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CPETILDHIPANVILN—ITEShBE, FIHKIL. TRIZEFNDIERORAVERFLSES
NJH—EHYET, BB —XTlE, 4¥=aL—>a> (enumeration) ZRIRT A &<,
HPHXDOTONRT —2a T YY) 1— 3 EBAIENTEL B EEHYET,

HHAKXOTO/NRST—aVIZEYBONBRAODFDIE LP OMP ETILIZET ZENTEET,
ZTOFER.LP O MIP YIN—IZE->THERASNSFNET7 IOV LEBEESHRA Y, #5RTHL
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217059 FORT S 2 —ILIEBDOHI

ESE. IZEATOSARICRTZH—ERZRLEIEEEHIT, INVWREADT LEREL
FWEHBILTWVET  AHLZT o ER thTDBRBREHMAEIL. ZHEMSIENTEEL .
COEFRSMIE. CORBERE. REBHTRETLEZVWER>TWET . TERIRVIE. TRT. TO
F—TIICYRRTZ v TENTVES . COXRDTAC /MR, BEMAETRINTVES , 2R
DHFIZIE BID . HEIFRIMNTET LGV LB TELRANLDEHYET . COXRDRED 2 DO
LlE, FOBEM 2 ICERLTVET,

B 11 BReERTTELREHAE. FARFTT .

B 2:EEsE BEEENMNRLALPBBLYLRTOD IO ETIELWEEATVET(E
M1 D). ChEEHT 50, TERE. HALVLEET LGS 1 BRI &I, 30,000 1—
ADKR—FREXISAENHYFET . BEEFE. ETETOBHZRS T, EXEZEML.
EREBOEEZIECITLENDYET  RAFHEZEST. AERICEIYELDERHBEEN VM
ERTILENHYVET, BEEE(E. TRODT L Max. reduct [TTRENTLS ST, ZARITEIZ,
BRAMGAR. EHETESH ., FLT. 5L Add. cost per week (in 1000) [ZTRENTUWNBESIZ ZRHT &
WEG 1 ERBEYDEMERZREOEL, BT, BEXEN. BOMBEREKICLIELESE
ATITET S, LT5L. TOCIHMNE WD BT THH, ELVSTETT,

Table 1: Data for stadium construction

Max. Add. cost per
Task Description Duration Predecessors reduct. week (in 1000 )
1 Installing the construction site 2 none 0 — 2 none 0
2 Terracing 16 1 3 30 16 1 3 30



3 Constructing the foundations 9 2 1 26 9 2 1 26

4 Access roads and other networks 8 2 2 12
5 Erecting the basement 10 3 2 17
6 Main floor 6 4,5 1 15
7 Dividing up the changing rooms 2 4 1 8
8 Electrifying the terraces 2 6 0

9 Constructing the roof 9 4,6 2 42
10 Lighting of the stadium 5 4 1 21
11 Installing the terraces 3 6 1 18
12 Sealing the roof 2 9 0

13 Finishing the changing rooms 1 7 0

14 Constructing the ticket office 7 2 2 22
15 Secondary access roads 4 4,14 2 12
16 Means of signaling 3 8,11, 14 1 6
17 Lawn and sport accessories 9 12 3 16
18 Handing over the building 1 17 0

2281 ICEZAT-ODDETFILOERIE

CP ETIIELTO. COHHEMBTAD IV RO a— ) JBERR T HILIENBYBET
.59 TACIINDRETICRET ST/ MBI EOD . BEDIRIEMAFET . TOHE
RABIENDTADINDRETERTREDIRITHD TASKS = {1,. .., MEWSIRRYID
EEEEZFTORNERY iDTADHMMETRTELELLS, FRIBDEITRERIL, arcs
DEE. ThHbE, ARCS(an arc(i,j) e ARCS TERL. ThlE, FRY [ (FBRY j IZHT
FTHILERLET, BITHEARIDBENARY &, TRT, BEOARYIZHIENET,

CCT.task DFABBZERTIRELEH start, ZERLET . CNODERIE. BRI, ...,
HORIZOM DHDEZFERYET A, T, HORIZON &, $RTOARYTAS AR D &L
TEZoN5#BTOC oI MARO LR TY,

COLT, TRDLSLHHELPETILERES.

Vi e TASKS : start € {0,..., HORIZON }

V(i,j) e ARCS : start, + DUR, < start;
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COT—ADGE . ZBEETHAK. ASN TEEZDOIRINIORERBHBETY, #lHDT
ANT =230 DEMTT, 5IZE (enumeration) EL T, COEZFLHIENTEET, £THIHNKD
EFHRICEDVT. BT THA bestend ') )—T L. REDFIRIIZ, LIRELTIDEZEREL
FI . NITKY DITAHIVNRRALEDERAIDORRBRHB. R THHREESNET, HOTAT
DAAVIZEALTIE. AR, £ TR, RITAIGEGRA U F2—/NLIZRESNET,

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

HORIZON : integer I Time horizon

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

bestend: integer
end-declarations

initializations from 'Data/blstadium. dat’
DUR ARC
end-initializations

HORIZON:= sum(j in TASKS) DUR(})

forall (j in TASKS) do
0 <= start(j); start(j) <= HORIZON
end-do

| Task i precedes task j

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

248 10%

EDETLE UTOHAZMRILEYS, KRBT THRHEE64BMTY . BELOZRIDEBEL.
ATRERFRREF D A 2 — /LB WENFT,

Earliest possible completion time: 64
1: 0
2: 2
3: 18
4: [18..29]
5: 27
6: 37
7. [26..61]
8: [43..59]
9: 43
10: [26..59]
11: [43..58]
12: 52
13: [28..63]
14: [18..53]
15: [26..60]
16: [46..61]
17: 54
18: 63
19: 64

2582 (BRSO DETILOERE

COH2HZFBORMEIL. T7AaPzIM59L a TRy D a—)ILEERT S (schedul ing with project
crashing) IRIEEFENTOEYT, TODIMNIBERET 2-OICIF. LORBEILTODFHER
(bestend) EBERICANDBLENHYET , COEIF. VERL, INTORFIE. TTRHEAZ—/N\
LOEREGYFELT,

