set of possible successors
forall(p in PATH) calculate_successors (p)

I Each cell is visited once, no subtours
cycle (succ)

I Search for up to NBSOL solutions

solct:= 0

while (solct<NBSOL and cp_find_next_sol) do
solct+=1
cp_show_stats
print_solution(solct)

end-do
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I *x+x Calculate possible successors *#kx

procedure calculate_successors(p: integer)
declarations
SuccSet: set of integer I Set of successors
end-declarations

xp :=pdiv S
yp = p mod S

forall (g in PATH) do
xg = qdiv S
yg = g mod S
delta_x := abs (xp—xa)
delta_y := abs(yp-yq)
if (delta_x<=2) and (delta_y<=2) and (delta_x+delta_y=3) then
SuccSet +={q}
end-if
end-do

setdomain (succ (p), SuccSet)
end-procedure

I skkx Solution printing skt
procedure print_solution(sol: integer)
writeln("Solution ”, sol, “:7)

thispos:=0
nextpos:=getval (succ (0))
ct:=1

while (nextpos<>0) do
write(thispos, if(ct mod 10 =0, “¥n ”, “7), “ > ")
val :=getval (succ (thispos))
thispos:=nextpos
nextpos:=getval (succ (thispos))
ct+=1
end-do
writeln("0”)
end-procedure

end-mode |
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¥ 4E 52 (Enumeration)

CDEIX, FTEDLS%, Xpress—Kalis DU —FHIEDEEICBEL T, ZOMEEHRBELET,

o FEHICERINTULDY—FHE

o SIEZEHHTL. BT SAE

e H—F®Mcallback
o IA—HYH—FHEDOESE

4.1 ZANCER SN TS Y —FHBE

Xpress—Kalis Tl&. TS FER& (X, TED 3 DDAV KR—RU L ERINET,

o H—FY—DHBERETIDIETSVFRAEXF—LTT, FOHIZIE., assign_var,

split_domain (enumeration of decision variables), settle_disjunction (enumeration over

constraints), task_serialize (enumeration of tasks in scheduling problems), £L<I&.
probe_assign_var % probe_settle_disjunction M &SIz, BEMICR G Y —F4

ELEFNLTLET,

o EHEREBI.ISUFIIEHMDBRERELET . HoMLO, FRICERINT
WBISATITIZIF LT OB HYETS,

KAL ['S_INPUT_ORDER:
KAL [S_LARGEST_MAX:
KALIS_LARGEST_MIN:
KAL [ S_MAX_DEGREE :

KAL [S_MAXREGRET_LB:

KAL [S_MAXREGRET_UB:

KAL [ S_RANDOM_VAR I ABLE :

KAL |'S_SDOMDEG_RATI0:
KAL [S_SMALLEST_DOMAIN

KAL [S_SMALLEST_MAX:
KAL [S_SMALLEST_MIN:

variables in the given order

variable with largest upper bound

variable with largest lower bound

variable occurring in the largest number of
constraints

variable with largest difference between its
lower bound and second-smallest domain value
variable with largest difference between its
upper bound and second-largest domain value
random variable choice

variable with smallest ratio domain size/degree
variable with smallest number of domain
values/smal lest domainintervall

variable with smallest upper bound

variable with smallest lower bound)
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KALIS_WIDEST_DOMAIN: variable with largest number of domain values/

largest domain interval

F . 1—HH BB SOEHBREBEEER T H_ELTEEY (T D Section 443 %
RT<tzaly,

o VERUV.TIUFFTERELEHMNRESE, value selection EE&IZLY . branching value
DERMNRESNET , FREEIZHFEELIz. HoML . FRIIERZINTERISATIT

MRFARIEETY,

KALIS_MAX_TO_MIN: enumeration of values in decreasing order,
KALIS_MIDDLE_VALUE: enumerate first values in the middle of the
variable' s domain,

KALIS_MIN_TO_MAX: enumeration of values in increasing order,

KAL|S_NEAREST_VALUE: choose the value closest to a target value
previously specified with settarget,
KALIS_RANDOM_VALUE: choose a random value out of the variable's

domain.

HOMLYH ., BRICERSNIFHEI S/ TIT7 . 2—F B H D value BIEEK ZHY E
ABHENLEF T (Section 4.4.3 R TFZELY),

branching scheme DFERIZKOTIX. FIEEZEBRH T H=OD . BIM/NSAZEIEETHIENTEE
T, BFMIZDULVTIL. Xpress—Kalis reference manual #5 8 L TLFZELY, constraint branching D&
(X, BASMRTETT A, ZEEX° branching value MFEIR (T &HY FEH A, Section 5.7 T, ltask-based
branching strategies (branching scheme task_serialize) D¥FRIGr—RICDWVTEHEB/LET , &
%% $(type cpfloatvar)ld, LyD4. branching scheme 'split_domain’ %, KALIS_WIDEST_DOMAIN
EHERE—HICHEL. ShIE ETYURMAEEREROY T VLT,

TSUFAVTEIEIE, HDIEESNT-ZHEG L., BRTESHA(ZIL. constraint 4 task) . ZL
T. branching scheme function D7 —F 1AV MNEHNNTNBIGEEIE. ETILDTRTORELEL
ISEASINFET (BIZIL., Section 3.5 MET L bdseq_ka. mos &R TLEELY),

A—HFOETILN, T FEBELICHIEELELE, Xpress—Kalis &, 7474 /LB ERAL T,
ETILOHRD, TRTOEHEINZELET . FLAEE., FIZEDT 1T+ )L NEBE(for discrete variables:
“smallest domain first’ and “smallest value first)ZZ X 2 EMNEWNERSIGZETH, REZHDOER
5T IN—TOHNEDIEFEETET 5OIC. T FHBREERT DDIEEFELLLETT HINE
IZIE. SOOI DHFINEFENTLVET , il 2 (L, Section 3.6 DET )L adsugar_ka. mos [ZI&, E
TILDEBDVOMDINEEZEEL, TORR. ETILOEHDOLOM L, BYDERITHLT
BEESNFET, Ff-. Section 3.9 DETIL jbtax_ka.mos TlE, RELEHD T IL—T &I, B35
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ETHERINS Y —FHBOHEREL-,

ETILA BT S E BT S(opvar & opfloatvar) DA AZEATLNRIBE L. T4+ /LR (L.
BRI, BB EHEINELT, R T EHETHENELET,

4.2 %R L., BT A%

REWTT)T—2a 0% EE TREYDZ YLBERM T, BR2EY—FVI)—EHNETHDE. L
[ELIE., ATRETHR LI EAHYET, LI=A>T. Xpress—Kalis Tldk. b—FZ i3 5=6HD. FIZ
sBLI=&5%, LoD FEISATUTHFEREETT,

MAX_BACKTRACKS: maximum number of backtracks,
MAX_COMPUTAT ION_T IME: [imit on total time spent in search,
MAX_DEPTH: maximum search tree depth,

MAX_NODES : max imum number of nodes to explore,
MAX_SOLUT IONS: max imum number of solutions,
OPT_ABS_TOLERANCE : absolute difference between the objective

function value in a solution and its best
possible value (= current upper bound on
objective function in maximization problems and
lower bound with minimization),
OPT_REL_TOLERANCE : relative difference between the objective

function value in a solution and its best
possible value (= current upper bound on
objective function in maximization problems and

lower bound with minimization).

INBDINTARIZIE, Mosel T729S 32D setparam & getparam TFIEATEEITWIZIE.
Section 3.3 METJL sudoku_ka. mos MDFEIREKEET D H 7145, Section 3.4 MET /L fregasgn. mos @
search time limit set R TLZ&LY),

b ERETlL, 785244 OPTIMIZE_WITH_RESTART M BREMNEZLNEWNMGE ., V) a—avh R
DIFoNf-&IZ, CORAVIDSY—FBN{REES Y—F M, LTURMFOFC4TYT 1 DITK
STHEENT, RIC, FIZIE. BLG5Y—FHEHEETHRITSNTHRILTY . root node Mot —F%
BT BHIZIE. FIE cp_reset_search Za— )L 2LEMNHYFET HHIELTIL, Section 3.4 DET
L freqasgn. mos &R TFZ&LY),
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4.3 H—F D cal Iback

Y—F DRI, lcallback function]IZk>T, A—H-ETILIE. HEMLOERSNIZARAUIT, VY
JLN—EXHEE (interact) TEET , COMREL . ZBEILZIToTLVSERAIZ, Section 3.4 DETIL
fregasgn. mos TREIN TS LS, HEMLEV) 2—2a> DIEHREIN) =TT 5D, $FIZ{EF]
TY ., D solution callback ZFRLNT, 21— (&, HBHW B branch, Ft=l&. HoWWH/—FTa—)LE
NBEIT7o0a EERTETEETEEMIL. Xpress—Kalis reference manual & B TFZELY),

4.4 1 —HY—FHRIROEE
LITDOFREREIL. "Applications of optimization with Xpress—MP”® Section 14.1 MSE>f=H D TT,

HBDIT—02avTITE 6 DOEEMIHY . ZOETNETNIZ ARL—2ZEVE T IBELRHYFE
T HOMLH. 6 ADFEENBRSNTOET 6 ADFEEE. 6 DDEHDENTNT, £&E
HDTAERITTNEY , Table 4.1 (X1 FfElH-YDEEEZE. EAREMTELLDOTT  #
WX, SLILIZEDEINET, ShiZ. 7—0 avT2RDEERIL. B2 ORIV LTOHN
EARDEERDEHTHILEZEKRLET,

Table: Productivity in pieces per hour

Machines
Workers 1 2 3 4 5 6

13 24 31 19 40 29
18 25 30 15 43 22
20 20 27 25 34 33
23 26 28 18 37 30
28 33 34 17 38 20
19 36 25 27 456 24

S 1 AW N =

BRIBEHKIE. £AROEEREZEKRIZTHICIE EBAOFEHEDEVATELEDLIITRD=bX
WA EVNDTETT , COMEERRLDIZ, LT OMEY BARLGAEEFE>T, (non-optimal 4)Ea
—NARTAVIBRERDIENDIRODIENTEFY . FBE p 2. TOFHBEN LBV EENRZ
RU=HH m 1BV ETET (0—m . (COLT. FHEE o BBRTHERW m ICEEESh. W m (2IE3F
RL—EANNBDT)T p. Fl mEFHIBRLET . COTAERE, TRTOFEBENEY L TONDET.
BYRLITVET . BRELTHEONBIYETIE, T—E2T—TIILOKRKFTRINTLET, LhHL.
CCTOBRMIE. R, COHFIIRESIND 6 EDEBADFEHEDOEY L TORERERDIL.
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BRU. BEITHREIND 6 BEOBBADFHBHEDEY S TORKERERFILETY,

4.4.1 EFILDOERE

COFMTDRRET, B LEREEVNS BRI TIHONTWEY , PERS THBEDEK &L . MCH TH
WO#HEE. ELT. UIP, THEE pD. W nTOEEMEZRTLDELET . PERSE MCHIE.
mAEL. BALHAXNDEETT, ST NEDEBKER assign,EEELET . assign, . B
DEEDHDIEZRY . T TIX, assign, ¥, FBE o NEIUETONIHMOESEZRLES . 5
BE o N E—DTIr mIZEYLTON, B n Y BE—DOFBE p IZ&>TRESNDIEVSE
EiF. EW assign, DI R THERLGDHEZIRD. ELSFIHEFHTREINET,

Vp € PERS : assign, € MACH
all - diﬁ”erent(Y memac ASSIgN., )

&2, output, T, FBE pICE>TEEINDT I T VMERT ZEILET . ChoDEHDIER,
L assign, DEERRBEABELTRONET,

VpPERS :output , = OUT,

p,assign,,
4. 4. 1.1 RSUNVICEBINSh A DEIL T
BRIBERIE, FEEDIIITER SN, output, DEFERKIZLET .

