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Abstract — This paper focuses on the new developed MILP model for the optimal scheduling of the sheet cutting process con-
sidering the width-pattern change. This study uses a mathematical model in scheduling a paper mill process, differing from gen-
erally used heuristic methods. This method minimizes the amount of trim loss produced during the processing and produces
optimal paper mill processing schedules to meet user's demands. First, mathematical modelling considering trim losaits carried
Next, using the formula, reformulation is done by introducing methods to patternize maximum width of raw paper reel to reduce
trim loss effectively. After the mathematical formulation of this concept in the form of MINLP, the parameterization method is
applied to simplify the complex form of MINLP to MILP in order to solve the bilinearity created in this model. This study intro
duces an effective method to reduce trim loss in paper mill processing and to set an optimal scheduling which meet user’s
demands by using a mathematical model considering the width-pattern change in the cutting process.
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Fig. 1. Paper mill process.

Fig. 2. Trim loss.
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Fig. 3. Change of width-patterns.
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Table 1. Order of example(harajunkoski, 1999)

Product(i) Order(n) Width(mm)
1 38 1,100
2 65 1,200
3 41 1,430
4 52 1,600
5 32 1,730
B,=3,500(mm), Nma=5, L,=6,500(m)

C=1,G'=0.1, ¢=0.8, ¢'=0.01
R,=3,500(mm), B=3,200(mm), B=2,900(mm)

Table 2. Feasible cutting patterns in R raw reel

Table 3. Result of production schedule(B

Type of pattern

Recipe Overproduction

1 4 13 16

m 2 33 21 26 16

ny 3 1 0 o0 o0 38 1

ny o 2 0 0 o0 65 1

ny o o 2 o0 o0 4 1

ng o o o0 2 0 b52 0

N o o o o0 2 3 0
Trim(mm) 400 0 13,440 7,800 640 22,280
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AR R 43 A el
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T BEY A4 2Ed UYsty] & AT dEe] 23 3151
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334t} Table 5= LINGO®] #HA g} 43 Axo|u] o] AAE o] &
Blod Aozl HulFo] 3,200 mm(B)] A AR u) 48 5 Y=
AR 74 49 A g ety

A Fo] 2 RIS /XL 4A AYE Al Aot} & 7%
42 30,710(mmy] T}

4-2-3. % Ry(=2,900 mmih-g 777

b

Table 4. Feasible cutting patterns in B raw reel
1,100 1,200 1,430 1,600 1,730

i Trim loss
I']lJr nZJr I']3Jr nAJr ner

1 2 0 0 0 0 1,000
2 1 1 0 0 0 900
3 1 0 1 0 0 670
4 1 0 0 1 0 500
5 1 0 0 0 1 370
13 0 0 0 2 0 0

Table 5. Result of production schedule(R

1,100 1,200 1,430 1,600 1,730

Type of pattern

i Trim loss Recipe Overproduction
Nyje Nojr Nyjr Ny Nsjr 4 6 7 9

1 3 0 0 0 0 200 m; 38 3 27 32 14

2 2 1 0 0 0 100 ny 1 0 0 0 0 38 0

3 2 0 0 0 0 1,300 ny 0 2 1 1 0 65 0

4 1 2 0 0 0 0 ny o o 1 o0 1 41 0

5 1 1 0 0 0 1,200 ny 1 0 0 0 1 52 0

: : : Ny 0 0 0 1 0 32 0

18 0 0 0 0 2 40 Trim (mm) 1,900 2,400 15,390 8,640 2,380 30,710
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Table 6. Feasible cutting patterns in R raw reel

Table 8. Feasible cutting patterns in R&R , raw reels

) 1,100 1,200 1,430 1,600 1,730
i Trim loss

1,100 1,200 1,430 1600 1,730
Trim loss

i r

Ny Nyje Ny Nyjr N, Nyjr Mojr Majr MNaje Ms e

1 2 0 0 0 0 700 1 1 3 0 0 0 0 200
2 1 1 0 0 0 600 2 2 2 0 0 0 0 1,000
3 1 0 1 0 0 370 3 1 2 1 0 0 0 100
4 1 0 0 1 0 200 4 1 1 2 0 0 0 0