ES(2.FTRTD task/ [CEAL T, MM, T, FDRRINEHREINIBERDBOHETTIDELE
ER
251CPETI)L

A2, L0 BTSN TEDT . LE=A2T, WED RELES duration|2&>TREHh,
FNo(E, EGE (OUR, - MAXW, . . ., DUR} DIEZERYZET

NLDEHLVEHMNEMENI-T. CPETILIX. FTREOLSIZHYET,

Vi e TASKS : start, € {O,...,bestend}
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Vi e TASKS : duration, € {DUR, — MAXW,,...,DUR,}

V(i, ) e ARCS : start, + duration, < start,

COETIVF. BTOD MR T TAIENLDRBEDRRILEVSBHBEKEEATHER A,
COTEMIE.LP ETILICE>THRIELET (RO EIavER TS, CP ETILOFIFKT

AR —L a3V DRBRTEONDBDIE, BIZ, TACIIMNERE T I 2DIBHELREEETIEDHD,
PYEOHONT-BIE B ZIRRE (reduced start time intervals) T9 ., #RAZHIR (L. 5%

(enumeration), & L <&, UUTFITRT EIITLP VYa—2avFLIVALDELLNTRDS

DBENHYET,

252LP ETIL

ZZT.task/ DRVLBEUVEIREEZRT LS start; %, ZL T, task / TEHAELI=LEDEIXTIG
TEEH save, ZBALFET . EAONTLSHE—DFHIFIKIE. £THINTT . 2RY / . TRT
DETIRAINETLT, WO THIBTEET, COZLEF. ROFHKXTE N ERZONET, ThHD
5, /& JDEIZarce NdnIE. (start, + DUR, - save, ELTHESIND) /DT THEIL. / O
IBEHEYREVEZTHHBYER A

V(i,j) € ARCS : start; + DUR, —save, < start,

T save, (T BODHEDERDIEN M, IZE>THERTT . ChoDHIKT. REDEZEDEX
D NERE.TRTOERY [ TRE-ENGTAIEBYER A

Vie TASKS \ {N}: save, < MAXW,

REDIRVICEALT. 8 ave, (X, B 1 ICBEZATEHESINT=AE bestend &YEH, TAD I RHMA
BEBRCET IS0 ERLET TOCIIMDOFHLWEREEH start N1, BIDTEREERMND
saveZ sl DIZHE LG ITNERYERE A, COTEML ROFHXNFoNET,

start, = bestend — save,,

B2 I2&>TERSNIEMEHIT. BEREEONRERKICTEHILETT, BLIEHLH 1AL
([SCEBEEEE. BOWS k DR—FRERZITERNET , TNESIEMRIC, task i TTH N HEHE D
i, COST, k EWSERZHRESEE T (Tablel M Add. cost per week’ 28H), Z5LT. U
TOEMBIENELNET,

Maximize BONUS save, — > COST, save,

i€TASKS\{N}

11



HEMETILEEKE, LTHALLFHNK BB, 8LV, E# start,. save, DIFAEDE
HhoEYET,

Maximize BONUS save, — > COST, save,

i€TASKS\{N}

V(i,j) € ARCS : start, + DUR, —save, < start,

start, = bestend —save,
Vie TASKS \ {N}: save, < MAXW,

VieTASKS :start, 20, save, 20

268201 TV AVT—2aYy

B2 OMEE. LTOT7ILITV A LEFE>TRITET,

o EMM 1 OzH®D CP MEZEM, ZTLT. VYa—avEJMN)—TL. REBETHH
bestend &R D15,

o E§fEI#: bestendZRiIRIZ. B 2 D= D CP FEEfEL, ZL T. BBl 2—/\L
ZIN)—T9F 5%

e HE2DLPETILEEEL.ZLT.CP NioFoMNT start time & LP &3k start, D
bounds & L THELY, £#<,

AV TVAT—2a0% 75D, Fht=blE. LD B/ 1 ®Y)a1—avELTRLEZ CP ETIL
EFEBELEWERNET, LHL.Kalis solver [SRENZFHHKXELEETSHENLZLDT,
—DDITFAINTITICELRFTEFEE A TORDYEL T AVTVAVT—2a0%F 2 DDETILIT
AIZREILET . ED—DE, ZILTIYXLDEEE LP BEDI7AIL, ZL T, H5—2DI&. CP
BEDEE. BLU. CP MEEMEI=ODIFAILTT , ETIL/STAZ MODE DIEIZL>T. 2D
CPETIIE. BRI, BLLF. B 2 DETIVEERLET , ET LA T4 —DEY T4 EHE
ndé, I5—AytE—2S% YT BR0DYIZ, CPmodel (AR A vt — 2 (fai lure message)
% master problem [ZEYFET , [F-FE/TAREM 1A FIHN KX LB RLTULSE. REINEIESTS5—
Ay e—UFHIRITH2EDKRDHYIC, CPETILIE, FREMAVE—SETREZ—RIBISEVET,

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

parameters
MODE = 1 I Model version: 1 — fixed durations

12



! 2 - variable dur
HORIZON = 100 I Time horizon
end-parameters

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

TASKS = 1. .N

ARC: array(range, range) of integer I Matrix of the adjacency graph

DUR: array (TASKS) of integer | Duration of tasks

MAXW: array (TASKS) of integer I Max. reduction of tasks (in weeks)
start: array (TASKS) of cpvar | Start dates of tasks

duration: array(TASKS) of cpvar | Durations of tasks

|bstart, ubstart: array (TASKS) of integer | Bounds on start dates of tasks
EVENT_FAILED=2 I Event code sent by submodel

end-declarations

initializations from 'Data/blstadium. dat’
DUR ARC
end-initializations

forall(j in TASKS) setdomain(start(j), 0, HORIZON)

if MODE = 1 then I xxxx Fixed durations
| Precedence relations between tasks
forall (i, j in TASKS | exists(ARC(i, j))) do
Prec (i, j) := start(i) + DUR(i) <= start(j)
if not cp_post(Prec(i, j)) then
send (EVENT_FAILED, 0)
end-if
end-do

