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LAMPIRAN 1. Pembuktian Proporsi

Pembuktian Proporsi (39)
TC (Q,8,8maks) =

—_ _ 2 Ao 2
4BDQ + Bep + DK DE (HIQU-DIP)-S [ | #%wk 78,0

0 200-D/P)  200-D/P) O

Jika urutan (sequence) produksi tetap, TC hanya berupa fungsi Q. QSOL
dilambangkan sebagai Q solusi awal

ABD+ E—;-—Z—)J— QY IXK +E + nSmaks =

S’ maks2-24D) (H +7)
AQ* —BQ* AD+ AQCD+ AQ* 4 D?

Pembuktian Proporsi (40)
rh > gh;
(si+Qrit) (st Qrjt)
Flow time dan komponen i dan j dalam S adalah T-Ta dan T-Ta-Qr;t:- s; .
sedangkan untuk biaya WIP:

T

L | si | Qrit; IE [ Qrity l |
S Ta Tb T
T

L B | Qrit; IE | Qrit [ ]
s Ta Tb T

WIP(S) = Qrihy(T-Ta)+ Qrihy(T-Ta-Qrjti- 57) = Qrbi(Qriti+ si+QrtH Qrihy(Qrity)

WIP(S" = Quhy(T-Tay Qrhy(T-Ta-Qrit- ) = Qrhy(Qrt+ s+Qrit )} Qrhi(Qri)

WIP(S)-WIP(S") = Qrihi(Qriti+ s;+Qrit++ Qrhy(Qrity) - Qrihy(Qrity+ si+Qrit)+
Qrihi(Qrit))
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Pembuktian Proporsi (41)
TC Q.5 szks) =

DK  DE Hlp(-bp/P)-5_,
QBDt+ D h, +Or, + Maks
;Z )r(f)( (&) Q(k)r(k)) 0 Q 2Q(l D!’P)
2
+ ﬁ maks + mA:rD
200-D/P)  Q
Jika urutan (sequence) produksi tetap, TC hanya berupa fungsi Q. Q*

dilambangkan sebagai Q optimum.

1-AD -
[BDHZZh N r(k)t(k)]+H( > ] O UK+E+8,,,.)

=1 k=l

S ks (2— 2A4D)

H
4Q ~80Q°AD + 40CD + 40 4°D* — 404ACD? +c3292( +7)

Jika Ukuran batch tetap, TC hanya berupa fungsi S

28 _..(20-24DQ + 2CD) D
: ; - (H+m)=H-—=
40° —80°AD + 4QCD + 40°A*D? — 404CD* + C*D?

Pembuktian Proporsi (42)
Penjelasan proporsi (42) sama dengan proporsi (40)
rh; > gk
(sitQrit)  (s+Qrjt)
Flow time dari komponen i dan j dalam S adalah T-Ta dan T-Ta-Qr;t- s; ,

sedangkan untuk biaya WIP:
T
| | si | Qriti | s | Qi |
S Ta Tb T
T
] s | Qrity | si | Qrit; | H

S’ Ta Tb T
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WIP(S) = Qriy(T-Ta)}+ Qrhy(T-Ta-Qrjt- 57) = Qrihy(Qriti+ si+Qrit+ Qriy(Qrit)

WIP(S")= Qrhy(T-Tar Qrihy(T-Ta-Qriti- ) = Qrhy(Qrit+ s+Qritir Qri(Qr)

WIP(S)-WIP(S”) = Qrihy(Qriti+ s;+Qritj+ Qrhy(Qrit) - Qrhy(Qryt+ si+Qrit+
Qrih(Qrit)

Pembuktian Proporsi (43)
Penjelasan Proporsi (43) sama dengan proporsi (41)
TC(Q, S:-SMka) =

2
D
Ql-= |~ S
N N DK DE [ [ P} il
Q.BDI'*’ DZZhb)fm(S(t) +Qr(k)t(k))+——‘_+ A

+
i=1 k=1 Q Q 241 . 2)
P

+ 72 ot +7£”‘“‘5D+i(a~bln(K))
-3

Misalkan S tetap, Smac tetap, dan K tetap maka TC (Q ,S, Smas, K) hanyalah
merupakan fungsi Q.