Maximize ZOutputp
pEPERS
BLTICEoTIE A2 T4—VTIDELNFER A COXIGHEEITIE RIS IEBDEE. X
# assign, DEA U HLRYBRKDLENHYFET

4.4.1. 2 BESITREShHHH

KHAEI TRBSNDISE. ThEAOKBICEV L TOATWSFEEDDD, — &, £EK
DENFBEN. SIOEEROEEMEZRELES . COHEEL, BILIE . NEOEHK assign,&.
NEOEHIZDLNTD a/ /-different constraint [C&>TRIBTEE T BIDETILD assign, EH
DBIZ. output, EHZEI VT BHHIGEHEELED output, ERBHYES . ChiIZ. RINDEE
MERTER pnin EMAES, LT, BMBERIE, pr/in E&RKICTHEITBYFET TRINE
TRRICLIZLIEWS . SO K524 T D RBE L EIRE (L . maximin FREE A bottleneck FAREEFEIE N
EXR

maximize pmin
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pmin = minimim , pggs (output p)
442 40TV A0 T—vay

LT DMosel7OT S LIE, ¥, THTIoDr—ADETILVEERTL BEFT, FORIC,
HHNAESNICEST—XDOBBEELDICHELRE R onin ZEELET,

model “1-1 Personnel assignment (CP)”
uses “kalis”

forward procedure parallel_heur
forward procedure print_sol (text1, text2:string, objval:integer)

declarations

PERS = 1..6 I Personnel
MACH = 1..6 I Machines
OUTP: array (PERS, MACH) of integer ! Productivity
end-declarations

initializations from 'Data/ilassign. dat
OUTP
end-initializations

I s+x+x Exact solution for parallel machines %

declarations

assign: array (PERS) of cpvar I Machine assigned to a person
output: array(PERS) of cpvar I Productivity of every person
totalProd: cpvar I Total productivity

0: array (MACH) of integer I Auxiliary array for constraint def
Strategy: cpbranching I Branching strategy

end-declarations
forall (p in PERS) setdomain(assign(p), MACH)

I Calculate productivity per worker
forall(p in PERS) do
forall (m in MACH) O(m):= OUTP (p, m)
element (0, assign(p)) = output (p)
end-do

I Calculate total productivity
totalProd = sum(p in PERS) output (p)

I One person per machine
all_different (assign)

| Branching strategy
Strategy:= assign_var (KALIS_LARGEST_MAX, KALIS_MAX_TO_MIN, output)
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cp_set_branching (Strategy)

I Solve the problem

if cp_maximize (totalProd) then

print_sol (“Exact solution (parallel assignment)”, “Total”, getsol (totalProd))
end-if

I s+x+x Exact solution for serial machines *#kx

declarations
pmin: cpvar I Minimum productivity
end-declarations

I Calculate minimum productivity
pmin = minimum (output)

I Branching strategy
Strategy:= assign_var (KALIS_SMALLEST_MIN, KALIS_MAX_TO_MIN, output)
cp_set_branching (Strategy)

I Solve the problem
if cp_maximize (pmin) then
print_sol ("Exact solution (serial machines)”, “Minimum”, getsol (pmin))
end-if
NSULBEILBBEADV) 21— 3o NEOnbE ZDV)a— 3 ET) T IRL, BILLVD
SUFEBREFLOVEMNBERTYH—FEBRLET . G/ LUSYMIKSHFHEENEORID Y —
FNERITEDHL2I=DT. 2 DOSVDET. VILN—F )T EREITE{BYEFA,

NSULBEI L DOMBISEIEN TS FHREIL. Section 44 DA bOFZ VL3 THEASNIZE
BRIGFIEICELEBRLOTY, T4bh5 . BMICHBEZV A THARELAZENETLHIL
(B assign, IZEAT BF1Z) DRDHYIZ, B output, IZDNTDFIFEZEZTEEL. largest remaining
value (KALIS_LARGEST _MAX)ZE#ZZE U, KEWESIMB/NELESIEKALIS MAX TO MIN)IZ, Z®D
BIZISUFLET, —HEHOMBEICHLTIE. HIDBRELDIBENHYET, Thbhb. FEE P D
EEMOENNSVMEIZREZDEEITHI=0IZ, £3°. smallest lower bound (KALIS_SMALLEST_MIN)
ERFOLEH output, ERVET . FLT. ZITH. REREVMEND, FNOEFNELET,

EEREOTAYTSLIZ. UTOFIE paral lel _heur ZBIMLELLD. CH I, Section 4.4 ~DAUb
AR 923  CHRBESNE-ERNABFIEZREL., /SSLIILEE| LRED(hon-optimal )V 1—3
DEEA—ARTAVIICETELET,
procedure parallel_heur
declarations
ALLP, ALLM: set of integer I Copies of sets PERS and MACH

HProd: integer I Total productivity value
pmax, omax, mmax: integer
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end-declarations

I Copy the sets of workers and machines
forall (p in PERS) ALLP+={p}
forall (m in MACH) ALLM+={m}

I Assign workers to machines as long as there are unassigned persons
while (ALLP<>{}) do
pmax:=0; mmax:=0; omax:=0

I Find the highest productivity among the remaining workers and machines
forall (p in ALLP, m in ALLM)
if OUTP(p,m) > omax then
omax :=0UTP (p, m)
pmax:=p; mmax:=m

end-if

assign(pmax) = mmax I Assign chosen machine to person pmax
ALLP-={pmax} ; ALLM-={mmax]} I Remove person and machine from sets
end-do

writeln("Heuristic solution (parallel assignment):”)
forall (p in PERS)

”

writeln(" “,p, ” operates machine ”, getval (assign(p))
“ (", getval (output (p)), "))
writeln(” Total productivity: ”, getval (totalProd))
end-procedure

ETIVE, BRI+ —I VSN F=AETI)2—2aVZNTINT IS BN FIEEEE.
SERLET .
procedure print_sol (textl, text2:string, objval:integer)

writeln(textl, ”:")
forall (p in PERS)

”

writeln(" “,p, ” operates machine ”, getsol (assign(p))
“ (", getsol (output (p)), "))
writeln(" “, text2, ” productivity: ”, objval)
end-procedure

end-mode |

443 1—HIZLBY—F

NFETODITRTDETILDAT)ALT—2aVITREINT VNS, BRIICE RSN = EHEMEDE
ROZATITEFESICEDORDYIC. A—H X A—FBEEOY—FEa1—VRTAVIEERT HZ
ELTEFET, CCTRVATDETILO Y —FHEBEZ. EQLSITFEITETTEINERLET . C
CTOAT)AT—2a0 Tl BB, ZBBDVSATIFAVEMA . A DIZATIFUH.
—EIZ KOO DERITERAEINSG T —XT, TNEMBUVET,
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EROBR: THERT7UI0aVF BEITH—IVMEF>TVET . Chik. 7F—FaAivbe
LT. B4 T cpvar | istOEHDYRMEZITRYET, TLT, BRG bbb, BENTIVFUT
EHDYRM AV TYIR)EBRLET , COT7U 723V ITESNDIERDYANE, BRIZ. Z(foh
TLBEHMEETMLNFERA LIS T AV TVALT—Lav DRYDATYTELT, LFE
2. BFonNTOVEVWEHDEEVset, LI KYERICTERE VRFOFD . ZNoDA2TY
JDEBERELET . ERDOVRAMD IV —IZE, T70 0 avgetvar TP OERALET LVE
2. BIFoNTOVEWERERRIC, (T7ooiavgetbZERALORLAREVLREZFOEH
M E A | set (set of variables Iset with the largest upper bound value) Z5tELFE T, HFEIZ. ChbHD
EHOP NS, FE/NSU2FEB [T KELVE (smallest second-largest value) ZE DEHMEEVFT
(ZHIL. maximum regret strategy|ZX L TULNS), IREZEHD KA DD, predecessor
(next-smallest) valuesld, 77723 getporevTIRET o HIZ, RIBIZ. KAV DIEZFIZET H1-
D77 avgetnextbFOTWVET . BIEN-AVTVIRER, T707a0 08— fEEL
T.returnedIZEIYHTONET,

function varchoice (Vars: cpvarlist): integer
declarations
Vset, Iset: set of integer
end-declarations

I Set of uninstantiated variables
forall (i in 1..getsize(Vars))
if not is_fixed(getvar (Vars, i)) then Vset+= {i}; end-if

if Vset={} then

returned:= 0

else

| Get the variable(s) with largest upper bound

dmax:= max (i in Vset) getub(getvar (Vars, i))

forall (i in Vset)

if getub(getvar (Vars, i)) = dmax then Iset+= {i}; end-if

dmin:= dmax

I Choose variable with smallest next-best value among those indexed by ' Iset’
forall (i in Iset) do
prev:= getprev(getvar (Vars, i), dmax)
if prev < dmin then
returned:= i
dmin:= prev
end-if
end—-do
end-if
end-function
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2BBDREBEILEDTY (EFI TR T M) DO DL DEINERL varchoicemint, FIC&LS%
FHETEFTEINET, Y. getlbZF- T, FEL/INSUVTPR{E (smallest lower bound value) 3D
EHDES |lset ZHILLET, ChoDHMD, smallest upper bound (getub)FFDEHEEY
EX I8

function varchoicemin(Vars: cpvarlist): integer
declarations

Vset, Iset: set of integer

end-declarations

I Set of uninstantiated variables
forall (i in 1..getsize(Vars))
if not is_fixed(getvar (Vars, i)) then Vset+= {i}; end-if

if Vset={} then
returned:= 0
else
| Get the variable(s) with smallest lower bound
dmin:=min(i in Vset) getlb(getvar (Vars, i))
forall (i in Vset)
if getlb(getvar (Vars, i)) = dmin then Iset+= {i}; end-if

I Choose variable with smallest upper bound among those indexed by ' Iset’
dmax:= getparam(“default_ub™)
forall (i in Iset)
if getub(getvar (Vars, i)) < dmax then
returned:= i
dmax:= getub (getvar (Vars, i))
end-if
end-if
end-function
EDRIRN: EDBIRT7UIaF T—F AL T BIRENFLITSUFUITEREZTH-
T.CDEBDITSUFUTEERLET  BAETEDERISATUA 1(Kal is_MAX_TO_MIN =5t
BT B)E. RBREVWESTWAEG HhE. EHOLRINSIBO . TSUoFUITEHDTRTO

BEINZELES,

function valchoice(x: cpvar): integer
returned:= getub (x)
end-function

assign_var, £ L<IE. assign_and_forbid BiE& TlE. 77> 3> contains Z{FLY, 11— DED
RN, T RBE B TSUF T EHDRAVICHBEEZRT LIICKREDIT TS
W, LR, FTIROBMNSRIENTEIL. hELTLE. FKAMUIZCHDIEFRET A LT HYEE
Ao

A—HPH—FEROBE: 1—VEFOELEREBECEORIREBEEENLERTITE,
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B[ Mosel I7202av D AR TERICERIN-ERERYEZLZTTT .
Strategy:= assign_var (“varchoice”, “valchoice”, output)
FRF. RODOKRHEILDIUDI-ODHBEEERLET
Strategy:= assign_var (“varchoicemin”, “valchoice”, output)

LEIX, B TEKEBOr —X LT BBEBEELET ., 7793 valchoice (X,
KALIS_MAX_TO_MIN 254 TVAE. Fo1=K. BILZEETODT, FNEFTEEOEHRIRTD7V Y
LIV HBHBhEBIELTEET,

Strategy:= assign_var (“varchoicemin”, KALIS_MAX_TO_MIN, output)

4.4.4 &R

UTDT—T I, NSUIIZHEBZSN T RIE. S&U. BEFTHBZEANTRIEICEALTEDS
NRREDENTT  INSUIIICEBEEN T RREANDEL— ) RTavIRFAREBFRTI ) 21—
AV ORI, BELLEWLWAHBYES,

Table 4.2: Optimal assignments for different model versions

Person
Alg. 1 2 3 4 5 6 Productivity
Parallel Machines Heur. | 4(19) | 1(18) [ 6 (33) | 2 (26) | 3 (34) | 5 (45) 175
Exact [ 3(31)|5(43) | 4(25)|6(30) | 1(28) | 2 (36) 193
Serial Machines Exact | 5(40) | 3(30) [ 6 (33) | 2(26) | 1(28) | 4 (27) 26