| Earliest poss. completion time = earliest start of the fictitiuous task N
start (N) <= getlb(start(N))

else I xxxx Durations are variables
initializations from 'Data/blstadium. dat
MAXW

end-initializations

forall (j in TASKS) setdomain(duration(j), DUR(j)-MAXW(j), DUR(j))

| Precedence relations between tasks
forall (i, j in TASKS | exists(ARC(i, j))) do
Prec(i, j) := start (i) + duration(i) <= start(j)
if not cp_post(Prec(i, j)) then
send (EVENT_FAILED, 0)
end-if
end-do
end-if

| Pass solution data to the master model
foral |l (i in TASKS) do

Ibstart (i) := getlb(start(i)); ubstart(i):= getub(start(i))
end-do

13



initializations to “raw:”
Ibstart as “shmem: Ibstart” ubstart as “shmem:ubstart”
end-initializations

end-mode |

CP submodel 23/ JLLT=1#IZ. master model (&, ZFF ., B 1 D=HDN—T3vESUL,
start time intervals ZJr)—JLFET, ZLT. master model (&, SEIE, B 2 RIFDHEK (in
the form for question 2) . H KU, B4 bestend 5 X T, CP submodel #E4TLET .2 HFHE
D CPSoDY)a—avhibigbnb start time intervals (X, FhIZ#Hi< LP BN EE THE
bhFET,

model “B-1 Stadium construction (CP + LP) master model”
uses “mmxprs”, “mmjobs”

forward procedure print_CP_solution(version: integer)

declarations
N=19

Number of tasks in the project
I (last = fictitious end task)
TASKS = 1. .N

ARC: array(range, range) of integer

DUR: array (TASKS) of integer

BONUS: integer

MAXW: array (TASKS) of integer

COST: array (TASKS) of real

|Ibstart, ubstart: array (TASKS) of integer
HORIZON: integer

bestend: integer

CPmodel: Model
msg: Event
end-declarations

initializations from 'Data/bl1stadium. dat’
DUR ARG MAXW BONUS COST
end-initializations

HORIZON:= sum(o in TASKS) DUR (o)
I skxx First CP model sk

res:= compile("blstadium_sub.mos”)

load (CPmode |, “blstadium_sub.bim”)

run (CPmode!, “MODE=1, HORIZON=" + HORIZON)

wait

msg.= getnextevent

if getclass (msg) OEVENT_END then
writeln(“Submodel 1 is infeasible”)
exit(1)

end-if

14

Matrix of the adjacency graph
Duration of tasks

Bonus per week finished earlier
Max. reduction of tasks (in weeks)
Cost of reducing tasks by a week
Bounds on start dates of tasks
Time horizon

CP solution value

Reference to the CP model
I Termination message sent by submodel

Compile the CP model

Load the CP model

Solve first version of CP model
Wait until subproblem finishes
Get the termination event message
Check message type



initializations from “raw:”
Ibstart as “shmem: Ibstart” ubstart as “shmem:ubstart”
end-initializations

bestend:= |bstart (N)
print_CP_solution(1)

I skrx Second CP model ssokx

run (CPmode!, “MODE=2, HORIZON=" + bestend) ! Solve second version of GP model

wait I Wait until subproblem finishes
msg:= getnextevent I Get the termination event message
if getclass (msg) OEVENT_END then I Check message type
writeln(“Submodel 2 is infeasible”)

exit(2)

end-if

I Retrieve solution from memory

initializations from “raw:”

Ibstart as “shmem: |bstart” ubstart as “shmem:ubstart”
end-initializations

print_CP_solution(2)

I s0kx | P model for second problem sk

declarations

start: array (TASKS) of mpvar | Start times of tasks

save: array (TASKS) of mpvar I Number of weeks finished early
end-declarations

| Objective function: total profit
Profit:= BONUS*save (N) — sum(i in 1..N-1) COST (i)*save (i)

| Precedence relations between tasks
forall (i, j in TASKS | exists(ARC(i, j)))
Precm(i, j) := start (i) + DUR(i) - save(i) <= start(}j)

I Total duration
start (N) + save(N) = bestend

I Limit on number of weeks that may be saved
forall (i in 1..N-1) save(i) <= MAXW(i)

| Bounds on start times deduced by constraint propagation
forall (i in 1..N-1) do

Ibstart (i) <= start(i); start(i) <= ubstart(i)
end-do

I Solve the second problem: maximize the total profit

setparam (“"XPRS_VERBOSE”, true)

setparam (“XPRS_PRESOLVE”, 0) I We use constraint propagation as preprocessor
maximize (Profit)

I Solution printing

writeln(“Total profit: ”, getsol (Profit))
writeln(“Total duration: ”, getsol (start(N)), “ weeks”)
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forall (i in 1..N-1)

write(strfmt(i,2), “: ”, strfmt(getsol (start(i)),-3)
if(i mod 6 =0, ¥n",”"))

writeln

|
procedure print_CP_solution(version: integer)
writeln(“CP solution (version “, version, “):”)
writeln(“Earliest possible completion time: “, Ibstart(N), “ weeks”)
forall (i in 1..N-1)
write(i, “: 7, lIbstart(i), if(lbstart(i)<ubstart(i), “-"+ubstart(i), “")
if(imd®6=0 "¥n", “, )
end-procedure

end-mode |

2.7 5/ 2 &

EOETIVIELUTZEHILET  XPRS_VERBOSE % true [CERET HE. VY IRDTTIE LP VIL/A—
DAY ERTLET, SIS BMEOY A XGFHX OB, ZHOH. /o EORBOK. LU,
MIP T T4 T4 DHEEE DIFERE. SV TLIRT T X LIZET 209 NERRSNET, CP Mb
LP ~®.bound D7 YT T—FELTETILEITUTHE HTHTT A, Simplex 12L—3>D
HIEZFET,

CP solution (version 1):

Earliest possible completion time: 64 weeks

1:°0, 2: 2, 3: 18, 4: 18-29, 5: 27, 6: 37

7: 26-61, 8: 43-59, 9: 43, 10: 26-59, 11: 43-58, 12: 52

13: 28-63, 14: 18-53, 15: 26-60, 16: 46-61, 17: 54, 18: 63

CP solution (version 2):