Q* menunjukkan ukuran batch optimum; yang meminimasi TC(Q, S, S* paks, K)

N 1- 4D
D\ BDt+ 3.3 by |+ H (T]-Q'2(K +E+75,,,)
i=1 k=1
8% e(2— 24D)

= H+
407 _80%AD+ 40CD + 40° A°D° — 40ACD" + C°D° (H+7)
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Pembuktian Proporsi (44)
Penjelasan Proporsi (44) sama dengan proporsi (41)

TC(Q>S78M,Q5-:K):
2
D
HQ1-=]|-8§
< DK DE [( P] "“*‘}
OBDt+ DY S iy (S + Ot )+ =5+ =+ —

i o 9 2Q(1ﬂ _13]
P

a2
T8 +7£””"‘D+i(a—bh1(K))
o3
P
Misalkan Q tetap, S tetap, dan K tetap maka TC (Q .S, Smas, K) hanyalah
merupakan fungsi Smas. S*mas menunjukkan ukuran batas optimum shortage
yang diijinkan yang meminimasi TC(Q, S, $* qars, K)

28, (20— 24DQ + 2CD) (H”):( :n:DJ

H-—
40* —80°AD + AQCD + 4Q*4°D* — 404CD? + C*D? Q

Pembuktian Proporsi (45)
TC(Q,8,8, ,,..K)=

2
D
HlQ1-Z]|-5,.,
g DK  DE [ [ PJ }
OBDt+ DS i (Sy + Oty )+ ——+—+

1=l k=l g 0 2Q(1 B 2)
P

v P
s | DD +ila-bpn(K))
D
1-=
of-3)
Q tetap, S tetap, dan S, tetap maka TC (Q ,S, Smaks, K) hanyalah fungsi K. K*
menunjukkan ukuran biaya sefup optimum; yang meminimasi TC{Q, S, S*maks, K)
D b

0 K




LAMPIRAN 2. Contoh Perhitungan Penelitian Tahap I

Tahap { - D1000
s i Ki hi si t rihi rit
1 1 80 022 | 125 0.5 022 | o500
2 2 80 006 | 125 0.2 012 | 0400
3 2 40 0.03 2 005 | 006 | 0100
4 4 40 0.01 15 003 | 004 | 0120
5 4 20 0.1 08 01 04 | 0400
6 4 20 002 | 05 008 | 008 | 032
7 6 10 0.07 2 004 | 042 | 0240
8 8 10 | 0oos | 02 001 | oot | 0.080
9 8 10 0.04 12 002 | 032 | 0160
10 10 10 | co1s 1 006 | 015 | 0600
320 117] 185 29% x= 01
N= t= TPC= E= = H= i T i 8
10 10 1 250 1000 1 5 015 200
= B= C= = a b
1292 185 M7 320 100497  1898.24
QLB=  -0.90564285
QsoL = 271 27141
Qmin = ig)
1 2 3 4 5 6 7 8 9
hiri 022 012 006 004 04 008 042 004 032
rit 0500 0400 0100 ©120 0400 0320 0240 0080  0.160
si 125 125 2 15 08 05 2 02 12
0.001663516 000113 000213 0.0012 000379 000095 000647 000189 000742
(10.6.2.4.1.8.3.5.7.9)
Swmsa= 3019825 = 301883
10 5 2 4 1 8 3 5 7
hiri 015 008 012 004 022 004 008 04 042
si 1 05 125 15 125 0.2 2 0.8 2
rit 06 032 04 012 05 008 0.1 04 024
Qrit 1572 8384 1048 3144 131 2096 262 1048 6288
TC = 5660466.2
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10

0.15
0.600

1
0.00095

032
12
0.16
41.92



Taﬁ i
i ri ki hi i ti rihi rifi
1 1 80 0.22 1.25 05 0.22 0.500
2 2 80 0.06 1.25 0.2 0.12 0.400
3 2 40 0.03 2 0.05 0.06 0.100
4 4 40 0.01 15 0.03 0.04 0120
5 4 20 0.1 0.8 9.1 0.4 0.400
6 4 20 0.02 0.5 0.08 0.08 0.320
7 5 10 0.07 2 0.04 042 0.240
8 8 10 0.005 0.2 0.01 0.04 0.080
g 8 10 0.04 1.2 0.02 0.32 0.160
10 10 10 0.015 1 (.06 0.15 0.600
32 11.7] 185 292Ax=
N= t= TPC= E= D= H= T T i
10 10 1 250 1000 3 5 0.15
= = C= = a
1292 185 "7 320 10949.7
= 314 310.74
10 6 2 4 1 8 3 5
hiri 0.15 008 042 0.4 0.22 0.04 0.08 04
riti 0.6 0.32 0.4 0.12 0.5 0.08 0.1 04
si 1 05 1.25 15 1.5 0.2 2 0.8
0.000948167 0.000950.001132 0.0012 D.0D166 000183 (.00213 0.00379
(106.24.1835.79)
Seotmas = 9366595 = 9366295
10 6 2 4 1 8 3 5
hiri 0.15 0.08 0.12 0.4 0.22 0.4 0.06 04
si 1 0.5 1.25 1.5 125 0.2 2 08
riti 0.6 0.32 0.4 0.12 0.5 0.08 0.1 0.4
Qriti 1572 8384 1048 3144 131 2096 262 104.8
1C = 259649.4693
tahap ii!
I ri Wi hi si ti rihi riti
1 1 80 0.22 125 65 0.22 0.500
2 2 80 0.06 125 0.2 0.12 0.400
3 2 40 0.03 2 0.05 0.06 0.100
4 4 40 0.01 15 0.03 0.04 0.120
5 4 20 0.1 0.8 0.1 0.4 0.400
6 4 20 0.02 0.5 0.08 0.08 0.320
7 6 10 0.07 2 0.04 0.42 0.240
8 8 10 0.005 0.2 0.01 0.04 0.080
g 8 10 0.04 1.2 0.02 032 0.160
10 10 10 0.015 1 0.06 0.15 0.600
3200 11. 1.85 2.9%4 x=

