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model "B-1 Stadium construction (CP)"
uses "kalis"

declarations
N =19 ! 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 ! Duration of tasks
HORIZON : integer ! Time horizon

start: array(TASKS) of cpvar ! Start dates of tasks
bestend: integer

end-declarations

initializations from 'Data/b1stadium.dat’
DUR ARC

end-initializations

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

I 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

I possible start/completion times gets displayed.

forall(j in TASKS) writeln(j, ": ", start(j))

end-model
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Earliest possible completion time: 64
: V001[0]

: V002[2]

: VO03[18]

: V004[18..29]

: V005[27]

: VO06[37]

: VO07[26..61]

: V008[43..59]
: V009[43]

10: V010[26..59]
11: V011[43..58]
12: V012[52]
13: V013[28..63]
14:V014[18..53]
15: V015[26..60]
16: V016[46..61]
17: VO17[54]
18: V018[63]
19: V019[64]
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TASKS ={I,..,N} N
ARCS : arc(i, J) € ARCS
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model "B-1 Stadium construction (CP submodel)"
uses "kalis", "mmjobs"

parameters
MODE =1 I Model version: 1 - fixed durations
I 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 ! Matrix of the adjacency graph
DUR: array(TASKS) of integer I Duration of tasks
MAXW: array(TASKS) of integer ! Max. reduction of tasks (in weeks)

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

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

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

if MODE = 1 then I *#x** Eixed durations

I Precedence relations between tasks
forall(i, j in TASKS | exists(ARC(, j))) do

Prec(i,)):= start(i) + DUR(i) <= start(j)

if not cp_post(Prec(i,j)) then

send(EVENT _FAILED,0)

end-if

end-do

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

else I **** Dyrations are variables
initializations from 'Data/blstadium.dat’
MAXW

end-initializations

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

¢ dash optimization
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I 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,))) then

send(EVENT _FAILED,0)

end-if

end-do

end-if

I Pass solution data to the master model
forall(i in TASKS) do

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

initializations to "raw:"
Ibstart as "shmem:lbstart” ubstart as "shmem:ubstart”
end-initializations

end-model

::dash optimization
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model "B-1 Stadium construction (CP + LP) master model"
uses "mmxprs”, "mmjobs”

forward procedure print_CP_solution(version: integer)

declarations
N =19 I Number of tasks in the project (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

BONUS: integer I Bonus per week finished earlier

MAXW: array(TASKS) of integer ! Max. reduction of tasks (in weeks)
COST: array(TASKYS) of real I Cost of reducing tasks by a week
Ibstart,ubstart: array(TASKS) of integer ! Bounds on start dates of tasks
HORIZON: integer I Time horizon

bestend: integer I CP solution value

CPmodel: Model I Reference to the CP model

msg: Event I Termination message sent by submodel

end-declarations

initializations from 'Data/blstadium.dat’
DUR ARC MAXW BONUS COST
end-initializations
HORIZON:= sum(o in TASKS) DUR(0)
::dash optimization
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| ¥*¥** First CP model| ****

res:= compile("blstadium_sub.mos") ! Compile the CP model
load(CPmodel, "blstadium_sub.bim") ! Load the CP model
run(CPmodel, "MODE=1,HORIZON=" + HORIZON) ! Solve first version of CP model
wait I Wait until subproblem finishes
msQg.= getnextevent | Get the termination event message
if getclass(msg)<>EVENT_END then ! Check message type
writeln("Submodel 1 is infeasible")
exit(1)
end-if

initializations from "raw:"
Ibstart as "shmem:lbstart”" ubstart as "shmem:ubstart"
end-initializations

bestend:= |bstart(N)
print_CP_solution(1)
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| **** Seacond CP mode| ****

run(CPmodel, "MODE=2,HORIZON=" + bestend) ! Solve second version of CP

model
wait I Wait until subproblem finishes
msQg:= getnextevent | Get the termination event message

if getclass(msg)<>EVENT_END then ! Check message type
writeln("Submodel 2 is infeasible")
exit(2)

end-if

I Retrieve solution from memory
initializations from "raw:"

Ibstart as "shmem:lbstart" ubstart as "shmem:ubstart"
end-initializations

print._ CP_solution(2)
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I #** | P model for second problem ****
declarations
start: array(TASKS) of mpvar I Start times of tasks
save: array(TASKS) of mpvar I Number of weeks finished early
end-declarations

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

I Precedence relations between tasks
forall(i,j in TASKS | exists(ARC(i,))))
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)