ETFILISVILA—EET DO H h%E BT % H (cp_show_stats), Ff=IL.IVE T, CP #itT4RTL—
EEVDUTOEGIENDONET, THbhE NFLUILEIETIE, 2 —FH—F A, Al
ERINEEHEERCY—FY)—%E06L28. LU, TRV SLETHBEELCTH 2.
Fr-. BIITIE. bIMIZBLG oIV a—TavidfzolizZehbhnyEL,
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ES5E R7Va— VR

CHDETIK. FEEOIEIZDOWLWTEHBALET,

o LIS ETFIMERDA TSk cptask &cpresource #E&ELT. BV 7Y TILED

Kb,
o MBOATVVPEMEN, EDKSITLT A7V a—ILIEREEEZEREL. RV D
ENALY AN

o EDLILT.CHLDETIVERAT O VMDBERIZT IEALIZH LD,

51 3RY LEIR

MREZRTDa—ILL, STET ALK EAON-2RIVDEEDRITO-ODFEERET H
LICEBRMIHYET . B, BRI FRVDIEFEMNBELNTLSERIZOVTOHIKEH
F=9 . BTG RATDa—IIVEERLIZY. AP 2— )LD makespan %HED . FALNTUF
ATIVAVEREILTSHETT,

Xpress—Kalis &, Z2EDRAT V12— ILIERBIBDERILZERIL T H-OI2, LD DEAIL
ETILERA TP (aggregate modeling objects) #E&ELET . FRVIEB/MI DX, 7O T
1ETNOIE, 247 optask [TE>TREN., Ff=. ERIRME . #MAL)IE. 247 cpresource [Tk
2TRSENFEY,

NBDRTDa—IVERA T O IMEESICIK. AT IRE ARV P ERDFERD K574,
FNoDBEEEERT BT THATY , BELS ., (implicit constraints EFEIEAL3)Xpress—Kalis D
BEEICKY . RELGFINEHOBERIIEFNICEILNT Y TEINENLTT, U TIP3V T,
TEDFZEEN, COAN—XLDFENAZHRBALET,

o  CORTVa—ILIEHREE(Section 5.2 DTAT I R Ua— U THRBIL. FEICHE
B —X T AR EFRBDIEFIZOWTOHIBEHE L THAE>TOETS,

e  Section 5.3 M disjunctive scheduling/sequencing problem [ERETI. 2R V. F—DER
ZFEMAIHDT, HEAICHHITY,

o FHRIZX.BEZoONF=FYN\OTADEEANRN T, EFFIZHEAREEL 7 — X TY (cumulative
resources, see Section 5,4),

e BERODEEORSD—DI(E. BETFHE (renewable ) T EIR M, £ TIE AL
(non-renewable) & RM DX 53 T (Section 5.5),

o FIZRIE NEFEKFEDERY D&%, ZERBBD LA NALGILRA A EE T (Section 5.6),

cp_schedule ZEoTHIEEITIE, VILN—(E ®IETEHDRT D a1—ILIER)BERBEDO 24T I2#E LT
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Bl —FEREFENET, CoDEERE parameterize T5HZEHTEEFT L, oo Ry Pa—
WEBA TN, I—FEBE DY —FHIEEET HZLLABETT (see Section 5.7),
HDWNETFE BERFIL T3> cp_minimize / cp_maximize #EATHIELTEFT
DIEE.HNZBX RT 1= I ERA T OO TIRESNDEENTBHREF AL T RE
EHDOHEFESTHELET,

BIZIE. FIRNEHEDERTIE. ATV a—ILERA T IMDBRY D RAEERZI NI E7EE
DOMFHEIZT VAL EITENTEFET, 5L T A—H(E, FRICERINAZEDOMES . #th
DEIALTDOHFIEH TR TEHAREMEZ R TEET . Xpress—KalisTIE. type cpvarDRE L
[ZDULVT Mdedicated global constraintsZ{#>T., 11— A%, aggregate modeling objectZE{FE+H 372,
A—HDRT 21— LERREEERIETEDLD T, SLICTKEVERMENBONET, Z5LIE
HT. KEDIFEAEDHITIL. scheduling objectZfEof=A 2T A T—32 . scheduling object
EEEEDLBNALTIAT—2av VNS ZDODEGHIV TV A T—2av BRENTVET,

5.2 &£17HI#9% 4 (Precedence constraints)

B AT P a— )V ERBEORLERNLGEIATIE, ETRINEHICE TV IENEERY
DEEEFETHIETETLED

DY THRY LITAMEREIL. Applications of optimization with Xpress—MP ELVSZA D Section
7.1 252 &= TULVAI Construction of a stadium]EWLVSEIRETT,

HOIBREBREHIE RACTLERETHEZHNZNY . RPENVERTERLEZWLEEZTVET,
Table 5.1 &, EBHARIE, TNOEDRARYIZHNSE[EZE, BEGA TR 3D TT, 2RID
FIZ[E, Table 5.1 [TTREN TSN HEFRIDTEHRDEZIZEIKRTEDLDEHYET,

Table 5.1: Data for stadium construction

Task Description Duration Predecessors
1 | Installing the construction site 2 none
2 | Terracing 16 1
3 | Gonstructing the foundations 9 2
4 | Access roads and other networks 8 2
5 | Erecting the basement 10 3
6 | Main floor 6 4.5
7 | Dividing up the changing rooms 2
8 | Electrifying the terraces 2 6
9 | Gonstructing the roof 9 4 6
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10 [ Lighting of the stadium

11 | Installing the terraces

N W o1

12 | Sealing the roof

a—y

13 [ Finishing the changing rooms

14 | Constructing the ticket office

N N © o b

15 | Secondary access roads

16 | Means of signalling

© W s
[ee]
—_
—
—
S

17 | Lawn and sport accessories

18 [ Handing over the building 1 17

5.21 ETLDERIL

COREF. B AT RS-V EBTY ., BRRIC. TOCIIMDETICR G
THHM 0 DEEDARIEMAET, ZH5LT.CSTIE, TASKS = [1,.. ., N IZDWTEZET
MNIE. CDEEDARITY,

TEDHRRY j(j e TASKS)I&. TRTARIA TS task, TREN, ZDRRIFTTOTHRE,
AIEDBIREFZ] task, start. 8LV EAONT-E DR ICEESN-TEHEEHFO> TLET X
AUBDIEDIEFIE. arcs (I, j) Z¥>f= precedence graph with [Ck2TRIN ., ZRY / hA
RY JICBETBENSLERRLET,

BRBESX. 7Oz IDTERETORRM., THbhE,. RED. TLT. BZEZDE2RY N DEAHEEZ
FR/IMNFTBH(TEERRTRTSE)TETT, IS5LT, FREDETILEEFETIT A, ZZT. BRI
2ULVT® upper bound HORIZONIE. T RTHARVEABD A IZL>TEHEZLNET,

tasks task (j € tasks)

minimize taskN.start
VjTASKS :task ; start € {0,..., HORIZON |

VjTASKS :task ; duration = DUR,
VJTASKS :task ;.predecessors =Y ;s .2urc, {task, }

5224 TV AvT—La Yy

UTDOETILIX., Xpress—Kalis [CEKBZDBBD AT AT =230 ERLTUVET,
side—constraints MELND T, CORT D 1—I)LDRHEL, AlREESERBEIIXEZED 2RI Vexzt
BlpHbdEZHYET,

task-related constraint DT A/ NS — 3 & LESSHEHB=0I1Z, 772932 cp_propagate Za—
JLLET,
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ZZT.ZR2ZE0 end task DERAIEZE . F D lower bound D&IFIF B ET. constraint propagation DX
BZXY T RTOLARIERIBEEAMN., F0 feasible interval [ZJHA L. FLT. OV T1HILNNRAD L
IZHB2RAVDERBEIL, =FEF—DDEICEESNET,

ZDHDER/IMEADT—)L (call to minimization) (&, IVE TY)1—3av DI STRREAREIZT S
=012 TRTOEHET-1-—DDEIZHI;~r1L 3 5 (instantiating all variables with a single value) 7=
HDHDEDNDTY,

mode| “B-1 Stadium construction (CP)”
uses “kalis”

declarations
N =19 I Number of tasks in the project
I (last = fictitious end task)

TASKS = 1..N

ARC: array(range, range) of integer ! Matrix of the adjacency graph
DUR: array (TASKS) of integer I Duration of tasks

HORIZON : integer I Time horizon

task: array (TASKS) of cptask I Tasks to be planned

bestend: integer
end-declarations

initializations from 'Data/blstadium. dat
DUR ARG
end-initializations

HORIZON:= sum(j in TASKS) DUR(j)
| Setting up the tasks

forall(j in TASKS) do
setdomain (getstart (task (j)), 0, HORIZON) I Time horizon for start times

set_task_attributes(task (j), DUR(j)) | Duration
setsuccessors (task (j), union(i in TASKS | exists(ARC(j, i))) {task(i)})
end-do I Precedences

if not cp_propagate then
writeln("Problem is infeasible™)
exit(l)

end-if

I Since there are no side-constraints, the earliest possible completion
I time is the earliest start of the fictitiuous task N

bestend:= getlb(getstart (task(N)))

getstart (task(N)) <= bestend

writeln(“Earliest possible completion time: “, bestend)

| For tasks on the critical path the start/completion times have been fixed

98



I by setting the bound on the last task. For all other tasks the range of
| possible start/completion times gets displayed.
forall(j in TASKS) writeln(j, “: ”, getstart(task(j)))

I Complete enumeration: schedule every task at the earliest possible date
result:= cp_minimize (getstart (task(N)))
forall (j in TASKS) writeln(j, “: ”, getstart(task(j)))

end-mode |

BBERIDIITARIHETRTEDRDYIZ, TRROKLIIZ, TRTDFRIDERIRIDEEE
R9 ZET. RL&LSIZ. precedence constraint &, [E>=YRETEET .

setsuccessors (task (j), union(i in TASKS | exists(ARC(j, i))) {task(i)})
5.2.3 #§
ARACTLIEDRBRLIEHMIE 64 BRTY,

IVE Oa1—HIE. COETILOETICEY. A% window HEMNDEDIZKAALTLES, THlE,
CP dashboard &ULV5 window T, Y a—33av DI S 74hNETARATL—ERLTNET (Figure
51 #5H), RRSNFED LIZTIREF->THLE. RYT7YTRYIZD NN 2RI D
HIERMNRENET , BRIED VT HE, BIOD window [Z, BRI ED T RTHIFRM R RSN
9, CP dashboard hide/unhide button#%41)vo 4 B&, 20 window ZIET ENTEET,

ﬂ)(prﬁs—l(ahs Scheduling Dashboard ;lglil
Scheduling elements | +— c! 10 20 30 40 50 &0 5”4

Resources [cpresourcel; o 1001
Taszks [cptask): 18 1002
b akespat: g4 TOO3
Modes: 20 Tao4
Solutions: 1 005
TOOB
Ganttchartaspest——— | T0O07

Tirme unit length

Toos
—Ji I Too4

[T ask height vIT T010

TO11

¥ Show precedences

¥ Pop up descriptions 7012
™ Posii task 7013
‘Dsition name near tas 014

r~ Gantt chart behavior T015

T016 O
¥ Update when solution found T017
™ Update sfter every node T018

[ Pause when solution found TO1G

[” Pause after every node

Figure 5.1: CP dashboard in IVE displaying the solution
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5.24F T2 ) FERTDa— I LAEVRENLEERL