0.1

8
200
b
1898.24

7

0.42
0.24

2
0.00647

042

0.24
62.88

0.1
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g

0.32
0.16
1.2
0.00742

0.32
1.2
0.16
41.92
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hiri
rit
si

Sulmdu =

hiri
gi

riti
Qriti
TC =

b= TPC =
10 0.01
B= c=
1.85 1.7

314 310174

10 6

015  0.08

06 032

1 0.5

= H=
1000 3

2 4 1

012 0.04 0.22

04 0.12 0.5

1.25 15 1.25

0.000948167 0.00095 0.001132 0.0012 0.00166

(10.6.2.4.1.8.36.7.9)

93662.95 =
10 6
0.15 0.08
1 05
06 0.32
157.2 8384

93663
2 4 1
0.12 0.04 022
1.25 1.5 1.25
04 0.12 05
104.8 3144 131

8

004
0.08
0.2
0.00189

0.04
0.2
008
20.96

z
5

3

0.06

0.1

2
0.00213

0.06

0.1
6.2

i
0.15
a
108487

5

04

04

08
0.00379

04
0.8
04
104.8

9

200

b

1898.24

7

042
0.24

2
0.00647

042

0.24
62.88

71

9

0.32
0.16
1.2
0.00742

0.32
1.2
6.16
41.92



LAMPIRAN 3. Contoh Perhitungan Penelitian Tahap II

Ta | - D1000

| ri ki hi Si )] rihi riti

1 1 80 0.22 125 0.5 0.22 0.500

2 2 80 0.06 125 0.2 0.12 0.400

3 2 40 0.03 2 005 0.08 0.100

4 4 40 0.01 15 0.03 0.04 0.120

5 4 20 0.1 0.8 0.1 04 0.400

6 4 20 0.02 0.5 0.08 0.08 0320

7 6 10 0.07 2 0.04 042 0.240

8 8 10 0.005 02 .01 004 0.080

9 8 10 0.04 1.2 0.02 0.32 0.160

10 10 - 10 0.015 1 0.06 0.15 0.600

320 11.7] 18 292 x=
= = TPC= E-= = H= T T i
10 10 250 1000 3 1 5 0.15
= = = a
12.92 1.85 M7 320 10848.7
QLB = -0.8056
Q50L = 271 271 .44
Qmin = 271
1 2 3 4 5 4] 7 8

hiri 0.22 0.12 0.06 004 04 0.08 042 04
rifi 0.500 0400 0.100 0.120 0.400 0.320 0.240 0.080
si 125 1.25 2 15 08 05 2 0.2

0.00166 0.00113
(10.6.2.4.1.8.3.6.7.9)

0.00213 0.0012%

0.00378 0.00085

72

0.1
]
200
b
1898.24
9
0.32
0.160
12

0.00647 000188 0.00742

Ssolmaks = 345584 = 3019682.6
K 77.1636 = T
10 6 2 4 1 8 3
hiri 0.15 0.08 0.12 0.04 0.22 004 006
si 1 05 125 1.5 1.25 0.2 2
it 08 0.32 04 0.12 05 0.08 0.1
Qriti 157.2 8384 104.8 3144 131 20.96 26.2
TC = £611789.97
Tahap #
] ] K hi Si o rihi i
1 1 80 0.22 1.25 05 022 0.500
2 2 80 0.08 1.25 0.2 0.12 04060
3 2 40 0.03 2 0.05 0.06 0.100
4 4 40 0.01 15 003 0.04 0.120
5 4 20 0.1 08 0.1 04 0.400
6 4 20 0.02 05 0.08 0.08 0.320
7 6 10 0.07 2 0.04 042 0.240
8 § 10 0.005 02 0.0 0.04 0.080
9 8 10 0.04 1.2 0.02 0.32 0.160
10 10 10 0.015 1 0.06 0.15 0.600
75 1.7 1.89 2.9