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
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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")
forall(i in 1..N-1)
write(strfmt(i,2), ": ", strfmt(getsol(start(i)),-3),

writeln

R R R R R R R A R R R R R R R AR R R R R AR R R R R R R R R R R R R R R R R R PR R R R SR R R R R A

procedure print_CP_solution(version: integer)
writeIn("CP solution (version ", version, "):")
writeIn("Earliest possible completion time: ", Ibstart(N), " weeks")
forall(i in 1..N-1)
write(i, ": ", lbstart(i), if(lbstart(i)<ubstart(i), "-"+ubstart(i), "),
if(imod 6 = 0, "¥n", ", "))
end-procedure

end-model
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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

::dash optimization



®*CP_MIP

-2
Reading Problem ¥xprs_flc_e30008
Problem Statistics
28 (0O spare) rows
38 ( 0O spare) structural columns
83 ( 0O 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 O
16 87.0000000 D 0 O .000000 O

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 9:3610: 23 11: 36 12: 45
13:2514:1515: 23 16: 39 17:47 18: 53
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parallel MIP CP

o Branch-and-Bound
cut generation

V. Jain and |.E. Grossmann. Algorithms for hybrid
MILP/CLP models for a class of optimization problems.

INFORMS J. Computing, 13(4):258—276, 2001.
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CP

1 12 7 10 14 13 2 32
2 13 10 7 9 8 4 33
3 10 6 11 17 15 5 36
4 8 5 6 9 12 7 37
5 12 7 4 6 10 9 39
6 10 6 2 3 4 (0] 34
7 7 5 10 15 16 3 30
8 9 5 8 11 12 6 26
g 10 7 10 14 13 11 36
10 8 5 8 11 14 2 38
11 15 g g 12 16 3 31
12 13 7 S 5 6 4 22
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minimize ) COST, euse,,

pePRODS
meMACH
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PRODS = {1,...12}, MACHS = {1,2,3}
ProdMach_(ProdMach, < PRODS)

DUR,, :
REL,,DUE, :

start o -

DUE, - DUR,,, |
Vp,q e ProdMach,, p < q:start, + DUR  <start, v start, + DUR  <start

pm —

Vp € ProdMach, :start | e {REL

preety
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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
Save the solution
otherwise
Add an infeasibility cut for machine m to the MIP

::dash optimization
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model "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

I initializations from DATAFILE
I NP NM
I end-initializations

NP =12

NM = 3

declarations

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

::dash optimization
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REL: array(PRODS) of integer | Release dates of orders
DUE: array(PRODS) of integer I Due dates of orders
MAX_LOAD: integer I'max_p DUE(p) - min_p REL(p)
COST: array(PRODS,MACH) of integer ! Processing cost of products
DUR: array(PRODS,MACH) of integer ! Processing times of products
starttime: real | Measure program execution time
ctcut: integer I Counter for cuts
solstart: array(PRODS) of integer

I ¥+ MIP model:
use: array(PRODS,MACH) of mpvar ! 1 if p uses machine m, otherwise 0
Cost: linctr ! Objective function

totsolve,totCP: real I Time measurement

ctrun: integer I Counter of CP runs

CPmodel: Model I 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

::dash optimization
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I #** Problem definition ****

define_MIP_model ! Definition of the MIP model
res:=compile("sched_sub.mos") I Compile the CP model
load(CPmodel, "sched_sub.bim™) I Load the CP model

I #x+* Solution algorithm ****
starttime:= gettime
setup_cutmanager I 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: ", totCP)
writeln("CP runs: ", ctrun)

::dash optimization
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procedure define_MIP_model

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

I Each order needs exactly one machine for processing
forall(p in PRODS) sum(m in MACH) use(p,m) =1

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

::dash optimization
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o (Cut Generation-1)

I 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 ! Call function again for this node
ctcut+=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

::dash optimization
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o (Cut Generation-2)

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

I Solve the sequencing problem (CP model): if solved, save the solution,
I 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, " <=", size-1)
end-if
addcut(1, CT_LEQ, Cut)
returned:= true
end-if
end-if

end-function
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O (Cut Generation-3)

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

::dash optimization
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o (CP call -1)

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

I Data for CP model
forall(p in ProdMach) DURmM(p):= DUR(p,m)
initializations to "raw:"

ProdMach as "shmem:ProdMach"