Earliest possible completion time: 52 weeks

1: 0-12, 2: 2-14, 3: 15-27, 4: 15-37, 5: 23-35, 6: 31-43

7: 21-62, 8: 36-60, 9: 36-48, 10: 21-60, 11: 36-60, 12: 43-55
13: 22-63, 14: 15-57, 15: 21-62, 16: 38-62, 17: 45-57, 18: 51-63

Reading Problem /xprs_6¢f5_404d0008
Problem Statistics

28 ( 0 spare) rows
38 ( 0 spare) structural columns
83 ( 0 spare) non-zero elements
Global Statistics
0 entities 0 sets 0 set members
Its Obj Value S Ninf Nneg Sum Inf Time
0 360. 000300 D 17 0 29. 000010 0
17 87. 000000 D 0 0 . 000000 0

Optimal solution found
Total profit: 87
Total duration: 54 weeks
1:0 2:2 3:15 4:15 5:23 6: 31
7: 23 8:36 9: 36 10: 23 11: 36 12: 45
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13: 25 14: 15 15: 23 16: 39 17: 47 18: 53

3CP & MIP Z# A EDHES

REDOEABREIL. WO DELS subproblem ZHA B HEFEDTI , FNF D subproblem
F. ZD&SLEMBERELTDIVILN—DHY . LIzA>T, BE—DVIL/A—TIE, BELAERE]
DHARETH-Y. FITAZBWKISIBEENIHYET , HEIMAHIL, EEFEEREEE
RO a—IVERDT T ) r—av Ty, REAGIEEBOEIEEL.LP VILA—ICXKY  BE. &
BITHOITENTEFT A BEIGR T2 21— ILYER D subproblem ZfZ<IZIE. CP YV IL/A—DIFS
ABELTVET, Chid® 2 DDENZE. BEZ, TL2THILTHRCE BEQEEICITBES AN
FEITARATBEER T Y 21— JLYERL®D subproblem ®FHEIZHE>TLEIBRNAHYET . COTLUTE
fETH—D2MVY)a—av &, FTEEROD LP MREE CP 1L AR Y a— LR REZ . FHEE
ECREIETAIRELBRATD1— LN FEONSET, #BYUIRL, fIKZLTT,

MIP-CP MBEZfEEI—DDAHEKIE. COZDDTI=vIELYE DM ETHHET. ThiF.
MIP @ Branch-and-Bound 4—F D/ — KT, By FEERKT H7=5HIZ. CP subproblem Z#fi#<Z
EMBIEOTWET  COTIZVI(E, PSA, HXU. BASF [ZLY ., LD D KIREGEFTEERM . X
A= IEBOT I ) r—avicEbin, BBILTWAEDTY . (FIZ L. 3X#K [BP03]. [Sad04]
M. Mosel Z{E>TEITENT=hybrid MIP-CP algorithms 2D\ THDERRESRBL TS, )
DEAATDHAELEIL. COFEIE. TILTVXLORAFKEN., H5HB/—FT MIP —FLiF
OOYELEYEITIBENHDHEVNIBEKRT, O—II v )LIZCP & LP/MIP <A ELVH. &Y
AT TY

HVRERETILTY) X Ll Xpress-Optimizer callback Z{FE > TEITTEZET (cal Ibacks with
Mosel MEZIZDULVTIL. TMosel Language Reference Manual ] %. & 7=. Optimizer cal Iback
function [IZDULTIL. TOptimizer Reference Manual ] ZSHB L T Z&LY,)

o avDFEIOFRBADA)CFILIE, VGNP HYFET . COTA LI TDA T AV T—
2arO—o0HIE, EU-project LISCOS & DEEET. N. Pisaruk IZ&k YUBFShELT=,

3.1 fl: T UDRNAETEIRRFMIT

WE.3 EOHMT. 12 BORRZEETIVDENHHELEFT  EIVVF VWThORBLEE
TEFEI A LWERFEEORAMELGYE T (Table 2), oI "HED))—REHALMEBANEZ o0
TWET(Table 3) CCT.IRTOHBEDI=HD  EEIARMER/NIT HEEFBEEREL LY
EEZTWEY,

Table 2: Machine-dependent production costs and durations
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Production costs Duration

Prod./Mach. 1 2 3 1 2 3
1 12 6 1 10 14 13
2 13 6 10 1 9 8
3 10 4 6 11 17 15
4 8 4 5 9 12
5 12 6 1 4 6 10
6 10 5 6 3 4
7 1 4 5 10 15 16
8 9 5 5 11 12
9 10 5 1 10 14 13
10 8 4 5 11 14
11 15 8 9 9 12 16
12 13 1 1 3 ) 6
Table 3: Release dates and due dates of products
Product 1 2 3 4 5 6 7 8 9 10 11 12
Release 2 4 5 7 9 0 3 6 11 2 3 4
Due date 32 33 36 37 39 34 30 26 36 38 31 22

32 EFILOERE

CCT.COfEE. BB LRAELERO L TOUREDIEFIZDLNTOH ., Z20 subproblem TIE
HKAELFELLS, RTE X MIP BT )L, BEF (X, CP(E—#HMBEELTERESNET,

3.2AMIP €T

COSTpm 1KY W mTOEG p DEFEIRNE., ZLT. DURpm IZ&Y . M TOE T p DILIBFEREZTR
FELFET . CCToolBEBNES (p € PRODS) . miztgwngEs (me MACH ) T©%,