5

04
08
04
104 .8

7
042
2
0.24
62.88

01

10

0.15
0.600

1
0.00095

032
1.2
0.16
41.92



b
1898.244

7
0.42
0.0024
0.02

7
0.42
0.02

0.0024

0.816

0.1
teta
200
b
1898 244

7

042
0.0024
0.02

7

042
0.02
0.0024
0.816

A= B= C= K= a
0.0392 1.85 0.117 g7 10849 68
Q= 492 491.2349 0.7650868
10 6 2 4 1 8 3 5
hiri 0.15 0.08 0.12 0.04 0.22 0.04 0.08 04
riti 0.006 0.0032 0.004 0.0012 0.005 0.0008 0.001 0.004
si 0.01 0005 00125 0.015 00125 0.002 0.02 0.008
0.073171 0.073183 0.087432 0.084563 0.128467 0.145985 0.166667 0.292398 0.502392
(10.6.2.41.83.6.7.9)
Ssolmaks = 3234 208 = 3234.298
K 140.0904 = 140
10 6 2 4 1 8 3 5
hin 0.15 0.08 0.42 0.04 022 0.04 0.06 04
si 0.01 0005 00125 0015 00125 0.002 0.02 0.008
ri 0.005 00032 0.004 (00012 0.005 0.0008 0.001 0.004
Qrii 204 1.088 1.36 0.408 1.7 0.272 0.34 1.36
TC = 9976.432 3398645
ta i
| ni K hi si t rihi - riti
1 1 80 0.22 00125 | 0.005 0.22 0.005
2 2 80 0.06 00125 | 0002 0.12 0.004
3 2 40 0.03 0.02 0.0005 0.06 0.001
4 4 40 0.01 0.015 | 00003 0.04 0.001
5 4 20 0.1 0.008 0.001 04 0.004
8 4 20 002 0.005 | 0.0008 0.08 0.003
7 3] 10 0.07 0.02 0.0004 042 0002
8 8 10 0.005 0.002 | 0.0001 0.04 0.091
9 8 10 0.04 0.012 | 0.0002 0.32 0.002
10 10 10 0015 0.01 0.0006 0.15 0.006
140 0.117] 185 0.0292x=
= = PC= E= = H= |
10 0.01 1 250 1000 1 0.15
A= = C= K= a
0.0392 185 0.117 97 10944 68
= 492 491.2349
10 6 2 4 1 8 3 5
hiri 0.15 0.08 0.12 0.04 022 0.04 0.06 04
riti 0006 0.0032 0004 00012 0.005 0.0008 0.001 0.004
si 0.01 0005 00125 0015 0.0125 0.002 0.02 0.008
0.073171 0.073193 0.087432 0.004563 0.128467 0.145985 0.166667 0.262398 (.502392
{10.6.2.4.1.8.3.56.7.9)
Ssoimaks = 3234 298 = 3234.298
K 140.0904 = 140
10 B 2 4 1 8 3 5
hirt 0.15 9.08 012 0.04 022 0.04 0.06 04
5i 0.01 0.005 00125 0015 00125 0.002 0.02 0.008
riti 0.006 0.0032 0.004 00012 0.005 0.0008 0.001 0.004
Qriti 2.04 1.088 1.36 0408 17 0.272 0.34 1.36
TC = 8976.432

73

0.32
0.0016
0.012
0.57554

032
0.012
0.0016
0544

0.3z
0.0016
0.012
0.57564

0.32
0.012
0.0016
0544
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Abstract
We consider a single machine scheduling problem where components of A\: different types are made and then assembled o

io firal products of a single type. e fixed setup time and Ihe sclup cost cﬁr whenever the machinge is swilched from
production of one type 10 another. The demand for the final products is assumed to be cons{umt and the planning tme
honren is infinite. We propose 3 heuristic batching and sequencing algorithm which is b;ts;gk on o repetitive schedule to
mismize the toual production cost. Thc total production cost cpnyists of WOrk-in-process inventory costs of components,
srtun oSS, 3!‘;‘{.9,‘,‘? inventory holding cost plus the cost of compicting orders for the final products. We demonstrate that our
algenthm s superior o the well known lot sizing (Economic Order Quantity} sule for the probiiem. An cxample is aiie given

W riustrats the solution procedure.

w e o Schedulung, Components, Heunstws

o e S T 2 o T e e o o b e e £ % T e ST ——

1 o oduction ot pear hoaes which e aasemblod s et feas
Wirsaan g boses.