DURmM as "shmem:DURM"
end-initializations

I Solve the problem and retrieve the solution if it is feasible
startsolve:= gettime
returned:= false
if(getstatus(CPmodel)=RT_RUNNING) then
fflush
writeIn("CPmodel is running")
fflush
exit(1)
end-if
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(CP call -2)

ctrun+=1

run(CPmodel, "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)<>EVENT_FAILED then
writeln("Problem with Kalis")
exit(2)
end-if
wait
dropnextevent I' lgnore "submodel finished" event
totCP+= (gettime-startsolve)

end-function

::dash optimization
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o (Cut Manager

procedure setup_cutmanager

setparam("XPRS_CUTSTRATEGY", 0) ! Disable automatic cuts
feastol:= getparam("XPRS_FEASTOL") ! Get Optimizer zero tolerance
setparam(“zerotol", feastol * 10) ! Set comparison tolerance of Mosel
setparam("XPRS_PRESOLVE", 0) ! Disable presolve
setparam("XPRS_MIPPRESOLVE", 0) ! Disable MIP presolve
command("KEEPARTIFICIALS=0") ! No global red. cost fixing
setparam("XPRS_SBBEST", 0) ! Turn strong branching off
setparam("XPRS_HEURSTRATEGY", 0) ! Disable MIP heuristics
setparam("XPRS_EXTRAROWS", 10000) ! Reserve space for cuts
setparam("XPRS_CPMAXELEMS", NP*30000) ! ... and cut coefficients
setcallback(XPRS_CB_CM, "generate_cuts") ! Define the cut manager callback
setcallback(XPRS_CB_UIS, "print_solution")! Define the integer solution cb.
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

end-procedure
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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
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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
I (Re)solve the CP sequencing problem
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(elem)
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, " -> ", msol,": ", strfimt(solstart(p),2), " - ",strfmt(DUR(p,round(msol))+solstart(p),2), " [",
REL(p), ", ", DUE(p), "T")
end-do
writeln("Time: ", gettime - starttime, "sec")
writeln
fflush
end-if
end-procedure
end-model
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model "Schedule (MIP + CP) CP 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 ! Set of products
ProdMach: set of integer
end-declarations

initializations from "raw:"
ProdMach as "shmem:ProdMach"
end-initializations

finalize(ProdMach)
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declarations

REL: array(PRODS) of integer I Release dates of orders
DUE: array(PRODS) of integer I Due dates of orders
DURmM: array(ProdMach) of integer ! Processing times on machine m

solstart: array(ProdMach) of integer ! Solution values for start times

start: array(ProdMach) of cpvar I Start times of tasks

Disj: array(range) of cpctr I Disjunctive constraints

Strategy: array(range) of cpbranching ! Enumeration strategy
EVENT_SOLVED=2 I Event codes sent by submodels

EVENT_FAILED=3
solvetime: real
end-declarations

initializations from "raw:"
DURmM as "shmem:DURmM" REL as "shmem:REL" DUE as "shmem:DUE"
end-initializations

I Bounds on start times
forall(p in ProdMach) setdomain(start(p), REL(p), DUE(p)-DURM(p))
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I Disjunctive constraint

ct=1

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

end-do

I Post disjunctions to the solver
nDisj.= ct; :=1; res:= true
while (res and j<nDisj) do
res:= cp_post(Disj()))
jt=1
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
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I 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)
else
send(EVENT_FAILED,0)
end-if

I 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-model
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s parallel MIP CP

Solution 1: Cost: 98
1->3: 2-15(2, 32]
2->3:15-23[4, 33]
3->1:25-36[5, 36]
4 ->2:24-33[7, 37]
5->2:33-39]9, 39]
6->1. 0- 20, 34]
7->1. 3-13[3, 30]
8 ->2:13- 2416, 26]
9->3:23-36[11, 36]
10->2: 2-13[2, 38]
11->1:16 - 25 [3, 31]
12 ->1:13 - 16 [4, 22]
Time: 2.684sec
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Solution 2: Cost: 92
1->3: 2-15(2, 32]
2->3:15-23[4, 33]
3->2:15-3215, 36]
4->1:24-30[7, 37]
5->2:32-38]9, 39]
6->2: 0- 3[0, 34]
7->1. 3-13[3, 30]
8->1:16 - 24 [6, 26]
9->3:23-36[11, 36]
10 -> 1: 30 - 38 [2, 38]
11->2: 3-15([3, 31]
12 ->1:13 - 16 [4, 22]
Time: 4.337sec



*CP - MIP
eparallel MIP CP
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Hybrid MIP/CP solving
with Xpress-Optimizer and Xpress-Kalis

S. Heipcke

http://www.dashoptimization.com/home/products/products kalis.html
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