BIDERALTIE, TASKS={1, -MEWNSIRRIDEEZFENELI-. CCTN X ETETTEED
BRAYTLIz. 2T H0BBRY JICEALT.REEY start, 28 AL, 3RV DRIEZIZETRL
FY T 0UR). Tahb, 2R jOERZREN., FRVDIEFER. 2R /1E2RY JIZ£ITT
21 TRDHMEHTERRLET

start; + DUR, < start;
SLT. 20TaPz IRy 1—) VT HBEDETILIETROLSITHYET,

minimize starty
Vj € TASKS : start, € {0,..., HORIZON }

Vi, j € TASKS,34RC,; : start, + DUR, < start,

LITFIZ, X595 Mosel ETILET RTEELFET , precedence constraint ZBAREIIZFE>TLVSA DI
FELTESW, EITARARELR T —4DEE . hiF. AV 71— EYTADRERREFFL—XTED
IZZIBET,

model “B-1 Stadium construction (CP)”
uses “kalis”

declarations
N =19 I Number of tasks in the project
I (last = fictitious end task)

TASKS = 1. .N

ARC: array(range, range) of integer | Matrix of the adjacency graph
DUR: array (TASKS) of integer I Duration of tasks

HORIZON : integer I Time horizon

start: array (TASKS) of cpvar I Start dates of tasks

bestend: integer
end-declarations

initializations from 'Data/blstadium. dat
DUR ARC

end-initializations

HORIZON:= sum(j in TASKS) DUR(j)
forall (j in TASKS) do

0 <= start(j); start(j) <= HORIZON

end-do

I Task i precedes task j
forall (i, j in TASKS | exists(ARC(i, j))) do
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Prec(i, j) := start(i) + DUR(i) <= start(}j)

if not cp_post(Prec(i, j)) then
writeln(“Posting precedence ”, i, “-", j, ” failed”)
exit(1)

end-if

end-do

I Since there are no side-constraints, the earliest possible completion
I time is the earliest start of the fictitiuous task N

bestend:= getlb(start(N))

start (N) <= bestend

writeln(“Earliest possible completion time: “, bestend)

| For tasks on the critical path the start/completion times have been fixed
I by setting the bound on the last task. For all other tasks the range of

| possible start/completion times gets displayed.

forall(j in TASKS) writeln(j, “: ”, start(j))

end-mode |

5.3 BEBEMB RS 1 —IL¥ERL (Disjunctive scheduling) : unary resources

Section 3.5 THBASN TWARE—TL Y LIZOaTdZIEFRFT5EWLSEER. ETILERD =8
D Ttask #7249 b1 & Tresource ATz O EFEL, BEMLERTSa— LIERRIE
(disjunctive scheduling problem) ELTRETEEY,

FEDEIAIL. COREN. B—<UIZB1THIEEIAHAE (non—preemptive) D AR (23 T)D
EEDUNEBDIEFERTD1—ILTEHILETHAERNHLTIESL, TRTORRZjD))—XA.
WEBICHEBELGHEM. LU ETANEZONTVET , COMEE. £ADE T HifE (makespan) .
FEHSEREEE, FX BEDOEFHER/NITEHEND, 3 DOELGLHEMBEMTHRICENHEE
ER

5.3.1 EFILDERKI

ETLERIEOREIF . AT Da—ILER D= DTtask 7Tz ok 1&resource AT oMM
EENMSHYVET,

BB jobj(j e JOBS={l,..,NJ}) & BRIFTSHh task|c&ko>TRSN, BIARIL, taski
start(\RELJ, . . . , WAXTINEY) TS o C2T. MAXTIHE 1Z, V) —R Bt & RTOMERRI DA 5
D&%, +HRKEVMET, durationld. 5z 5NN OUR ICEESNTVET, TTH
2adlk. YIYBEE U v /82T 1 (unitary capacity) #DRI—DEIR res #EALET Tl
HEAFRT. RATEH. 1 2OV TULMUEBTELNILEEEKRLTVET, IOL T BERMIZ, O3
DB EGBERERLET,
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task object [CKOTHEILENAHELI—DDMERMLHIFGFEMT, D37 / OBARERM. LEFARE. T

BEFEEDEDERTY,
Vj € task .end = task ;.start + task ; duration

BRIBIE 1: ROD B BIBEEIL. makespan(RT P a— LD SERRKEEER/NITHETT .
F. BREDCIAITDEREBERLBECTIIELAETT, IS5LT. ETILEEREUTOLSIZHY
FY, ST MAXTIHEX, ) )—RBHETRTOUNEBERIOEETDESE., +2IZKEVMETT,

resource res
tasks rask, (j € JOBS)

minimize finish
Sinish = maximum;_;,zq (taskj .end )
res.capacity =1
Vj € JOBS :task ;.end € {0...., MAXTIME }
Vj € JOBS : task  start € \REL, ..., MAXTIME |
Vj € JOBS :task ;. duration = DUR,

Vj € JOBS :task ; .requirement,, =1

HHE% 2: 2 HE O BMBERIE., FHLERMER/NITHIETT A ThiE, 3T DT
fEl Gob completion times) DEETER/MNITHIELLAEFETT . TOERLIE. RFDETILO B
BEHEEDYERADN,. TRTOCITORETHMDEFHERTEH totComp ZEMLET

minimize totComp
totComp = Ztaskj end

jeJOBS
BB EEDESHER/NTHEMEREERILT 5012 ILWLWVER /ate ZEAL., O3
THMEALY L ENSBMZRELE T . CNODEROEE. P37 / OEREMEMHE DUE,DZE
IZHIGLET , PITHEBURIRHLIEE(E. COEHDOEIEEOTYT, BRHEHKIE. Chom
EBEZHOESHER/NMNITHILETT,
minimize totlate
totLate = ZIate ;

jeJOBS

Vj € JOBS :late, €10,..., MAXTIME |
Vj € JOBS :late; > task ;.end — DUE,

5.3.2 4T AVF— 3y
TED Xpress—Kalis(Z74AJL bdseq3_ka. mos)DAT) A T—avid. EQFSITHELRRY,

BEU. BROETIVERF T OO b T YT T ERLTVET  BERF v/ TaIEFIE
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set_resource_attributes TEREIN(ERILRAT Kalis_UNARY_RESOURCE T.Zhid. —EIZ 1
DaTENIEGTEHILEEKRT D). T, EIRIL set_task_attributes THELFT . &F(E. 7—
FAAMERIDTMIE2a—RMDELGDHAAEHEITIZLL T, LMD overloaded version [Z
FELTUWET, SFHIZDULVTIL., Xpress—Kalis Reference Manual 2 BBLTLIEELY,

maximum HFIKXDEXLDI=HIZIE. EHDOGEHBN AbEFERALET , Xpress—Kalis (&, union (j
in JOBS) getend (task (j)) M&S5%: set expressions T. 1—H A\ access functions Z{ELY,
getstart, getdurationGEDA T IFDETILEERT D ELFHLTULER AL

mode| “B-4 Sequencing (CP)”
uses “kalis”

forward procedure print_sol
forward procedure print_sol3

declarations

NJ =7 I Number of jobs

JOBS=1. . NJ

REL: array (JOBS) of integer | Release dates of jobs

DUR: array (JOBS) of integer I Durations of jobs

DUE: array (JOBS) of integer | Due dates of jobs

task: array(JOBS) of cptask I Tasks (jobs to be scheduled)

res: cpresource I Resource (machine)

finish: cpvar | Completion time of the entire schedule

end-declarations

initializations from 'Data/b4seq. dat
DUR REL DUE
end-initializations

| Setting up the resource (formulation of the disjunction of tasks)
set_resource_attributes(res, KALIS_UNARY_RESOURCE, 1)

I Setting up the tasks (durations and disjunctions)
forall(j in JOBS) set_task_attributes(task(j), DUR(j), res)

MAXTIME:= max (j in JOBS) REL(j) + sum(j in JOBS) DUR(j)
forall(j in JOBS) do

0 <= getstart(task(j)); getstart(task(j)) <= MAXTIME
0 <= getend(task(j)); getend(task (j)) <= MAXTIME

end-do

I Start times
forall(j in JOBS) getstart(task(j)) >= REL(})
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Ixx+x Objective function 1: minimize latest completion time k%
declarations

L: cpvarlist

end-declarations

forall (j in JOBS) L += getend (task (}))
finish = maximum(L)

if cp_schedule(finish) >0 then
print_sol
end-if

Ix+x Objective function 2: minimize average completion time *#kx*
declarations

totComp: cpvar

end-declarations

totComp = sum(j in JOBS) getend (task(j))

if cp_schedule (totComp) > 0 then
print_sol
end-if

Ixx+x* Objective function 3: minimize total tardiness **xx
declarations
late: array(JOBS) of cpvar | Lateness of jobs
totLate: cpvar
end-declarations

forall(j in JOBS) do
0 <= late(j); late(j) <= MAXTIME
end-do

I Late jobs: completion time exceeds the due date
forall (j in JOBS) late(j) >= getend(task(j)) - DUE(J)

totLate = sum(j in JOBS) late(j)
if cp_schedule (totLate) > 0 then
writeln("Tardiness: ”, getsol (totLate))
print_sol
print_sol3
end-if

I Solution printing
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procedure print_sol

writeln("Completion time: “, getsol (finish)

average: ”, getsol(sum(j in JOBS) getend(task(j))))

write ("Rel¥t”)

forall (j in JOBS) write(strfmt(REL(j),4))

write ("¥nDur¥t™)

forall (j in JOBS) write (strfmt (DUR(}),4))

write ("¥nStart¥t”)

forall (j in JOBS) write (strfmt (getsol (getstart (task(j))),4))
write ("¥nEnd¥t")

forall (j in JOBS) write (strfmt (getsol (getend(task(j))),4))
writeln

end-procedure

procedure print_sol3

write ("Due¥t”)

forall (j in JOBS) write (strfmt (DUE(}),4))

write ("¥nlLate¥t”)

forall (j in JOBS) write(strfmt(getsol (late(j)),4))
writeln

end-procedure

end-mode |

5.3.3 &R

ZDETIVIE, Section 3.5 DETIUN—=V 3 VITFZWLTLR— SO EBTNEHER
FEAHLET Figured. 2 (&, IVEIC&k > TR SNV ) a—23 DAY M Fry—FT 4
RATL—FRLTWET, AV rFy—rOLIZ, BRIATARATL—DHY FET, D
W&, TG, FRVICK>THEASINET, T4bb, U —XEHEMEIIC5EZ oM
FIHNEGEZBRIMLTH L2 LR BD IR Da—ILEZERSEIDEAETELY T A,

ROO1
1 10 20 303
I 1001
I 7002
I 003
. T004
Il 1005
I 1005
Too?