1res paper constders the problem of scheduling ‘he literature  on probiets witlh setun and
et e on i single mavhine where products aie : - L R
' Lo f ) uanseaver costs has grown shygpiy i egent yaets.
o ceed of N diticrent components. A snele nue ) ‘ o . .

ntoar of thas research e concemned o bt se

i pites the componenty of cach type, but ot .
: . . quencing problems. Among the notoble papers 07
ar e fiaed delay and changeover cost whenever 1l s

buich sequencing problems are Naddef and Santos
(7). Santos and Magazine {8), Baker [1}. and Dobsor.
Karmarkar and Rummel [2). In batch scqucncing
problems, the objective is 10 determing the sequence
for a given set of 1 jobs so as to minimize the total
flow time. Coffman, Nozari and Yannakakis [2] de-
veloped an efficient algorithm to minimize the total
Now time for two subassembly scheduling problems,
under the assumptions of cqual setup delay for each
subassembly and products consisting of one sub-

char=es from onc {ype 10 another, If companents arc
cent 1o the assembly shop in incomplete kits for final
assemblies, those delivered components will not be
useful until the remaining components are added to
make those kits complate. This type of production is
quite common in manufacturing industries. For ex-
ample. a hobbing machine produces different types

R

* Conesponding author.

0371.2217/97/517.00 © 1397 ilwcvier Science BV, All rights resened
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assembly of each type. Keila (6] considered the
«cheduling problen in which a machine works con-
stantly and produces two types of ﬂurid:preduc'.s. He
developed a closed form solution bused on the long-
fun average discounted cost critcrion with the as-
sumption that whenever there is a positive amount of
both types of products, the products are mixed im-
mediately and shipped away.

In this paper, we consider deterministic schedul-
ing problems on a _§i<r_\_gl<_:_*glachincvu_fhcrc final prod-
wets of single type consist of N components. We

assume that the demand for final products is constant

and the planming time horizoa is infinite. One of the

most commonly used ‘objectives in the previous re-
scarches is the _Illil‘,il“l‘:fj‘l‘i.o_n“(_)f_!r!lc'_lolal flow time. If

the firm has some ability 10 m:\ngmlu(equ'ﬂm:md
duc-dates, this objective is o Sifficicat measure.
However, we should also consider the inventory
holding cost of final products since the final products
| are manufacied durng the carly pant of the cxycle
U and used at i uniform rate throughout the cycle.
" Therefore, our choice will be that of minimizing the
total production cost which consists of work-in-pro-
cess inventory holding  cOSts of components,
changeover COSLS. and inventory holding cost plus
the cost of completing orders for the final_products.
If there is an cxternal demand for final_products
{parent ilems). N componcit ileims that aic pr ducad
10 et production plan requirements for parent items
have dependent demand. Such parent-component de-
pendent relationships, which are cxpressed in bills of
materials, greatly increasc the complexity of inven-
tory management. The problem considered here deals
with the determinatson of optimum lat sizing as well
as optimwum production sequencing for N compo:
nents on a single machine piven consiant demands
for final products. The problem is difficubt since
batching decisions and scquencing decisions are both
at issue. The only diffcrence between our problem
and the well-known ELSP (Economic Lot Schedui-
ing Problem)is that the components cannot be sold
as final products in our problem. while each product
can be sold as a final product in the EFLSP. El
maghraby (4] ptovidcd an extensive overvicw of the
ELSP problem, and Hsu [5] showed that even the
question of finding 2 feasible schedule under some
restiictions for the ISP is computationally hard

(NI’ complete),

" ilem-flow. when a part can be delivered igunediately

We suggest a heuristic for solving the problem of
scheduling N comiponents on a single machine. Qur
algorithm is an iterative batching and sequencing

algorilh}n which is based on 2 repetitive schedule.

The paper is organized as follows. A problem state-
ment is given in Section 2, and the proposed solution
procedure is described in Section 3. An example is
given lo illusirate the solution procedure in Secticn
4, Section § summarizes the results of this paper and
discusses 2xlensions.

2. 'roblem statement

. The problem is to determine the minimum cost
feasible schedule for N components on a single
machine. The relevant assumptions for the problem
of scheduling N componcnis arc. '
1) Setup time switching to each component is
independent of production order.
2) Shortages are not allowed.
1) Holding costs dre directly proportional to in-
ventory level.
4) Schedules are repetitive.
We assume that the following are known and
fixed:
i = The component numbcer (i=1,2....N)
= Time to assemblc N components to make cag
final product.
, = Number of parts of companent i required in 2
final product.
e = Setup time incurred when switching 1o pro-
duce component I,
i = Changcover cOSt incurred when swiiching 0
produce componcal i
; = Processing time for onc part of componen! .
i = Holding cost for one part of component | €7
unit time. ' _
X = Cost of completing an order for final products.
D = Decmand raie for final products.
H = Holding cost for on¢ unit of final products pet
. umit time. : arw -
Work-in-process- inventory costs arc dependent
updh the flow times of the components, Two types
of flow times can be considered on the machine:

after the machining on itis compiete, of batch-{low,
Whett w patt waits at the machine at the rest of the
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PANs in batches are completed. We only consider the | Throughout the paper, the Ssummation from the indey
! hi%\il@g‘_bccaus‘c-;’b;" after the machining One 1o 2¢70 is defined 1o be zero. Also the followmg
will not pe usefu) until the femaining paris make notations are yged to facilitaie the problem fermuy,.
those kits complete. Y, s tion:
* To minimize the makespan for collection of o N SRR
final products, it is best 4o mjnrirqy_i;c»_gtﬁn_gngsovcr A=r4 3 r,-'/,. _
delays and 10 make all required parts of a2 given imy
compaonent before ‘making those of oiher compo. ”
nents. Because of (he above advantages, we search . Mo E hr,. ]
for the schedules that make 3l required pans of 4 i e
Piven component before making those of another N
components. Define 1hie following decision variables C= Y e
for the problem of s.chcduiing N components crn a =i
single machine: ¥ .
¥Q = Barch sjze of final products. LE= Y ‘;{- _ ’ )
S e (S, S.(2),. - SN production se. - - R
quence of Comiponents, e . ) . . .

Here, $.(¢) specifies the '¥pe of component from,
which the jh Production is selected. For cxample,

. . assen i ! .
Suppose that N = 2 ang the schedule begins witly the sembly time of 211 components Therefore, the

completion time, 1. i Biven by

tion of component 1. Then the production sequence o a4 N
of this schedulc js fepresented by (2, 1), The pro- TeQlt+ ¥ |+ ¥ s

im i)

T e

in-process inventory cosis and changeover Costs, be. =AQ +C. (3) $
-ausc each pant of the component has differenr setup ’

itne. and orocessing time. 'n;cn u-:c production fate, p, of’ the fina} Froducts js T
We assume that te raw materials for cach com. N uncupn of Q. and is such tha o
MR are puschased Just whep tiey are needed., @ Q : }
hen the baich-flow time of a component can by P= T =m (4) o
carured from the stant (ime o' the first pan of the : i
Mmponent on the Mmachine 10 he Production ang Since the Completion tinye of the whole bare is : }
Winbly time of the whole baieh, Therefore, cach . the batch-flow time of e i-th component is given o
Hivnent has differeng Start tme (ha is deteaningd by - g f
# rroduction sequence of N components, R I Cowd _ ; {r
et 5, denote the setup time of ghe “th compa. FTlg=T - 8T- o 0{-*57_: (St Criagtig). (5) ey
tumder the prodoction Sequence § an the bireh ’ k=) . - v
A% Simitarty, e A By denote e ntmber of Then the average \\'ofk-irl'Proccss énvcmory_ €ost per : 1 7

| ived in 3 final jrod ci, 1l SUng time , (I A eyt 2CE8S 1y - !
\,rcq.““(d " a 'ﬁ",zj""(x “‘(' 1 z’"’tcf uing ;"'jt- uni time, Wi Q. 5), Eiven the batch size O and e P

Y & S un I et R )
e mvcn(or) 134Nz cos p I time o e producuon sequence S, can be expressed as ¥
Lemponent undey the production sequence S and i s

¢ S
batch size Q. fespeclively, Then the Stant time, WIP( 0, S} B .
of the first part of the i-th ‘component ou the y

o

; i o & ‘ ‘
e undcf Sand Q, is suT:h mét - ,"ﬁ - E~. ,}:"' (Q,mi,m).m;,q RS o .
A o ' o o e A N T S
42’: (S 0réyni). . (1 08Dr+DY ¥ by Sy + C1te)- (6)
~ o fm | Fuyg ' . .

v
R

& &UQICLH b‘.‘l k(;lﬂw/ﬂx.“ L:; , (/ lwmpcn&ﬂ 1 — krdiﬁ e bbrp PIF*)
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L2t TSC denote the sum of changeover costs per

ut e fona paven bawh of vze O Then THRE v

such that

oo~ DF
TSCre =0 Y &, F —, (n
it ¢ ‘

The final products' are assumed to be manufac-

tured at a uniform rate (P ﬁim{ﬁgwh:c carly past (T}

9,{}{),?){2\!6“!0!)‘ c¢ycle and uscd at a uniform rate (D)
throughBit the cycle. Let FIC denote the inventory
holding cost of final products per unit time. Then
this model is known as the economic production
quantity (EPQ), and it is well known that FIC is

given by

HQ D DK ‘
FIC=s — {1 == |+ —, '
2 Pl Q j
r———— D ther 6 -~ il
HQ D D CoOH o
= (| = A g o— - ———
(1= 4D) + — = = (8),
Then the total production cost per unit time,

TC(Q. 8). piven the batch size  and the production
scquence 5, corresponds to

TCLO., 5) = WIP{(Q. §) + TSC + FIC. (%)

As a constraint, the production 1ate of the final
products shomd be greater than or equal to the
demand qate. Tharefore, we can ebtzin the following
lower baund, QLB, on the batch size:

(10)

‘The problem of scheduling products with N com.
ponents 15, then, ta find the optimum batch size and
the optmum_productionsequenge of components
that minimizes TC(Q, ) of (9) under the constraint
on the batch size of (10).