5 1 0 0 0 1 70 5 2 1 1 0 0 0 900
13 0 0 2 0 0 40 18 1 0 0 0 0 2 40

Table 7. Result of production schedule(R

Table 9. Result of production schedule(RR )

Type of pattern ) )
Recipe Overproduction

Type of pattern

1 5 7 8 3 4 13 15 16 Recipe Overproduction

m, 3 32 13 52 14 m 3 32 5 32 26

ny; 2 1 0 0 0 38 0 Nyr 2 1 0 0 0 38 0
Ny, 0 0 1 1 0 65 0 My 1 2 0 0 0 65 2
Ny 0 o0 1 0 2 41 0 Ny 0 0 2 1 0 41 1
Ny 0 0 0 1 0 52 0 Ny 0 0 0 0 2 52 0
ng; 0 1 0 0 0 32 0 Nejr 0 0 0 1 0 32 0

Trim(mm) 2,100 2,240 3,510 5,200 560 13,610 Trim(mm) 300 0 1,700 1,280 O 3,280
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2 (9), (10), (11 T=A71E el g2 e 7al7] $3) 3-3d9lA
AAE B2 gpet Aok, Table ) AAE HolEHES CAolZ +&
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T AN ES HAE HA7IX] LINGOE o]&std HAgh A& +
vt Table 2 LINGO®] =3} 8 AFolu] o] A4S o]&
sto] ozl HriFo] 2,900 mm(R)Q] AT AR 1 g 5 e

AR g7l d7g Aot}

AR Fo] E RS VAL 4 AZE Al Aot} & 91X
AL 13,610(mmylet. o FHA 7] F e 44 AgS A& A
< HlEE & oW g 1R 2 ARE W HHo| Zojgin F F 91%
A2 Ry(=2,900(mm)E A3 wjoltt. Bhek §) Fgo)A = &
qko] ARg-Eofof ghrhal s ThE Z1Ed Hl3) dujHo=m télé
10-15% = @ w7 = RE Ao & Aot}

FP>

3

4-3. ZIX|e| Z(width pattern) HEE T2{sh AXHE

4-3-1. R# R, 7 7 & &A1 2

5] AL A 91% At el o] 23 Fol|x] 3-249] A|of
2] (9), (10), (11 F=A71= S JG-E 78] $al 3-3d<]
A AAE EA e Zﬂ‘l.ké], Table # A|AJE HoHEE Col=
TEe e A RE UYstd F AT AEY] 2§ 51219
Z A FAS vEshE A e 1S T o2 Table 81 v
ERf ATt

o] e S Table ®] Hol¥], 3-339] (8), (12)-(16%] &3}
o} A ES #23} 517]%] LINGOE °]&3le] HA3 Adg +
2513t Table 9= LINGO2| H# 3t 48 Aoy o] AFE o]&-
Blo] Aol HrjZo] 3,500 mm(R)F 3,200 mm(B)E 54|90 A&
28 e AR T 4 Aol

A5 Fo] EF 3 7L obd F THI(R&R)E FA19 ARE-Eto]

sletZsl X404 XN[55 20049 108

44 AY-e A Axjelr). F ghx] £4L 3,280(mmyl T},

4-3-2. R% Ry 7 7HAIE BAld 2

5HA] AE-S Bk 9}t Atk see] 23}F Fol|lA] 3-289] A ok
21 (9), (10), (118 A7 HHESY] AL 7a5b7] 98] 3-38°]
A AAE B ek zﬂ%}. Table #)] AAE dlojHES CHol=
TEg By A 28 Uty F AT AEe] 2F 5171
Z A kAL TSR Al HE 13RS e ©] S Table 16
VERAATE.