Figure 5.2: Solution display in IVE

5.4 Cumulative scheduling: discrete resources

CDLEHaTiHBESNBBRE(L. Applications of optimization with Xpress—-MP 1 &WLNVS AR D
Section 9.4 [Backing up files]Mb&E2F=HDTT,
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CZTOREEIL. 1.44Mb DBENZDTOYE—T 4RI, 46kb, 55kb, 62kb, 87kb, 108kb, 114kb.
137kb. 164kb. 253kb. 364kb. 372kb. 388kb. 406kb. 432kb. 461kb, & KU, 851kb DHA XD 16 {&
DIFAINERETEEE, T7ANERTARVIZEDKSITER A LEzL., FRSNSTIOVE—T (X
JOEDRINIEDMD,. TDERADAEERDITHIETY,

5.4 1 ETLDOERIE

CODFREREIX. binpacking FABEMEIENTWARIETY , C2Tld. ZORIREZ . cumulative scheduling
problem &L T, EDKSIZERIEL., EWVFSEWMERLET , CORBIETIX. TARINERETHY.
ZLT. 27MIUDRT D 12— ILENBERI T,

TOVE—TARIIE. ENENE—D BN ERTHIEEZET . ZTITIE. Ho B2 L
A=ykE 1 BAOTARYZEEZEBRLET (where every time unit stands for one disk), EiRF v/ N\ T4
X, TARVBREIZHIELTLET,

CITIH . TRTDIFAIL F( fe FILES) . ARIATOxOb file, TRLET . T7AILIE. 1
A=yt OEEEM. FI5EDY AR SIZE 2R TBERIVIITAT AU EHF>TLWET, 3L T,
BRYD start’ T4—ILRIE, COT7AINERETB=ODTARAIDERERLET,

BHERE. FRAENETARIDBER/NNTHIETT . AL BRID start’ Tr—ILEME
HRILKEVMETEhL, T7MLVERETHDIFERAEINETARIDEER/NMNT HEITHIEG
LET. LT UTRETILERFT,

resource disks
tasks ﬁlesf(feFILES)

minimize diskuse
diskuse =maximum ,_., ;¢ ( file, .Start)

disks. capacity = CAP
Vf € FILES : file, .start > 1

Vf € FILES : file ;.duration =1
Vf e FILES : file,.requirement ,, = SIZE,

54247V AvT—La Yy

Xpress—Kalis 2 X B ATV AV TF—SYavE M BYBETT, 247
KALIS_DISCRETE_RESOURCE MEREEELET . L. FvN\TAHREETRLET . ZRY
DEZEIL. FIDBHITRI=LDELTNET,

mode| “D-4 Bin packing (CP)”
uses “kalis”
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declarations

ND: integer I' Number of floppy disks
FILES = 1..16 I Set of files

DISKS: range I Set of disks

CAP: integer I Floppy disk size

SIZE: array (FILES) of integer I Size of files to be saved
file: array(FILES) of cptask I Tasks (= files to be saved)
disks: cpresource I Resource representing disks
L: cpvarlist

diskuse: cpvar I Number of disks used

end-declarations

initializations from 'Data/d4backup. dat
CAP SIZE
end-initializations

I Provide a sufficiently large number of disks
ND:= ceil ((sum(f in FILES) SIZE(f))/CAP)
DISKS:= 1..ND

| Setting up the resource (capacity limit of disks)
set_resource_attributes(disks, KALIS_DISCRETE_RESOURCE, CAP)

| Setting up the tasks
foral | (f in FILES) do

setdomain (getstart (file(f)), DISKS) | Start time (= choice of disk)
set_task_attributes(file(f), disks, SIZE(f)) | Resource (disk space) req.
set_task_attributes(file(f), 1) | Duration (= number of disks used)
end-do

I Limit the number of disks used
forall (f in FILES) L += getstart(file(f))
diskuse = maximum(L)

I Minimize the total number of disks used
if cp_schedule (diskuse) = 0 then
writeln("Problem infeasible”)
end-if

I Solution printing
writeln(“Number of disks used: ”, getsol (diskuse))
forall(d in 1..getsol (diskuse)) do
write(d, ":")
forall (f in FILES) write( if(getsol (getstart(file(f)))=d, “ "+SIZE(f), "))
writeln(” space used: ”,
sum(f in FILES | getsol (getstart(file(f)))=d) SIZE(f))
end-do
cp_show_stats
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end-mode |

5.4.3 #&R

ZDETIEELEDE, Tables.2 [TTRENTWAEERLBFONTET, ThHbhL, TRXTDI7SILE
NI TITTBIZIE. 3D IAYE—FT A RINBETT,

Table 5.2: Distribution of files to disks

Disk File sizes (in kb) Used space (in Mb)
1 46 87 137 164 253 364 388 1.439
2 bb 62 108 372 406 432 1.435
3 114 461 851 1.426

IVE ZF>THREZE D 27714 XF 5L, Figures.3 ITIREN TS KGRI —UhiEoh, 22U
. ERFAOTAOT4— LN ERIZ. ZELTRRIDA UM Fr—bNTRISRSAET,

Axpress-Kalis Scheduling Dashboard Y [m] 4|
Scheduling elements
Resournces [cpresource]: 1 ROD"I
Tasks [cptagk): 16
M akespan: 3
—1
Modes: 17| Tom L
Salutions: 1| TOO2
TOO3
—Gantt chart aspect TOO4
; ; TOOA
Time unit length
TOOG L
Too7
IHesource height 'l Tong -
TOOS
[ Show precedences TO40
¥ Pop up descriptions TO11
.. TO12 L
Posit task
™ Position name near tas ToM 3 r—
TO14 L
- Gantt chart behavior————— | Toqs |
v Update when solution found TO186 _—
[~ Update after every node
™ Pause when solution found
™ Pause after every node

Figure 5.3: CP dashboard in IVE displaying the solution

5.4 44T FERTDa— L LABEVWREBNLGERE

CORREE . SRV EBRA T I EHRT A EETHRDYIZ. BRIICERSN=ATo o+
2R 5ET B L ARVDEEHT-EBHERTIZED B R ANV EHDIZEL T, “cumulative’
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constraintZF > TERIL T HILETEFET , BE—D cumulative’ constraintld, 7—F a1 A MED
LT OBERERENLTHEITEST, —DOMBMGERICET 2R IDEEDRyPa— oy
BREZRBLET (FRIDSDODHE. Thbhb ., A, LEHRE, 8T, EROFA. BXUV., 44
RIETHREZHMD5DODarray T, AT, A—DEER. BV, a2 R4V HLLIE,
time—indexed resource capacitylZ&Y AT YIRENTLNS),

Vj € R: start; + duration; = end;
Vj € R:use; -duration; = size,
Vt e TIMES : D use;, <CAP,
jethe[UB(startj )..LB end; )]

CZT.UB [ZRTEZEHD upper bound'%. LB [& lower bound EBRL TLVET,

save; X771 FORFICHERAINEGT1RV%E. ZLT, use; (FT7AIL FIZE->TEHONEAR—
RAETRTEDELET  scheduling object ERILKIIT, AR D start D4FHEIL. 77 MIVERFET S
=OIBIENT=TARIIZx L. BRI D resource requirement [ET7AIL YA XTT, TRTDT
FAIWEE—DTARAVIZRELIZLD T, ‘duration’ dur, % 1 IZEELET . cumulative’
constraint D EXALICHBEGIRY D IR VM. a5, "end &'size' (6, . KU, sl ZDFH
FOEXEICIE. BETIEHYFELA. BELESL. CNODEIE. D 3 DOFHETRESNDIND
TY,

545 4T AVF— 3y
LLF @D Mosel BT JLIZ. cumulative constraint #{ERT 5. ZFBBHDETILAN—2aVE2ETLET,

mode| “D-4 Bin packing (CP)”
uses “kalis”, “mmsystem”

setparam (“default_Ib”, 0)

declarations

ND: integer I' Number of floppy disks

FILES = 1..16 I Set of files

DISKS: range I Set of disks

CAP: integer I Floppy disk size

SIZE: array (FILES) of integer I Size of files to be saved

save: array (FILES) of cpvar | Disk a file is saved on

use: array (FILES) of cpvar I Space used by file on disk
dur, e, s: array(FILES) of cpvar I Auxiliary arrays for 'cumulative
diskuse: cpvar I Number of disks used
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Strategy: array(FILES) of cpbranching ! Enumeration
FSORT: array (FILES) of integer
end-declarations

initializations from 'Data/d4backup. dat
CAP SIZE
end-initializations

I Provide a sufficiently large number of disks
ND:= ceil ((sum(f in FILES) SIZE(f))/CAP)
DISKS:= 1..ND

finalize (DISKS)

I Limit the number of disks used
diskuse = maximum(save)

forall (f in FILES) do

setdomain (save (f), DISKS) | Every file onto a single disk
use (f) = SIZE(f)

dur (f) =1

end-do

| Capacity limit of disks
cumulative (save, dur, e, use, s, CAP)

I Definition of search (place largest files first)

gsort (SYS_DOWN, SIZE, FSORT) I Sort files in decreasing order of size
foral | (f in FILES)

Strategy (f) := assign_var (KALIS_SMALLEST_MIN, KAL1S_MIN_TO_MAX,
{save (FSORT ())})

cp_set_branching (Strategy)

I Minimize the total number of disks used
if not cp_minimize (diskuse) then
writeln("Problem infeasible”)
end-if

I Solution printing
writeln(“Number of disks used: ”, getsol (diskuse))
forall(d in 1..getsol (diskuse)) do
write(d, ":")
forall (f in FILES) write( if(getsol (save(f))=d , “ "+SIZE(f), "))
writeln(” space used: ”, sum(f in FILES | getsol (save(f))=d) SIZE(f))
end-do

end-mode |

COETILDEFTTELNDY ) a—2av i A—OBHBEHBOEZE >TOWET A, TARI~AD
T7AILDBFIL. FIDFNE. [T RT. Eo-KA—ITEHYERFA. COBEX. LNOHIDE
Bol-RBREH >TVET I, TARIDBEE L2 LA B EIZBONIENESITT, ZDELS
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HIES. U —F 58T B=0IZ. symmetry breaking constraint Z1BIMT A EIELLNIETT,
symmetry breaking constraint (&, BT RERD —HBEIYRE | H—F AR—ZADH A X% /&L
HUNETHIRAE REDFITE, RIKEVWT7AILERNDTARVIZEIVE T, ZHFBITKE
WIFAILERDDZDDTARIDKRAFICEIVET, - . ChhE DBBETARIDED lower
bound [ZE3ZE T BFETITLET (HR7FD lower bound estimate (&, F7 I H A XD EEHETARY
BETHY, HmBEEYY LT T, RIZKEWVERIZTZIETHELOND),

5.5 BAETRIHE (renewable) HER. BARBETIXA LY (non-renewable) &R

NFETDEHL 3> TR disjunctive—cumulative’, “unary—discrete DX D XM=, EREER
BLEYR LY T DAELNHYET . 35— DDEELHFMEIL. BETTEE (renewable) &R, B
A AIRETIEAELY (non-renewable) BIREVVIBR T . CNETOHIE. HEHMOERXRELGED)BE
AIREEERDBITL =, 2FY, HARRVICEH>THEASA TV -ERDEL, TORRIMNTERT
L)) —RENT MDFRIDF=-HICHIARREICLGYET, BIZIE. B&£. 7BH. FRRSKGED)
BATRETIEAEL (non-renewable) ERDIZE (L. BEREZEHATEH2RVIE. ThEHELTLEL
T, T40L, FIARRGEDERIE. 2RVENET HIETEON-ELITBLLTLENE
ER

T BRVE. BEREZFERATIDTRLL. HOBDEREEET HNLLNFER A ZRIDHIC
(T, ZDERTOMIZ. HEENERELEALHTIRV(BEARLGERC, EEDHRZ. BEROR
FYYIIA SRRV (BERIRETREVERBHYFETS,

CCT UTOMEZ. EQRIITERILTEMN. TDHEICODNTEZTHELLI, ZIIT PT A
HP5ETD 5 D2DTITHHY. hblE HHIEETOERDZDDEEERLTLET A, LVE,
INBED 5 D2DVITERTDa—ILLIEZNEBEZTNSELET P1 £P2 (&, (P5 1> PR ETD)E
—EBREOCITTRELGTHESREEELET . TNTADODITOR/N . RADOLNERRE. ZR.
ZLT.EZBREODITICEALTIE. ZOMBEERNEZAONTVET . 7—RIE 2 DHYFET . T
BHL.ETIL A E—EBEOCITE. ThoORTORDOHLDLEET. F5ENDE2DWHIZIE,
BR.B. AZIGEDSISNPEBRLTEELETH. ChoDOPRMRE, BEIC, REREREOY
ITTHESNET . ET/L B: dRERZF. F—BEOCITOTINTvrELTEN, FEERE
DOIATERBT 220D AVTIRELTREIZHEYET,

ETIAOGEEGE. BEFARLGERTY . ZLT,. ETILB T, h=bIXBAEREETIIEWNE
5J§\0)’7—Z'C°'§_o

5.5.1 ETLDERIL

FIRST= {Pl, P2} T. E—BBDCaTOEE. FIML= (R, A A T. E_EBREODIaTOEEE.
8 JBSTIRTODDIATETRTEDELELLD, TATOYIT JITHALT, ZDH/DDOLERFFHE
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MIND,. &V, AR DB MXD, DN EZ SN TWET  RESANT, 1E, 23T 124V TIyhELTRE
BERE. DL Da0hoT7 I vbELTENSERETYT . . E—BREDY3T JOER
COST,. E_ERRED 3T j DFIEE PROFIT AR MO TVET,