BB S P E ERIE T 101, NAFY—E S use,, ZBALET, T T use,, £, HtHim
THE p BEESNBIBEE 1 EVSEE, M mTRE p SEESNANESE 0 £S5 EERY
=4, 259 5L, BMEMIE. FROLSICRETEET,

minimize Z ZCOSTM use

pePRODS me MACH

pm

L TORPKE, A —F DB T —EOEBTREEINDRIITTH-HDHLD T, FERDEL
SICERSNFET,
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Vp e PRODS : ) use,, =1

meMACH
MAX_LOAD: BEElF. BRI, TEICRBENTOET A ChoDHFIXICMZ T, LPEMZR
LT B=HDLKOADHKIKE, B, EELELLI, TRTOEER. LBV —RHBL
ELEVMAZSIEOBIZTOATNEGVERA, CCTR. COHMORS (LR —XEH]
HERLVEBVAABIBOR) EMAX LOADTRY LT 5L, HABMICEIV D Toh SR BDINE
KR DB EHE MAX_LOADEBZ bGNIEWNEWNSTEEZRBKT S, TROIIBFFEXZERILLT
EFI,

Vme MACH: Y .DUR,, use,, <MAX _LOAD

pePRODS

3.2.2 CP model

OEF=U. Bl m ICEIY B ToNSREORE. IG5, Prodliach, (Prodifach, PRODS) H
hoE, FEED LS., O ODIER{F+RI%E (sequencing problem) ##/{Ed,

Vp € Prodlach,: start,c {RELp s DUE , — DURpm}

Vp,q € Prodlfach,, p <q :start,+DUR,, <start, v start, + DUR,, <start,

334V AVTFT—ay
bl COREEETILEL, BDIZ. UTOT7IILI) X LEFERALET,

Define the MIP machine assignment problem.
Define the operations of the CP model.
Start the MIP Branch-and-Bound search
At every node of the MIP search:
while function generate_cuts returns true
re-solve the LP-relaxation

Function generate_cuts
for all machines m call generate_cut_machine (m)
if at least one cut has been generated
Return true
otherwise
Return false

Function generate_cut_machine (m)
Collect all operations assigned to machine m
if more than one operation assigned to m
Solve the CP sequencing problem for m
if sequencing succeeds
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Save the solution
otherwise
Add an infeasibility cut for machine m to the MIP

CODETILDATIAVTF—2300E. ZD2D Mosel ETILIZHITONET . RFDETIL

sched_main. mos (&, MIP Y RA—REEAVMERT I TV A LD ERZESATHNET, ZEBDE
T )L sched_sub.mos [&, CP DE—YL U DIEFF FETIILEITVET,

YRA—FETILDRDDED L. T—2EFZE Vb7 v T LT, CP submodel Za /3 JLL T, A—
FL. ETILEREBLI=ODHYTIL—FUoEFUHLT. BDOYIC. HBROY T )—FHHILET . C
ST T—EI7ANDIFANRENTAFEERRL, ETLORTDEEIC. ETILDY—REE
ABIE T—HRIFANDEARMEERDENTELLSITLTHYET , BHRIZ. 1V TvIRE
IRDYAXEEL . TRTOT—R(E. T7AIDOEARENET, #FIHIC.NP & NM DIEFZTF
EFRAFETHMNT. CHoDELZFIAT 5V EEFIZEZE S (declare) 7 HEE . NP & NM (FBEAIT,
Lo T BRHFEERINELTHERSNET . ELTENENE 1V TYIR YRS
DT, INLDEFIX. BEEMIIZ. dynamic array ELTEE St . basic type @ array (real,
integer, etc. )UASADIRTOHOERINDIVHN)—% . BRMICERLEFNIEEYEE A,

mode|l “Schedule (MIP + CP) master problem”
uses “mmsystem”, “mmxprs”, “mmjobs”

parameters

DATAFILE = “Data/sched_3_12.dat”
VERBOSE = 1

end—-parameters

forward procedure define_MIP_model

forward procedure setup_cutmanager

forward public function generate_cuts: boolean
forward public procedure print_solution

declarations

NP: integer I Number of operations (products)
NM: integer I Number of machines
end-declarations

initializations from DATAFILE
NP NM
end-initializations

declarations
PRODS = 1..NP I Set of products
MACH = 1. . NM I Set of machines

Release dates of orders

Due dates of orders

max_p DUE(p) - min_p REL (p)

Processing cost of products

Processing times of products

REL: array (PRODS) of integer

DUE: array (PRODS) of integer
MAX_LOAD: integer

COST: array (PRODS, MACH) of integer
DUR: array (PRODS, MACH) of integer
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starttime: real | Measure program execution time
cteut: integer I Counter for cuts
solstart: array (PRODS) of integer

I sokkk MIP model :
use: array (PRODS, MACH) of mpvar I' 1 if p uses machine m, otherwise 0
Cost: linctr | bjective function

totsolve, totCP: real I Time measurement

ctrun: integer I Gounter of GP runs

CPmodel: Model | Reference to the CP sequencing model

ev: Event I Event

EVENT_SOLVED=2 I Event codes sent by submodels
EVENT_FAILED=3

end-declarations

| Read data from file
initializations from DATAFILE
REL DUE COST DUR
end-initializations

I skrk Problem definition skkk

define_MIP_model I Definition of the MIP model
res:=compile (“sched_sub. mos”) Compile the CP model

load (CPmode |, “sched_sub. bim”) Load the GP model

I sk Solution algorithm skxx
starttime:= gettime
setup_cutmanager

Settings for the MIP search

totsolve:= 0.0

initializations to “raw:”

totsolve as “shmem:solvetime”

REL as “shmem:REL” DUE as “shmem:DUE”
end-initializations

minimize (Cost) I Solve the problem

writeln(“Number of cuts generated: “, ctcut)
writeln(”(”, gettime-starttime, “sec) Best solution value: ”, getobjval)
initializations from “raw:”
totsolve as “shmem:solvetime”
end-initializations
writeln(“Total CP solve time: “, totsolve)
writeln(“Total CP time: ”, totGCP)
writeln(“CP runs: ”, ctrun)