3. Solution procedure

The joint determination of the optimum batch size
and the optimum production sequence of compo-
nents requires a total evaluation for all possible
combin\ﬂions of ¢ and S. However, if @ is fixed,
there exists a simple structure which allows an opti-
tnal producticn sequence of components by the fol-
lowing proposition’

Proposition 1. Suppose thar @ is fixed.
prodiection sequenee which niinimigey et
(V3 can e obrained by renumbering the A
nenis s¢'that '+ L

U

FE o [N
it i, \

iy
sm ¥ Qrglp)

/A
< - < LM
St Crimw
Proof. See the Appendix.

Rule (1 l)mmn(hal in order to determjre
production sequence for N components using in
valucs, the batch size Q should be known.

- If the production sequence, S, is fixed, tt
TC(Q, S) of (9) 15 only a function of . ani t
optimum batch sizc given the production sequzn
can be casily obtained by the following propositio

"P'roposition 2. Suppose thar the production se

quence S ix fived, and Iet Qf  denote the optintun
batch size given the produciion sequence S. Then (3
can he obrained Ly

Q: = [2D(E+ K)]"?

X {H(I —~AD) 4208

o p -t/
+20 3 iy 2 r“lr“,} . ()
L= . )

i~

Prool. Sec the Appendix.

If one decision variable (@ or §) is given, the
other .decision variable ¢an be easily determined.
Therefore, an iterative solution procedurc is appro-
priate. Also if the possible range of the optimum
batch size can be found, the iterative solution proce-
dure will be more effective. )

Suppose that a!l components are available at timz
zero. In this case, the batch-flow times for all com:
ponents are 7 and the baich size is -the upique
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decivion variable. This optimum bartch size can be
obtained by the following lemma:

Lemma 1. Suppose thar all components are avail-
able at tinte zero. If there does not exist any con-
stratns on the batch size, the optimum bateh size,

QS st such thar

(13)
Proof. Sce the Appendin,

Unbeang the result of Temma 1, we can seduce
the inteis sl on the optimum batch size by the follow-
ing proposition:

Proposition 3. Ler QMIN denoic the maxinum of
QSOL and QLB of (10). Then the optimum baich
size. @7, which minimizes TC(Q, S) of 9). is
greater than or equal 1o QMIN,

Prasl. See the Appendin

The solution procedure bepins with a determina.
tion of the initial value of Q. Since the oplimuni
batch size is greater than or equal to OQMIN, we
seitct QMIN as the initial value of i2. Then the
initial production sequence of components 15 oh-
e beothe dndex rule of (1) piven the batok size

e

[ L e,
T

l
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Step /. Calcutate QMIN and let QMIN

initial value of Q.

be the

Srep 2. Dztermine the production sequence, S, of
_ components by the index rule of (11). Then calculaie
the total production cost, TC(Q. S). of (9). ¢ the

" difference between the curren: solution

and the

by
pre-

vious solution is less than the predeiermined toler.

ance limit, stop the procedure. Gtherwise,

3.

£o 1o

Step

Step 3. Caleulate the optimum batch size, Q7 of
(12). If the solution -is unchanged. siop the proce-
dure, Otherwise, substitute @5 for a new value of @

mnd go to Step 2.

One of the commonly used lot-sizing rule for the

MRP (Material Requirement Planning) system is the

fixed order quantity (FOQ). The FOQ is a typical
statie loi sizing rule under which the lot size js a,
predetermined fixed quaniity. The lot size could be
predetermined by the economic order quantity (EOQ)
formula, Therefore, onc of the traditional methods of
handling our problem is o treat the comporents
independently of the final products (this will be
referred to as 1D solution). In 11 solution, the batch
size of final products is deteninined by the LEOQ, and
then the production sequence of N components s
obtaisied by the index rule of {I11). It is well known

that the EQQ is given by

VIDK I

L))

(

14)

The 17 solution can be used as an initial sotution of

MY IThe procedure smproves the iniual values by
Heran o sy outlined below: the aizorithm, and it may enhince the prricrmance
Tabte ¢ . )
[nput otz s Low components ) ) o
I ., s i ik U e s
(AR} OV i ) (day) igcio_y) [ bid Qi St sie
| | 50 022 T om0 022 0.005 ——— o4 e
2 2 80 0.06 - 00125 0.0Mm 0.2 0204 g3 ——— 032§
3 2 4 0.0} 0.02 0.0005 0.00 0.001 Q08— ——-— g1
4 W 40 0.01 0015 0.0003 0.04 0.0012 8, 0% om0,y
5 ‘4 20 0.1 T 0.008 0.001 04 0.004 S - R Y
6 4 20 0.02 0.005 0.0008 02.08 0.0032 G IS S
7 6 10 0.07 2m 0.0004 042 0.0024 o)1 .
8 8 10 0.005 0.002 0.0001 0.04 0.0003 Cobd . aiyer S 0K
9 B 10 0.04 0612 0.0002 05 00016 Ol . A
0 1 10 0015 .0t 0.0006 0.15 . 0.096 O 4 e 2.4
|2 128 0. 57 out o.0109 1.85 0.0282 2,81 2. 444