ETILA (BETRELEIR)

BAEARELGEROT—R(E LTOETILOLIICERLINET, ERFv/IOT4H.0 [ZETE
ENBHIEITEELTZEN, ChiF, FIARBELGEROEN F—EERBEOCaTTEEINT:
LODOAHLFIAFRETHAH_EEZRLTLET,
resource res
tasks task, (j € JOBS)
maximize Z(PROFITj —COSTj)X task ; .duration

jeJOBS
res. capacity = 0
Vj € JOBS : task .start, task end € {0,..., HORIZON |

Vj € JOBS : task .duration € {MOND, ..., MAXD, |
Vj € FIRST : task ;.provision,,, = RESAMT,
Vj € FINAL : task ; .requirement,, = RESAMT,

ETILB (BETRETIILVEIR)
ETILAZSEIZLT. U TOLSIZETFIBDY—REEXILLET,
resource res

tasks task, (j € JOBS)
maximize Z(PROFITj —COSTj)X taskj duration

jeJOBS
res. capacity = 0
Vj € JOBS : task .start, task end € {0,..., HORIZON |

Vj € JOBS : task .duration € {MOND, ..., MAXD, |
Vj € FIRST : task ;.production,,, = RESAMT,
Vj € FIRST : task ;.consumption,, = RESAMT,

LAL. COETIVIE. PRESOEENIRVDBRBHATHELIOT, LOMBICELC(E%
BLTWERA, COMEEZET OIS E—BRETOIRTOD3T JIZ HBIERY End 28 AF
L&S. COMBINTaT (&, WEHRE 0. HE1EDTITER—DERBREZZF>THY. 2ELED
TIaTDECATHRBREEELET,

Vj € FIRST :taskp,, .end = task ;.end
Vj € FIRST : tasky,, .duration =0
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Vj € FIRST : task ,.production,,, =0
Vj e FIRST : taskEnd/ .production,,. = RESAMT,

5.2 4TV AvT—Yay

LUT®D Mosel ETILTY—R A #ETLET, ST, TATHIWIRT D 2 — LR JLIN—
(function cp_schedule)&fELN, AT 3> D 2 BEEHD7—F AU MIIE true ZA N, BRIBEEE
BRARICLEWIEFHSEET,

model “Renewable resource”
uses “kalis”, “mmsystem”

forward procedure solution_found

declarations
FIRST = {'P1",'P2'}
FINAL = {"P3’, P4 ,'P5'}
JOBS = FIRST+FINAL

MIND, MAXD: array (JOBS) of integer ! Limits on job durations
RESAMT: array (JOBS) of integer ! Resource use/production
HORIZON: integer I Time horizon
PROFIT: array (FINAL) of real I Profit from production
COST: array(JOBS) of real I Cost of production
CAP: integer | Available resource quantity
totalProfit: cpfloatvar

task: array(JOBS) of cptask I Task objects for jobs

intermProd: cpresource I Non-renewable resource (intermediate prod.)
end-declarations

initializations from 'Data/renewa. dat’
[MIND, MAXD] as 'DUR’ RESAMT HORIZON PROFIT COST CAP
end-initializations

I Setting up resources
set_resource_attributes (intermProd, KALIS_DISCRETE_RESOURCE, CAP)
setname (intermProd, “IntP”)

| Setting up the tasks

forall (j in JOBS) do
setname (task (j), J)
setduration(task (j), MIND(j), MAXD(j))
setdomain (getend (task (j)), 0, HORIZON)
end-do
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| Providing tasks
forall(j in FIRST) provides(task (j), RESAMT(j), intermProd)

| Requiring tasks
forall(j in FINAL) requires(task (j), RESAMT(j), intermProd)

I Objective function: total profit

totalProfit = sum(j in FINAL) PROFIT(j)*getduration(task(j)) -
sum(j in JOBS) GOST (j)*getduration (task(j))

cp_set_solution_cal Iback ("solution_found”)

I Solve the problem

starttime:= gettime

if cp_schedule (totalProfit, true)=0 then
exit (1)

end-if

I Solution printing
writeln("Total profit: ”, getsol (totalProfit))
writeln(“Job¥tStart¥tEnd¥tDuration”)
forall(j in JOBS)
writeln(j, "¥t ”, getsol (getstart(task(j))), “¥t ”, getsol (getend(task(j))),
“¥t ”, getsol (getduration(task(j))))

procedure solution_found

writeln(gettime-starttime , ” sec. Solution found with total profit = ~,
getsol (totalProfit))

forall (j in JOBS)

write(j, ”: ”, getsol (getstart(task(j))), “-", getsol (getend (task(j))),

" (", getsol (getduration(task(j))), ™), ™

writeln

end-procedure

end-mode |

T—ZAB DETILTIX, ZDODM@WBDARRIEMA ., £4 ENDFIRST #4EY ., F—ERENTaTD5E
BEIX—ILFET H—DE53—DODEWNE., ERFANEHEZTEERZT H2 AV M produces.,
consumes C9, ZZTlX. ETILOEEE S DAHEEYRLET,

declarations
FIRST = {"P1","P2'}
ENDFIRST = { EndP1’, 'EndP2'}
FINAL = {'P3","P4",'P5'}
JOBS = FIRST+ENDF IRST+F INAL

MIND, MAXD: array (JOBS) of integer ! Limits on job durations
RESAMT: array (JOBS) of integer | Resource use/production

HORIZON: integer I Time horizon
PROFIT: array(FINAL) of real I Profit from production
COST: array(JOBS) of real I Cost of production
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CAP: integer I Available resource quantity

totalProfit: cpfloatvar

task: array(JOBS) of cptask I Task objects for jobs

intermProd: cpresource I Non-renewable resource (intermediate prod.)
end-declarations

initializations from 'Data/renewb. dat’
[MIND, MAXD] as 'DUR’ RESAMT HORIZON PROFIT COST CAP
end-initializations

I Setting up resources
set_resource_attributes (intermProd, KALIS_DISCRETE_RESOURCE, CAP)
setname (intermProd, “IntP”)

| Setting up the tasks

forall (j in JOBS) do
setname (task (j), J)
setduration(task (j), MIND(j), MAXD(j))
setdomain (getend (task (j)), 0, HORIZON)
end-do

| Production tasks
forall(j in ENDFIRST) produces(task (j), RESAMT(j), intermProd)
forall(j in FIRST) getend(task(j)) = getend(task ("End”+]))

I Consumer tasks
forall(j in FINAL) consumes (task (j), RESAMT(j), intermProd)

5.5.3 &R

TA7HIWEH—FDITE. 2 DDETIVOHERIEIMNIYELZ>TNET , Figure5.5 [SREN TS,
7—2 B D BHIBEKDIE 3449 ZHORBEMRE T, 1 WUT TIHASNFET . T—RADRWNY1—
2AVERBICIE RED PC T M. #I0VFET, REAF(Figure5.HZER DT T, B ZiEAY
BIZIE. BADPBETY, COXIGHFE LGV —FOTEDOELERE. BRBEBDERTT,
BERAR—XDB MBI, &< propagate TF . LIz >T  Y—FY—%FhvrT5DITFFEIRIL
LbEHFA, —MIC. AT D1— LERBETO BMBEAKDO LY BUVERIE. AR VR EZE Hlstart,
duration, or completion time, particularly the latter)Z & ¢ EE R #E T,

115



FO01

— 10 20 6
T I

Tonz

Tan3

Tan4

Tan3

Figure 5.4: Solution for case A (resource provision and requirement)
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Figure 5.5: Solution for case B (resource production and consumption)

5.5.4F T2 ) FERTDa— I LAEVRENLEERL

COMBOERLIE. ZRIF T HORERATOOMNERERT HILEDORDYIC BEDHRE
A ZEEIZEI T 5 producer—consumer’ constraint Z{E>TCHERILTEEFT . CCT.EEEDER
FACOERIT. BRINCERSIN-AT O IMIREEINS LU FRIVDELGS A DEMRE
FRLFET, F=of=—D®D producer—consumer’ constraint [Z&Y . BERIETIXLHWVERZLEE. £L<
T HBETHRIRIDEEDR 7O 21— ILIEREEE. 7—F 1AV MNE DO LT DOBEREREILT S
EIZEHOTRBELEFTBRVIZEET S 7 DD45MH(X. start, duration, end, per unit and cumulated
resource production, per unit and cumulated resource consumption M 7 DT, T RT. A—DEER

TAVTIIARENTINDS),

Vj € R :start; + duration; = end
Vj € R: produce, - duration , = psize,
Vj € R : consume; - duration ; = csize,

Vt e TIMES : Z(produce ; —consume j)Z 0

jeR|t€[UB (startj )..LB (endj )]
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CCT.UB [ZREZ$D upper bound . LBIXREZH® lower bound #&RLET,

5. 1T AVT—ay

LLF® Mosel EFJ)LIE. producer_consumer constraint Z{FE->T. ZZEBHDETIL-/\—23 %
ETLET .

model “Non-renewable resource”
uses “kalis”

setparam (“"DEFAULT_LB”, 0)

declarations
FIRST = {'P1",'P2'}
ENDFIRST = {'EndP1’, 'EndP2'}
FINAL = {"P3’, P4 ,'P5'}
JOBS = FIRST+ENDF IRST+F INAL
PCJOBS = ENDF IRST+F INAL

MIND, MAXD: array (JOBS) of integer ! Limits on job durations
RESAMT: array (JOBS) of integer ! Resource use/production
HORIZON: integer I Time horizon
PROFIT: array(FINAL) of real I Profit from production
COST: array(JOBS) of real I Cost of production
CAP: integer I Available resource quantity
totalProfit: cpfloatvar
fstart, fdur, fcomp: array (FIRST) of cpvar! Start, duration & completion of jobs
start, dur, comp: array (PCJOBS) of cpvar ! Start, duration & completion of jobs
produce, consume: array (PCJOBS) of cpvar | Production/consumption per time unit
psize, csize: array (PCJOBS) of cpvar | Gumulated production/consumption
end-declarations

initializations from 'Data/renewb. dat’
[MIND, MAXD] as 'DUR’ RESAMT HORIZON PROFIT COST CAP
end-initializations

| Setting up the tasks

forall (j in PCJOBS) do
setname (start (j), j)
setdomain (dur (j), MIND(j), MAXD(j))
setdomain (comp (j), 0, HORIZON)
start(j) + dur(j) = comp(j)

end-do

forall(j in FIRST) do
setname (fstart(j), j)
setdomain (fdur (j), MIND(j), MAXD(j))
setdomain (fcomp (j), 0, HORIZON)
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fstart(j) + fdur (j) = fcomp(j)
end—-do

| Production tasks
forall (j in ENDFIRST) do
produce (j) = RESAMT (j)
consume (j) = 0
end-do
forall (j in FIRST) fcomp (j) = comp (“End”+])

I Consumer tasks

forall(j in FINAL) do
consume (j) = RESAMT (j)
produce(j) = 0

end-do

I Resource constraint
producer_consumer (start, comp, dur, produce, psize, consume, csize)

I Objective function: total profit
totalProfit = sum(j in FINAL) PROFIT (j)*dur (j) -
sum(j in FIRST) COST (j)*fdur (j)

if not cp_maximize(totalProfit) then
exit(l)
end-if

writeln("Total profit: “, getsol (totalProfit))
writeln("Job¥tStart¥tEnd¥tDuration™)

forall(j in FIRST)
writeln(j, “¥t ”, getsol (fstart(j)), "¥t ”, getsol (fcomp(})),

“¥t 7, getsol (fdur(j)))
forall (j in PCJOBS)
writeln(j, "¥t ”, getsol (start(j)), "¥t ”, getsol (comp(j)),