MIP ETILIE, BIDEYILIVTREMFEMET LI, BBICRELTOLET,

procedure define_MIP_model

| Objective: total processing cost
Cost:= sum(p in PRODS, m in MACH) COST (p,m) * use(p, m)

| Each order needs exactly one machine for processing
forall (p in PRODS) sum(m in MACH) use(p,m) =1
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I Valid inequalities for strengthening the LP relaxation
MAX_LOAD:= max (p in PRODS) DUE(p) - min(p in PRODS) REL (p)
forall(m in MACH) sum(p in PRODS) DUR(p,m) * use(p,m) <= MAX_LOAD

forall (p in PRODS, m in MACH) use(p,m) is_binary
end-procedure

HYRER D=8 cal Iback function generate_cuts [&. MIP O/—KZ &Iz, Dl Ed—FEFa
—ILENFET . TRTOBMICI-LLT, ThIL BY B TON-LENFETEINEI M, T,
AV T4—VETARYNEMABRELRHEIMNEINEFVILET . Ak MASnDHE LP R
ME. BE. BCENBETHRY, FL T, cut generation function A%, AybhS, Fh ik, £<
MZENELAEBET, a—ILENFET , Xpress—Optimizer DY) 21— 3>V DEIZTIERTHLEMN
HAIEL.ZOPIZREINTVE LS. ZDI7o92avDBRD.BELV.RET.
XPRS_solutionfile M{EZEYRL. VEYFTHIENEETT DTREDITTZELY,

generate_cut_machine 729> a> &, £9 . procedure products_on_machine #3—)LL T.
FTE DM mIZEIYBTON TS, TRTDARY%, set Prodllach ICANFET, LWEL. BIVS
TONTWVEWIRINH DL, RENTLDEYMIZET, HL. Z5TIELEL By —DTHLEXRE
o TL\s&., ZhlE. sequencing subproblem (function solve CP_problem) & 5 & LET,
COMBEERIENTELRNE. COT7UI2av . COBBAD. BEDEETE(LT—D
JILIZL TS MIP [AREICh YN EBMLES .

procedure products_on_machine(m: integer, ProdMach: set of integer)

forall (p in PRODS) do
val :=getsol (use (p,m))
if (val > 0 and val < 1) then
ProdMach:={}
break
elif val>0.5 then
ProdMach+={p}
end-if
end-do

end-procedure

]
| Generate a cut for machine m if the sequencing subproblem is infeasible
function generate_cut_machine(m: integer): boolean

declarations

ProdMach: set of integer

end-declarations

I Gollect the operations assigned to machine m
products_on_machine (m, ProdMach)
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I Solve the sequencing problem (CP model): if solved, save the solution
| otherwise add an infeasibility cut to the MIP problem
size:= getsize (ProdMach)
returned:= false
if (size>1) then
if not solve_CP_problem(m, ProdMach, 1) then
Cut:= sum(p in ProdMach) use(p,m) - (size-1)
if VERBOSE > 2 then
writeln(m, “: “, ProdMach, ” <
end-if
addecut (1, CT_LEQ, Cut)
returned:= true
end-if
end-if

“ size-1)

end-function

|

| Cut generation callback function

public function generate_cuts: boolean
returned:=false; ctcutold:=ctcut

setparam ("XPRS_solutionfile”, 0)
forall (m in MACH) do

if generate_cut_machine (m) then

returned:=true I Call function again for this node

cteut+=1

end-if
end-do
setparam ("XPRS_solutionfile”, 1)

if returned and VERBOSE>1 then

writeln(“"Node ”, getparam("XPRS_NODES”), “: “, ctcut-ctcutold

“ cut(s) added”)

end-if

end-function

function solve CP_problem (&, CP ETILEEEZRSDH HBET—FEHBAEYIZESTHL, 77
4 JL sched_sub. mos @ H[=#H S submode| DEFTERIB LET,

function solve_CP_problem(m: integer, ProdMach: set of integer
mode: integer): boolean
declarations
DURm: array(range) of integer
sol: array(range) of integer
solvetime: real
end-declarations

| Data for CP model

forall (p in ProdMach) DURm(p) := DUR (p, m)
initializations to “raw:”

ProdMach as “shmem:ProdMach”

DURm as “shmem:DURm”
end-initializations
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I Solve the problem and retrieve the solution if it is feasible
startsolve:= gettime
returned:= false
i f (getstatus (CPmodel)=RT_RUNNING) then
fflush
writeln(“CPmodel is running”)
fflush
exit(1)
end-if

ctrun+=1
run (CPmode !, “NP=" + NP + “ VERBOSE=" + VERBOSE + “, MODE=" + mode)
wait I Wait for a message from the submodel
ev:= getnextevent I Retrieve the event
if getclass(ev)=EVENT_SOLVED then
returned:= true
if mode = 2 then
initializations from “raw:”
sol as “shmem:solstart”
end-initializations
forall (p in ProdMach) solstart(p) :=sol (p)
end-if
elif getclass(ev) <OEVENT_FAILED then
writeln(“Problem with Kalis”)
exit(2)
end-if
wait
dropnextevent I lgnore “submodel finished” event
totCP+= (gettime-startsolve)
end-function

ZCTC.cut manager Dty T 45, LW, integer solution callback ®EZHT MIP T
ILEHRZFE T, Mosel O compar ison tolerance (&, Xpress—Optimizer 2k > TEAINDHI TR
KU OTMNTKEMEIZRESNFET LP D presolve & of f ITTH I EAEETY, LEL
5. PILIVALOEFTORE. XM IRICFHTE2NHTT . REMIZ, presolve %

non-destructive algorithms M#HEE S & 5 I[CHEAAETAHIELARETT . £f=. TRV ZRDF
[S.AYREAVMRBDEZOD TR REVWAR—RZRABELTENMETNIEBYEL A, F=.
Xpress—Optimizer [CLDHAD TV T4V TERBEICL. MIP OY OREEEVE T (ETIL/ATAS
VERBOSE) .

procedure setup_cutmanager
setparam (“"XPRS_CUTSTRATEGY”, 0)
feastol := getparam (“XPRS_FEASTOL")
setparam(“zerotol”, feastol * 10)
setparam ("XPRS_PRESOLVE”, 0) Disable presolve
setparam ("XPRS_MIPPRESOLVE”, 0) Disable MIP presolve
command ("KEEPARTIFI1CIALS=0") No global red. cost fixing
setparam (“XPRS_SBBEST”, 0) I Turn strong branching off