Table 10. Feasible cutting patterns in R&R 5 raw reels
1,100 1,200 1,430 1,600 1,730

i r Trim loss
Ny jr M e N ¢ Nyir g jr

1 3 2 0 0 0 0 700
2 3 1 1 0 0 0 600
3 3 1 0 1 0 0 370
4 3 1 0 0 1 0 200
5 3 1 0 0 0 1 70
13 2 0 0 0 2 0 0

Table 11. Result of production schedule(RR 5)
Type of pattern

0 Recipe Overproduction

1 5 6 8 9

m 3 32 6 5 1 21

n, 2 1 0 0 0 0 38 0

npb, 0 0 2 1 1 0 65 0

nyZ O 0 0 0 0 2 41 1

nbZ, 0 0 0 1 0 0 52 0

ngZ, 0 1 0 0 1 0 32 1
Trim(mm) 2,100 2,240 3,000 5,200 270 840 13,650
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Table 12. Feasible cutting patterns in R&R ; raw reels

Table 14. Feasible cutting patterns in R&R ,&R ; raw reels

1,100 1,200 1,430 1,600 1,730

1,100 1,200 1,430 1,600 1,730

i r Trim loss i r Trim loss
Nyje M Najr Nyjr N Nyje ir Najr Nyjr N
1 1 3 0 0 0 0 200 1 1 3 0 0 0 0 200
2 3 2 0 0 0 0 700 2 3 2 0 0 0 0 700
3 1 2 1 0 0 0 100 3 1 2 1 0 0 0 100
4 1 1 2 0 0 0 0 4 1 1 2 0 0 0 0
5 3 1 1 0 0 0 600 5 3 1 1 0 0 0 600
. 6 3 1 0 1 0 0 370
7 3 1 0 0 1 0 200
13 1 0 0 0 0 2 40 8 3 1 0 0 0 1 70
9 3 0 2 0 0 0 500
o] stehv|EI S} Table B Hole], 3-39] (8), (1216} %45 v e ey
o} AGHES HF3l W7)1%] LINGOE o] &35t A3} 2492 4 12 2 0 1 0 0 1 270
P53t Table 12 LINGOS] #A s} 3] Azjolw] o] A o] § 13 3 0 0 2 0 0 40
ste] Yofzl HrhEo] 3,200 mm(R)F 2,900 mm(R)E 541l A& 14 2 0 0 1 1 0 170
) 45 ¢ e AR 59 I Aot 15 2 0 0 1 0 1 40
W= Fo] EL g 7E7L ol T 7ERI(R&R)E T4l ARR-she] 16 2 0 0 0 2 0 0
99 AL A Aol F xS 13,650mmy] vk tr1t. o0 o0l L 170
18 1 0 0 0 0 2 40

4-3-3. R# Ry 7 7HE &A1 A2

SR AE-S A G e A diEe] 25 SoA] 3-289] AoF
21 (9), (10), (11p T=A71= AEE] Hee 3] 93 3-3d4
A AAE B kel Al9RY, Table Bl A|AIE Hlo[HES Col=
TEg BerE A 2E Yt & AW ARy 23 517K
= A e dEshe A AE 1A S T8I ©]2 Table 121
VERA T

o] S E £} Table B] do]E], 3-389] (8), (12)-(16} Z=3
ot AGAEL FF3} H7)%) LINGOZ o]&3le] JH3 #g-e &
g5lgdt). Table 13 LINGO2 H#& 3}l S8 Aol o] AFAZ o]
Ble] dofzl HrhEo] 3,500 mm(R)F 2,900 mMm(R)E Al AHe-g
g A2 = AR T dF AFo|r.