“¥t “, getsol (dur (j)))

end-mode |

COETUE FIDOETILA—=230 ERICY ) a—2av A BLET A B, LTRSS
DEFTE2EH. ENTH FREDPC LTI RLUTTTA-),

5.6 PRiR: FRHERY Hfd

35—, Section 3.8 TESI=RAVCDN\YFDEEEBEORREIZDONVTEZELLS 2 DD/
FOWNEBOET, HEI)—=— T TDRERHYET, VI)—=2FF =&, vb7y DL, IE
FIIREL TULT, JEXFR (asymetric) TY, BRIBEHIX. RbEWVWEESAIVIVERET HET
—d—o
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56.1 ETILDERIE

BROFT DYk taskj TROSNF=FRTDY3T j(j e JOBS = {l,.., NI PITE=LLT, TO0E
B DUR, MEZONTWET , o TUN)—CLEAN, EH>1=0)—=V T BRBD TR ) O R CLEAN
DHY. INIZEY . BRI k MEARY JIERLKEZD V)=V BN EZAoNTWET, D370
9 M. unitary capacity DEIR res ELTETILESNFET, 25L T, P3TRMD disjunction
MRENFET,

makespan(BRE&E D/ Ny F DFERFEZR/NMIT S (HRLECTETT5) EWVSEHERT. UTOE
TIVERET.

resource res
tasks tasks; (j € JOBS)

minimize finish
Sinish = maximum _;,pq (task_ ;-end )
Res. capacity =1
Vj € JOBS :task ;. duration = DUR,
Vj € JOBS :task ; .requirement,, =1

Vj,k € JOBS : setupltask , task, )= CLEAN ,

TTOREDERIETROMNWVEIEIF, AL LERDMILIZWERSIEWSZEBARTY . T
BHb,. ZREDDITOET +REDDITEZTNURDDITDIEF THESNS YN T Y THM
ZR/MTEHIETT  CCTDIARIR—RDETIVIZIE. PI3TDIEFRITDS 712DV TH
ERONEFENTLELD T, EEVAVILORMICMETEIOITERRICUEBET DI TDIY
TYOREDNT =D, HENZEE firstjob & lastjob ZBAL. FLT. RYVDERIEREDERY
DEDEINT YT EEDERDI=OD. £5—D2NDEH clean|f ZEALET LT OHIFEHEL.
NOEDEHERRIAT OO DOBERERLTNET,

firstjob,lastjob € JOBS
firstjob # lastjob
Vj € JOBS :task;.end = finish < lastjob = j
Vj € JOBS :task ;.start =1 < firstjob = j
cleanlf = CLEAN

lastjob, firstjob

HAOINEA LERINMNT B, finish + clean! fZ&/IMNZTBHZEIZHYET,

5.6.2 1TV AvT—ay

LT®D Mosel ET /LI, ETERIESNI=2RAIR—RDETIVERTLET . FRIBDEYLTY
TEERS L. FE setsetuptimes TEYREN .2 DDARIAT /e BT AUNIBRREI D EE R
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LTWET,

model “B-5 Paint production (CP)”
uses “kalis”

declarations

NJd =5 I Number of paint batches (=jobs)
JOBS=1. . NJ
DUR: array (JOBS) of integer I Durations of jobs

CLEAN: array (JOBS, JOBS) of integer ! Cleaning times between jobs

task: array(JOBS) of cptask
res: cpresource

firstjob, lastjob, clean|f, finish: cpvar

L: cpvarlist

cycleTime: cpvar I Objective variable
Strategy: array(range) of cpbranching

end-declarations

initializations from 'Data/bbSpaint. dat’
DUR CLEAN
end-initializations

I Setting up the resource (formulation of the disjunction of tasks)
set_resource_attributes (res, KALIS_UNARY_RESOURCE, 1)

I Setting up the tasks
forall (j in JOBS) getstart(task(j)) >= 1 | Start times
forall (j in JOBS) set_task_attributes(task(j), DUR(j), res) ! Dur.s + disj.
forall (j,k in JOBS) setsetuptime(task(j), task(k), CLEAN(j, k), CLEAN(, j))
I Cleaning times between batches

I Gleaning time at end of cycle (between last and first jobs)
setdomain(firstjob, JOBS); setdomain(lastjob, JOBS)

firstjob <> lastjob

forall (j in JOBS) equiv(getend(task (j))=getmakespan, lastjob=})
forall(j in JOBS) equiv(getstart (task(j))=1, firstjob=j)
cleanlf = element (CLEAN, lastjob, firstjob)

forall(j in JOBS) L += getend (task(j))
finish = maximum (L)

I Objective: minimize the duration of a production cycle
cycleTime = finish = 1 + cleanlf

I Solve the problem

if cp_schedule(cycleTime) = 0 then
writeIn("Problem is infeasible”)
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exit(l)
end-if
cp_show_stats

I Solution printing
declarations

SUCG: array (JOBS) of integer
end-declarations

forall (j in JOBS)
forall (k in JOBS)

if getsol (getstart (task(k))) = getsol (getend (task (j)))+CLEAN(j, k) then
SUGC(j) := k
break
end-if

writeln("Minimum cycle time: ”, getsol (cycleTime))

writeln(“Sequence of batches:¥nBatch Start Duration Cleaning”)

forall(k in JOBS)

writeln(" ”, k, strfmt(getsol (getstart (task(k))),7), strfmt (DUR((k)),8),

strfmt (i f (SUCC (k) >0, GLEAN (k, SUCC(k)), getsol (cleanlf)),9))

end-mode |

5.6.3 #&R

FERIZ. Section 3.8 THESNIZHLDELTNEY, TITUEEITAREFE COETILEREIE,
BIDETILA—2aV(THEL, —F /—REETRBT. TNIFEMERMTHEOENSIETT,
Section 3.10 [ZIR7REMN TULVAD cycle’ constraint version [CEERB E 4T, F5TF, LHL, FRIR
—ZADERALE, FIDETILA—230 TlE, BIED EXIEH problem-specific THOT=DITE N,
FYD IRV ILERILED T, Z4—Fr—DEBMNEZZEVSIFRLHYET,

I2&BTITRRIFLLTDEYIZTT (Figure5.6),

0 10 20 30 40 S0 B0 70 80 490 1DEI11D1201301401501501?018019020021022023]]]

TOO1

TOO2 I
TOOS L

TOO4 I

TO0S

Figure 5.6: Solution graph in IVE

5.7 51% (Enumeration)

AT a— )LDEEEBZR/NMNILEVES. COVILA—IZE>TEOLNIHNEDO —FEHERIE.
B2, BMICE->TVWET D BT, AEDERRIZRLMERTELVDDELAER AL I, E
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TR A—)VERA T OV —ETHRWVREEHZEALYNB OB L. V2L, &)
[SCRTDa—VERA T Oz OrENELED) ., £F BHEZERXRICLEVGEEHE T,
Xpress—Kalis Tl&, LTz 2 T, AT V21— ILERA T OO EETETILTEH, BEDREL T 7Y
223> cp_minimize, cp_maximize AMfEZHLIITHOTVEY , ChoDRBILTFUIavh
FEITATHINS—FEEIE 7P 1— L IERZ BRI EL-BRREF RGO TOET  En(c, 21—
FIE UTOFITTRENTOSLSIC. A—FBHD. MERBDINELTERTSHELTEET,

AT 21— )LEEERBD IO D1 —FIZE>TERINFNBLEIKIL, EHAR—X, FRIR—X
D.2 DOELGAWERYET GBI F 4 EOT—ITY, ZLT. KETIX, /hELVHI(Section
5701 RTIZIESHFET, £F L. job—shop scheduling example ZfELY, 3L FELERBALET .

5. 7.1 EHAR—XDFIZ (Variable-based enumeration)

Section 5.4 O bin packing problem DR EFARDE, TATHILED AT a— )LIERY —F Eilg %
Fo L REMEIAT AICE. $ 100 D/—REREET DD HLMNET  BEEE O Y —F i
BEFESIE TARITRETEHYER A BEDIZ, greedy-type strategy T, TRHEAR—ZD$H D
RODTARVIZKEWNT7ZAIVE . FT . ZAIEIYBTEHE, LM, KUHEMHTY,

5.7.1.1 cp_minimize &>

COMBETISH—DERREX. ARV ORBBEERDI-ODELEAT. TARI~NTFAIL
DEHRTBHIETT  LTD Mosel A—RI(E, T7AIH A XMREVADS/PSWNAIZ, BIEICH A
FNENIZ, TEELGRYNSVT(RIBEE. HODRFI—FEHEIY L THHEHEEEELET .
Y—TAVTHTI—F gsort A, ETILORF T, uses AT—rAVMTA—RENEHED 21—
mmsystem [CK > TEREINDIEITTFELTIIZELY,

declarations

Strategy: array(range) of cpbranching
FSORT: array (FILES) of integer
end-declarations

gsort (SYS_DOWN, SIZE, FSORT) I Sort files in decreasing order of size

foral | (f in FILES)

Strategy (f) :=assign_var (KALI1S_SMALLEST_MIN, KALIS_MIN_TO_MAX,
{getstart (file (FSORT(f)))})

cp_set_branching (Strategy)

if not cp_minimize(diskuse) then writeln("Problem infeasible”); end-if

variable selection criterion (assign_var QwmAID T —F 1AV RDERIE, ZZTIE.BTFLL. EE
THHIEWSIHIFTIRBYER A BERD, Bl Strategy, 1. TR T =E—2OEHIZERY
BEEIFT, LEMA-TOHEIRIEZ, — 9., TN ENASTT , LTOKSIZENWTERETT,
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declarations

Strategy: cpbranching

FSORT: array (FILES) of integer
LS: cpvarlist

end-declarations

gsort (SYS_DOWN, SIZE, FSORT) I Sort files in decreasing order of size
foral |l (f in FILES)

LS+=getstart (file(FSORT (f)))
Strategy:=assign_var (KALIS_INPUT_ORDER, KALIS_MIN_TO_MAX, LS)
cp_set_branching (Strategy)

if not cp_minimize(diskuse) then writeln("Problem infeasible”); end-if

DY —FT.BHAROM-=YYr—avid 3 MOTOvE—TARIZFERT SV 1—ay
TLtz. Thhs, 3<CI2. REFEEROONIZEVNSITETT . £AROY—FIL 17 /—RTEDY, #
Mof=Bf . TATHILEDR7 D 21— )LIEREES . R/MEBRB TR ETH >EHO. FADT
{—ETIHFEL=,

5.7.1.2 cp_schedule &>

A= LVEBRY—FE.MLEGhaving 7z —X &2 DO FEHITI—X
(KALIS_INITIAL_SOLUTION & KALIS_OPTIMAL_SOLUTION)A SRV ES . 22—, Wi d57z—X
#INT, cp_set_schedule_searchcp 20— /LB E T, FIBEIEEIEE TEE T, initial solution’
71—XE, FTIEFERKRWa—2a E R T 52 EE BRIEL . 'optimal solution 7T —X (&, i
MEHATEHIELBAMELFET . A/ —FRELEDY—F Sy ZNETADTz—XIZ, 5l
BI@ERINFET A, 2IKRALERE HI PR (parameter MAX_COMPUTATION_TIME) (X, 7z —XDH
[SERAINET,

scheduling search @, Z#AA—X® branching scheme MDEZEIL. HilZR 7= cp_set_strategy %
cp_set_schedule_strategy TEZH#aZ . cp_set_strategy & cp_minimize 4> cp_maximize [Z&5
BES—FICBALTRIE-AZE, Fo-KRILAETITLVET,

cp_set_schedule_branching (KALIS_INITIAL_SOLUTION, Strategy)

if cp_schedule (diskuse)=0 then writeln(“Problem infeasible”); end-if

COHY—FEEE T, REMR(L. initial solution T, F=21=-M 8 DD /—KDRIZEDITohFELE, FL
T HZ K, FIITEFYEL =, BELL, BIRETII—X T, REEDIETHS 3 #D lower bound
MEEBAES =D 5T,

NB: R Va—LERY—FDELZDI—XADT I Tvh-05%F5=HIClF, avba—
JU=/35 A% VERBOSE_LEVEL # 2 [SEREL TLIEEW, b, Y a—av 7TV X LDEEY
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DRI LTFTDTAVEETILITIEMLTIZELY,

setparam ("VERBOSE_LEVEL”, 2)