Disable automatic cuts
Get Optimizer zero tolerance
Set comparison tolerance of Mosel
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setparam (“"XPRS_HEURSTRATEGY”, 0)
setparam (“XPRS_EXTRAROWS”, 10000)
setparam (“XPRS_EXTRAELEMS”, NP%30000)
setcal Iback (XPRS_CB_CM, “generate_cuts”)
setcal Iback (XPRS_CB_UIS, “print_solution”)
setparam (“"XPRS_COLORDER”, 2)
case VERBOSE of
1: do
setparam (“"XPRS_VERBOSE”, true)
setparam ("XPRS_MIPLOG”, -200)
end-do
2: do
setparam ("XPRS_VERBOSE”, true)
setparam ("XPRS_MIPLOG”, -100)
end-do
3: do | Detailed MIP output
setparam (“"XPRS_VERBOSE”, true)
setparam (“"XPRS_MIPLOG”, 3)
end-do
end-case

Disable MIP heuristics

Reserve space for cuts

. and cut coefficients

I Define the cut manager cal |back
Define the integer solution cb

end-procedure

BH))a1—232 0 cal lback DEZIL. B4 A9 function generate_cut_machine &l TLVET,
HMiE ) a—2arHAhEBB=HIZIE, TTD CP subproblem ZEE=HETHENHYET M.
4 [EIL. run MODE two TITWVET , Chid. CP ETIILHABEDIERELF AT ICE(TLEEZELLE
ERR

public procedure print_solution
declarations

ProdMach: set of integer
end-declarations

writeln(” (", gettime-starttime, “sec) Solution ”
getparam ("XPRS_MIPSOLS™), ”: Cost: ”, getsol (Cost))

if VERBOSE > 1 then

forall (p in PRODS) do
forall (m in MACH) write(getsol (use(p,m)),” )
writeln

end-do

end-if

if VERBOSE > 0 then
forall(m in MACH) do
ProdMach:= {}

I Collect the operations assigned to machine m
products_on_machine (m, ProdMach)

Size:= getsize (ProdMach)

if Size > 1 then
1 (Re)solve the CP sequencing problem
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if not solve_CP_problem(m, ProdMach, 2) then
writeln(“Something wrong here: ”, m, ProdMach)
end-if

elif Size=1 then
elem:=min(p in ProdMach) p
solstart (elem) :=REL (e lem)

end-if

end—do

I Print out the result
forall (p in PRODS) do
msol :=sum(m in MACH) m*getsol (use (p, m))
writeln(p, ” => 7, msol,”: ”, strfmt(solstart(p),2), " - "
strfmt (DUR (p, round (msol) ) +solstart(p),2), ” [
REL(p), “, “, DUE(p), “17)
end—do
writeln("Time: ”, gettime - starttime, “sec”)
writeln
fflush
end-if
end-procedure

UT®Da—F)RLE, CP submodel DEFE) AL TWET , ETDEEIZIE. LVDTH 1 BDT
DUIZEYHTONARID YR, BLU. ®HETHTOC MBI EFATYISHARAFEN
FT.HMEOERDOMICAV T4 —PEYTaNEHEINL &, Tpairs of tasks] DED

fdisjunctions] ABAFEICIE RSN, HIHKXDEMELDHEIIENTET . U—F L. RUDEHR
AIREECLFYFE T BHARONBE. ETIL-/354%2 MODE HE 2 THAHDL. ZNhIL master
model [ZESNFET, HEPBHBET.CP H—F DK T DRI, submode| (&, FEDRT—HR%E.
master model [SRZLET

mode|l “Schedule (MIP + GP) GP subproblem”
uses “kalis”, “mmjobs” , “mmsystem”

parameters

VERBOSE = 1

NP = 12 I Number of products
MODE = 1 I'1 - decide feasibility

I 2 - return complete solution
end-parameters

startsolve:= gettime

declarations

PRODS = 1..NP I Set of products
ProdMach: set of integer

end-declarations

initializations from “raw:”

ProdMach as “shmem:ProdMach”
end-initializations
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finalize (ProdMach)

declarations

REL: array (PRODS) of integer

DUE: array (PRODS) of integer

DURm: array (ProdMach) of integer
solstart: array(ProdMach) of integer

Release dates of orders

Due dates of orders

Processing times on machine m
Solution values for start times

Start times of tasks
Disjunctive constraints
Enumeration strategy

Event codes sent by submodels

start: array(ProdMach) of cpvar

Disj: array(range) of cpctr

Strategy: array(range) of cpbranching
EVENT_SOLVED=2

EVENT_FAILED=3

solvetime: real
end-declarations

initializations from “raw:”
DURm as “shmem:DURm” REL as “shmem:REL” DUE as “shmem:DUE”
end-initializations

| Bounds on start times
forall(p in ProdMach) setdomain(start(p), REL(p), DUE (p)-DURm(p))

I Disjunctive constraint

cti=1

forall (p,q in ProdMach| p<a) do
Disj(ct) := start(p) + DURm(p) <= start(q) or start(q) + DURm(g) <= start(p)
ct+=1

end-do

I Post disjunctions to the solver
nDisj:= ct; j:=1; res:= true
while (res and j<nDisj) do

res:= cp_post(Disj(j))

j+=
end-do

I Solve the problem
if res then
Strategy (1) := settle_disjunction(Disj)
Strategy (2) := assign_and_forbid (KALIS_SMALLEST_DOMAIN, KALIS_MIN_TO_MAX,
start)

cp_set_branching (Strategy)
res:= cp_find_next_sol
end-if

| Pass solution to master problem
if res then
forall (p in ProdMach) solstart(p) := getsol (start(p))
if MODE=2 then
initializations to “raw:”
solstart as “shmem:solstart”
end-initializations
end-if
send (EVENT_SOLVED, 0)
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else
send (EVENT_FAILED, 0)
end-if

| Update total running time measurement
initializations from “raw:”

solvetime as “shmem:solvetime”
end-initializations

solvetime+= gettime-startsolve
initializations to “raw:”

solvetime as “shmem:solvetime”
end-initializations

end-mode |

3.4 "R

TE2(&. sched 3 12 DHZHLERLVETY,

Cost: 9

1->3: 2-15 [2, 32]
2 ->3: 15 -23 [4, 33]
3 ->2:15-32 [5 36]
4 > 1: 24 -30 [7, 37]
b ->2:32-38 [9, 39]
6 ->2: 0- 3 [0, 34]
7->1: 3-13 [3, 30]
8 > 1:16 - 24 [6, 26]
9 ->3:23-236 [11, 36]
10 -> 1: 30 - 38 [2, 38]
1 ->2: 3-15 [3, 31]
12 ->1: 13 - 16 [4, 22]