YE Fo] E& & 7BV oFd F 7ERI(R&R)E A9 ARE-BF
4 ALL A2 AFeltk F A &4 9,580(mmy] T

@79 a2 e w 948 Fo] B9 o] & /R E A
Aol ehiahd F JiA] F79] 4R Fo] 29 H-g ALgdE Flo
3 JATE ARE o B g 8879 295 vehg B U
CEG T R ZFe] wElE 3T uiE RF RE A9 AEE
A9 e AFnY X £48 GAFoR Y £ UL T F
)]

o

4-3. FIX|e| Z(width pattern) HEE T2{sh AXHE

4-3-1. R, R, Ry Al 7R & FAJol] a2

SR AEE AL Ade A dwe 23 FollA] 3-289) Ao
21 (9), (10), (11f TEA7E HES] QY& Fo7] 93] 3-384

Table 13. Result of production schedule(RR 5)

Type of pattern

Recipe Overproduction

3 4 13 16

m, 3 32 21 10 32

Ny 2 1 0 0 0 38 0

Ny 1 2 0 0 0 65 2

Ny o o0 2 0 0 4 1

Ny o o0 o0 2 1 52 0

Ny o 0o o0 0 1 3 0
Trimmm) 300 O 840 3,000 5440 9,580

A AAE BA e} A0k Table 8] AAE HolEEL Co=
T g gepE A BE Yt F Al HEe] 23 1,218
= AL vEse A A 181X S L9 o2 Table 141
VERAATE.

Z}zke] #o] AAH o] FEmEHEF Table B HlolH, 3-38<] (8),
(12)-(16p) EA 49} Ak E-S A3 H7]%] LINGOE ]85}
HA3} 249L A8 Table 152 LINGOY #HA 3} 48 A}o]
vl o] AFE o]-&3le] dojzl HrhEe] 3,500 mm(R), 3,200 mm(R),
2,900 mm(R) Al 7HA] 98 Fo] £ & WIS FAlol LeEste] A
|3 ) A& = e AR T 4 Ao,

AE Fo] &8 3 7L ofd Al ZTEAI(R&RER)E BA10 AR
st 4 ALg AL Aol & 1] &4 1,780(mmy] T

H A#HE B o]H § I F U] AR Fol 5 2 E W

Table 15. Result of production schedule(RR ,&R 5)
Type of pattern

Recipe Overproduction

3 4 13 15
my 3 32 5 32 26
Nyr 2 1 0 0 0 38 0
Ny 1 2 0 0 0 65 2
Ny 0 0 2 1 0 41 1
Ngr 0 0 0 0 2 52 0
Ny 0 0 0 1 0 32 0
Trim(mm) 300 0 200 1,280 O 1,780
Table 16. Optimal results for different production
Problem Minimum loss(mm) CPU-time(s)
R, 22,280 0.22
R, 30,710 0.10
R, 13,610 0.83
R&R, 3,280 45.42
R&R 5 13,650 61.45
R.&R, 9,580 23.47
R.&R,&R, 1,780 198.65
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Fig. 4. Comparison of trim loss.
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i : index of a product paper
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—

o8]
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. Moon, L, et al.:

. Lindo Systems INC.:
. Lindo Systems INC.:

. Harjunkoski, I.,

. Harjunkoski, 1.,

: index of a cutting pattern
: indes of a raw paper reel
: the number of different product papers ordered
: the number of possible cutting patterns of raw paper r
: the number of available raw paper widths
: the area price of the product paper
: the area price for the over-production
: price of raw paper reel r
: cost of the width pattern change
: price for product paper reels in trimset jr
if treated as over-production
: cost of the change of cutting pattern j
: cost of the changes of cutting pattern j
: an upper bound form

max - Maximum number of products that can be cut from a pattern
max - Maximum number of products that can be cut from pattern j

: cost of raw paper roll for pattern j

max - the maximum possible width of a patterns

(the raw paper width-trims on both ends)
: length of raw paper r
: width of raw paper r
: the width tolerance for pattern j
: the width tolerance for pattern r
: number of times the cutting pattern j is used
: number of product i in pattern j
: number of product i ordered
. a binary variable to determine if pattern j is used
: number of raw paper reels r used
: defines if raw paper r is used
: maximum mumbers of products in a pattern of raw paper r
: a binary variable to indicate whether a pattern j is used or not
: the width of product i
: number of a product i in pattern j for raw paper r
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