572 RRHYR—ZXMD5IE (Task-based enumeration)

BRIR—ZDF|ZEHBE (L, FIBEINDIIRIFESGEREE, 2R VNEBRREOHD value
selection heuristic, H LU, FRYEIRFFR D value selection heuristic DEZMNOE>TULVET,

MEODARMMLEEREZEZATCRELLI. CIITEZOND3TOEELHY. TNENDIITIE,
BEESNT-IEFT. TEOEBOEETREINDILENHYFET . M. —EIZ.1 DOP3T

ERELET  £EFRVDOLNERE(THHL, #EBTOI 3T D0E), LU, DaTjloan

HDIEZE (6X67—XR) [X Table5.3 [SIRENTULVET , BHIBERIEL, X7 P 21— )LD makespan(FZHiE

WSERREER/NNITHIETT,

Table: 6X6 job—shop instance from FT63

Job Machines Durations

1 3 1.2 46 5 1 3 6 7 3 6
2 2 356 1 4 8§ 5 10 10 10 4
3 3 46 1 25 5> 4 8 9 1 17
4 21 3 45 6 5 5 5 3 8 9
5 3 256 1 4 9 3 5 4 3 1
6 2 46 15 3 3 3 9 10 4 1

5.7.2.1 EFILDOERIE

JOBS ToaTDEE%E. LT, MCH MACH =11, ..., M THBDEESZEKRT HELET . IRT
Doad jIFx. —EBDRRY task,|TH>TEESNT, ZIT, task, X, task, ., MRE—L3 Bl
[SSETTHENRBETY . FRY task;, L. #Hl RES, |CF>TRIESI, BIELI-QIERR JUR),
EHOTLEY,

TOETILIZ. 2D job-shop scheduling problem DEHX LT,

resources res, (m e MACH = {l,...,NM})
tasks rask , (j € JOBS,m e MACH))
minimize finish
Sinish = maximum ,_;,pq (task_ S end )
Vm e MACH :res, .capacity =1
Vj € JOBS,m € MACH : task ,, .start,task ,,.end € {0,..., MAXTIME }
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VjeJOBS,m e {1,...,NM - 1}: task ,, .successors = {task j,mﬂ}
Vj € JOBS,m € MACH :task ,, duration = DUR
Vj € JOBS,m € MACH : task ,, .requirement RES,, = 1

572247V AvT—Yay

LI D Mosel ET LI, job—shop scheduling fIZEZEITL . BIEZELI=ODEIRIR—RADTZ>
FHRBREZERLET . RI—FEHOEIE . HOTVWARAMUDNREL/NEVIRIEERL. COE
I ZRBPDSVOAETREREADFIBEEITVET  FRIRN—ZAD TSV FHMEIE ., Xpress—Kalis DH T,
T7oia task serialize ICKYERIN. CDT7o02avIE, T—Fa AV REL T, user task
selection, MIBFHEHERI—FEHD-HODEDERBEE. LV BATHP2RIDEKEEEM
YES . CDEIBERIR—ZADT IV FEEEL. Fo1zKBREIZ. EARERN—ADT 52 T HRE
[CHHEETEET,

model| “Job shop (CP)”
uses “kalis”, “mmsystem”

parameters

DATAFILE = “jobshop. dat”

NJ =6 ! Number of jobs

NM = 6 I Number of resources

end-parameters
forward function select_task(tlist: cptasklist): integer

declarations

JOBS = 1. .NJ

MACH = 1. . NM

RES: array (JOBS, MACH) of integer
DUR: array (JOBS, MACH) of integer

Set of jobs

Set of resources
Resource use of tasks
Durations of tasks

res: array (MACH) of cpresource I Resources
task: array (JOBS, MACH) of cptask I Tasks
end-declarations

initializations from “Data/”+DATAFILE
RES DUR
end-initializations

HORIZON:= sum(j in JOBS, m in MACH) DUR(j,m)
forall (j in JOBS) getend(task (j, NM)) <= HORIZON

| Setting up the resources (capacity 1)

forall(m in MACH)
set_resource_attributes(res(m), KALIS_UNARY_RESOURCE, 1)
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| Setting up the tasks (durations, resource used)
forall(j in JOBS, m in MACH)
set_task_attributes(task(j, m), DUR(j,m), res(RES(j, m)))

I Precedence constraints between the tasks of every job

forall (j in JOBS, m in 1.. NM-1)

| getstart(task(j,m)) + DUR(j,m) <= getstart (task(j, m+1))
setsuccessors (task (j, m), {task(j,m+1)})

| Branching strategy
Strategy:=task_serialize (“select_task”, KALIS_MIN_TO_MAX,

KAL IS_MIN_TO_MAX

union(j in JOBS, m in MACH | exists(task(j,m))) {task(j,m)})
cp_set_branching (Strategy)

I Solve the problem
starttime:= gettime

if not cp_minimize (getmakespan) then
writeln("Problem is infeasible™)
exit(l)

end-if

I Solution printing
cp_show_stats
write (gettime-starttime, “sec ”)
writeln("Total completion time: “, getsol (getmakespan))
forall(j in JOBS) do
write("Jdob “, strfmt(j,-2))
forall(m in MACH | exists(task(j,m)))
write(strfmt RES(j,m),3), “:”, strfmt(getsol (getstart (task(j,m))),3),
“-"  strfmt (getsol (getend (task (j,m))), 2))
writeln
end-do

| skskskokokokskokokokokskokokskoksksokskskokskokskskokskskokokokskokokskokoskskokokskokskskokskoksk sk kokskokokskokokskokskokokokoksk sk
I Task selection for branching
function select_task (tlist: cptasklist): integer

declarations

Tset: set of integer

end-declarations

| Get the number of elements of “tlist”
listsize:= getsize(tlist)

I Set of uninstantiated tasks

forall (i in 1..listsize)
if not is_fixed(getstart (gettask(tlist,i))) then
Tset+= {i}
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end-if
returned:= 0

I Get a task with smallest start time domain
smin:=min(j in Tset) getsize(getstart (gettask(tlist, j)))
forall (j in Tset)
if getsize(getstart (gettask (tlist, j))) = smin then
returned:=j; break
end-if

end-function

end-mode |

5.7.2.3 #&R

COREREDORERREIZIL, 55 D makespan BHYET . TATAHICRT D1 —)LIERERREDLLE T
(X, COTFUFEREIE, 300 /—RZEBRTLV-HD 105 /—FETHADSEFEL Iz, LHL. KUKE
WAV REVRTIE. CDTIUFHIEELYE. T4IHILEDR T D a— ) LIEREBR O AL ENRTLY
DESTYT, TA7HIEDR/IMEEIR (X, AR HDSUAALTIE. COMBENY)2—3aVERD
[TonFHATLI,
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10 10 20 30 40 a0 55

E

Figure 5.7: Solution graph in IVE

5.7.2.4 REMGY—FHE

ETCREBDIZUTHETN AT P a—LERBY—FDHDI—F 2R VBIRBBEERT S
L TEFEFIT . LDODETIVICRLELG M — O XK E (X, op_set_branching %
cp_set_schedule_strategy TEZH#LZ . cp_minimize % cp_schedule TEEH#Z 52T TI,
A—HDERVEIRT7 I3 select_task DERITEDLYEE A,

| Branching strategy
Strategy:=task_serialize (“select_task”, KALIS_MIN_TO_MAX,

KAL IS_MIN_TO_MAX

union(j in JOBS, m in MACH | exists(task(j,m))) {task(j,m)})
cp_set_schedule_strategy (KALIS_INITIAL_SOLUTION, Strategy)

I Solve the problem
if cp_schedule (getmakespan)=0 then
writeln("Problem is infeasible™)
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exit(1)
end-if

COHBERE, A—HFERERICEIBEYS —F LY FIBER T TEOD/—FH, —B. Di
L\/—F—G?—ﬂia—o

A—HYEBEDIRIBIRT7 U3 select_task TlEA, TR D, BRIICERSNz2R7ER
FHEELED 1 DEFEIEBTEFT,

KALIS_SMALLEST_EST / KALIS_LARGEST_EST:

choose task with the smallest/largest lower bound on its start time (' earliest start time')

KALIS_SMALLEST_LST / KALIS_LARGEST_LST:

choose task with the smallest/largest upper bound on its start time ( latest start time'),

KALIS_SMALLEST_ECT / KALIS_LARGEST_ECT:
choose task with the smallest/largest lower bound on its completion time (' earliest completion

time'),

KALIS_SMALLEST_LCT / KALIS_LARGEST_LCT:
choose task with the smallest/largest upper bound on its completion time (' latest completion

time')

WEDHTIE. ZBLEBULEIRIE KALIS_SMALLEST LCTTHAZEMNHIBALTLYET (cp_schedule,
LUV, cp_minimize DEAHZEEL, #3160 /—FTH—FE8KT),

Strategy:=task_serialize (KALIS_SMALLEST_LCT, KALIS_MIN_TO_MAX,
KALIS_MIN_TO_MAX
union(j in JOBS, m in MACH | exists(task(j,m))) {task(j,m})

5.7.3 propagation algorithm @R
RO 21— VEBBBEDT=O DY —FF7ILTYXLDIS—T+—I VR (&, FIEHERDOERD A
KFTHDTIEHYEE A, resource constraint 7O/ —2 307 LT XLDERE, K&
FZELFET,

AT —230-B84T1%. FTEEDOLSIZ, FE set_resources_attributes OBREOA T a4+
IWFT7—XarbTRYrENET,
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set_resource_attributes (res, KALIS_DISCRETE_RESOURCE, CAP, ALG)

ZZT.ALG I&. propagation algorithm choice TY,

unary resource M1=81Z(F, KALIS_TASK_INTERVALS. KALIS_DISJUNCTIONS M5 BIRLET , BT E (.
RKEVWAVE1—EDEHEF—N—AYRENITRMEZILSTET, KYBLNYAHETID T, M
SVREADS ., PRREDRIBEE T, KALIS_DISJUNCTIONS DB RDIFSAENTLLES, BIDEY
23> M jobshop FIZEMDFIZEIMIE, KALIS_DISJUNCTIONS ZERAL=BE . T4T7HIEDRT D2
— ILYERL Y —F & KALIS_TASKINTERVALS &Y4£# 4 FRNTT A, —FEIhd/—FO#IF.
FUbFhICKEVEREGYELT,

cumulative resources D= D T B NFT =307 )ILITVXLOFTavid.,
KALIS_TASK_INTERVALS & KALIS_TIMETABLING ©T¢ . Z4 L 2Y Y 7 LT 1) X LA
KALIS_TASK_INTERVALS (&, &Y3EATT A, LLEHIELND T, COZEE, #LL AR DOBEEDT-
HDELERTT M, FHEA—/N\—AYEH RIS KRB ORREIZIE. KALIS_TIMETABLING AYm@
WTWAHTL&ES, BIZZE(FhIL, Section 54,571 THEEML f= binpacking & TI&.
KALIS_TASK_INTERVALS @ A D  (TA 7AW MR T Da— VER Y —FEFEAHL)
KALIS_TIMETABLING &Y% . 3 f&iR<. MEEMEELT -,
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Appendix A

kST Sa—Fa05
° No license found: Kalis for Mosel. licensing system, £ &1, Xpress—Kalis EVa1—JLHA>
Ab=LERTWWEITNIEBYELE A, Dash NEZITROS1 BV RT7AILE,

Xpress—MP installation directory [Z3E —L . environment variable XPRESSDIR A%, ZD T«
LORIZERANT BEIRETIHELHYET,

e The Xpress—-Kalis module is not found: Mosel ®T 4 L% k1) dso (2. 774
JL kalis.dso M4 A F—JLEN TULWELE E(X. environment variable
MOSEL DSO %, CHD 774 IILDAS—L 3T, EELBTNIERY EFEA,
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Appendix B

Glossary of CP terms

CPREDTOyH)—(E, EXEEHRATEL,
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