2691 @D CP ETILDSU T, &5t 1604 DAHYRA MIP fREIZHNZ 54, Branch-and-Bound #—
F 112295 D/ —FEIFYELT=, Optimal ity [E. Pentium IV PC E T, # LIRNIZZEBAShFE L=,

COBREDALT) A T—3v &, Xpress—Optimizer A Xpress—Kalis T, SE&ITITRFET . LML,
CDIEDHEM. 12 DIEBEMILIE, BRI, Xpress—Optimizer, Xpress—Kalis [2&E2TH, TNFIT

TlE., fEKOMNIFEFICELLVEIRETYT , CP Tlk.optimality ZEEBHT 2DAEL <. £/, MIP

Tl&. disjunction DEXIEIE. £E (B &% number_of_machines * number_of products® @

NAF)—EHOERNDBELZDOT, COFFE, COMBEHRSIDIE. FHEEMTT,

3.5 CP subproblem /835 LJLIZf# <

ZZT.HopB MP /—FT.CP single-machine subproblem ZIEZFIZEELZEDKHYIZ, Mosel
ETIVEZEREL. /X5L LI subproblem < KSIZLFET , $IZ. multiprocessor machine JRiET
REEXELTWDE, ChIZKY, AV ERDTOERERAE—R7YTIL, LE=A2 T, SUE(LDE
HEEBTEET . I5LT. 8923 33 DT7IILTVRLE UTOLSIZEELET,

28



Define the MIP machine assignment problem.
Define the operations of the CP model.
Start the MIP Branch-and-Bound search
At every node of the MIP search:
while function generate_cuts returns true
re-solve the LP-relaxation

Function generate_cuts

Collect all machines that are fully assigned into set ToSolve
for all machines m ¥in ToSolve call start_GCP_model (m)
Wait for the solution status messages from all submodels

if submodel m is infeasible

Add an infeasibility cut for machine m to the MIP

if at least one cut has been generated

Return true
otherwise

Return false

Procedure start_CP_mode! (m)
Collect all operations assigned to machine m
Write data for this machine to memory
Start the submode! execution

function generate_cuts MEF/N—T3 0 (E LTFDESITEHBTLEY, IEH. ful | example code
CEIZHEYEWEEDSE S AL, XpressKalis &3 IZHE (files sched mainp. mos and
sched_subp. mos) & T L5 User Guide examples ZSBBLTLFEELY,

procedure products_on_machine(m: integer)

NumOp (m) :=0
forall (p in PRODS) do
val :=getsol (use (p,m))
if (I not isintegral (use(p,m)) 1) (val > 0 and val < 1) then
NumOp (m) :=0
break
elif val>0.5 then
NumOp (m) +=1
OpMach (m, NumOp (m)) := p
end-if
end-do

end-procedure

!
I Add an infeasibility cut for machine m to the MIP problem
procedure add_cut_machine (m: integer)

Cut:= sum(p in 1..NumOp(m)) use (OpMach(m, p),m) — (NumOp (m)-1)
if VERBOSE > 1 then

write(m,”: )

forall(p in 1..NumOp (m)) write (OpMach(m, p), “ ™)
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writeln(” <=, NumOp (m)-1)

end-if

addcut (1, CT_LEQ, Cut)
CP submodels DAL TYAT—2avlE, ZTDELIEEDYEBAD, FIsHE. HEATRVERHL
TT—ARENRTEDIFEHONDHLANILTYE , T445, machine index #H5W5T—RIEHIC
Bl. /SSLILIZSU LTS, 2743 subproblem [ZE-THEASh AT —22R9TAIEMNTE
BE351ZLFET,

T—41t vk sched_3_12. dat ICBAL TR B &, /\SLIL- AT YA T—32%{ES dual processor
machine £ T. METEHBDBDE. FADE/ A—EUMIBELWNEEZHBILEL, ChiL.
CDEETIE., Z2LD/—K T, t=21=—2D® CP subproblem LNMENNIZNZEIZLKDEDT, L.
LDH D subproblem ZfELET B35, TNLDREITIE. FEEICEMRINIZLDITHEETLELS, #
WA =ELYEE-E2 HAKBLZ (TNE, HLTLE (paral lelization) (., £o&. K&
BB ETRTITLELD,

¥ —

—® whitepaper DT, CP & LP/MIP ZAEHE T, ETILNZEML. HEZBEI=HD DD
scheme ZRLELI=, —FH B DI, CPRAIEL LP RIEZBEAL T, IBRYICHBEEET7ILTYX
LTEFH, ZFB DHFIL.MIP branch-and-cut search ®HyrERET7ILT) X LELT CP #EH
5, BYZDVEADHEITY , D Z LD scheme NETEETT , FIZ I, [Tim02]IRENTLVD &
5%, —ED MIP & CP subproblem %, #2YUiRLAEEWNS K57 AETT , hybridization scheme
(. Ex<OBERAMEN D BHEDBEL. TOHEMAET—445I(typical data instances) IZ
FOoT EBFHFNIEHRYER A,

BLBBETI=VIDHABLEIF, EKDOT TV r—2av THRULELRD, EF (L, BkEH

DHEEDESAIZ, —D2DTIZVITRYRASMEEIC,. COEZAZERTH LI, 2LDBE.
BRIO LI THAEWSIEEBBEALTESVWERWVWET . NATYyk-Y)a—3>-7)L3Y)

ALE =R\ 7—RT RSN RITEN, TANMENDLENHYET . T FARE

NTOMNGYREGRENDBDETHAHE, ELT BRI HEEVILN—ITDOVTDRNEREA

WETHHELEEERLET,
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