>
4
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of the wlunen p:nccd\llc.‘ Thereflore, the worst case
perfonmance of our proposed methed is equivalent o
that of the 1) solutioa. Also the marnimum number
of iterations for our algorithm can be himied to a
reasonable number by selecting the suitable yvalue of
the predetermined tolerance limit on the total produc-
tion cost. In the next section, & ten component
cxample problem v used to lustiine the solution

procedure.

4. Example problem
=10 koregonen

Consider a tea componcent problem with assembly
time 1= 0.01 day/unit. The tolerance limit on the
total productica ¢ost is given by §1.0/day. The input
data for the final products arc as follows: K =
$250/order, D = 20 um!\/dny M = 53 /day / unit,
The input data for N romponcmc are given in Table
I. -

Using the input data for final products and com-
poncms we can obtuin the following values:

=l+{,_,rr=003‘)2 :
B Y b, = IR C=FLX & n0117,
E=Yt ,A, - 320,
QLB = C /(1 ~ AD) =
Accordimg o (9), the total production cost, TC(Q, S5),
piven the baich sire (2 and the prosduction sequence

S, for the exampie problem is eapressed as

TCIQ. §) = 11.4M /0 +0.6940 — 3.51
N D

! ”>—1hillll)-(0'l‘ll‘l' )

r-l
{ecenion o Swep L,
'W-‘)l(-T-_'_rT)_'.-
QSOHL, - \ T e s
TABD - ADH 4+ 1

Then QMIN = mavimuem {QSOL, QLB} = 80 is se-
lcclcd as the initial value of Q. In Step 2, we obtain
w {10, 6.4, 2.1, 38,5, 7. 9)
using the index rute of (11). Thcn
TXQ. §) = $226.6/day
In Step 3, we obtain_Q; = I03 using Eq. (12). and
go to Step 2. v
lteration 2. 1n Step 2, we obtain
§=(10,6,2/4.1,8,3/5,7,9),

Zatatic single machine scheduting

with Q =\0A Phen

TCQ. Sy=S219.4/dayv..
Since the difference between this cost and lhc previ-
ous total production cost is greater than the predeter
mincd tolerance limit, go ¢ Step 3. In Swep 3, we

obtainQ¢ w103, Bince the solution is unciangsd,
stop the pr fe.

.The p‘é?fbnﬁ:;ncc of our proposed method can b
compared with that of the 1D solution, For il

cxample problem. the 1D solution produces the tor:i
production -cost of $237.1/day, comwpared with
$219.4/day by our method. The comresponding ()
and S for the ID solution are as follows:

Q= V2DK/H =58, ‘

S={10,6.4,2.1 5.7.9.

5. Conclusions

This paper considers a single machine scheduting
problem where components of N different types are
made and then assembled to final products of sinale
type. The problem is to determine the optimum bt
size and the optimum producnonsscquenc‘c of com-
ponents within cach barch so as o minimize the ol
The formulntion studicd hene s
problem, fo; whicix
a simple solution procedure is developad.

We assumed that the production schedule is repe:
mvc Howcver. the optimal schedule may be non
Tepetitive. Hencs, further rescarch is necessary i
address non-repetitive schedules for scheduling 2
component problems. We also assume that the fira!
products are delivered in batches. In a certain situa-
tion,it may be cconomical to deliver individual fina!
product at the time of assembly rather than to deliver
the finai products in batches. If the final products o
dclivered individually. the problem appezars o re-

quire greater cffor,
We also leave the obvious gensralization 1o the

prewduction cost

- problem of scheduling N components when the de-

mand for the final products is stochastic. The genera!
approach for the problem of scheduling & compo-
nents will require greater effort, and we hope the

" results obtained ia this paper will stimulate further

research in this area.
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Appendix

Pruaf of Propaosition 1. Supposc that S is a schedule
such that (11) does nol hqld Then there exist two
components i and j aduccnt in S such that
hor hr
o

N (A1)
S, ¢ Qs .S 3 Q— :\

o) A et el p'vlr "oty «J Ay doadeh oo beskisea b

Let S be the schedule forined by mlcrchangmo two
componcms i and j (scc Fig. A.1), Then the start
time, 7,, of component i under .$ corrcsponds to the
start time of component j under S'. Similarly, the
finish time, 7, of component j under § corresponds
1o that of component i under '§'. Therefore, the

work-in-process inventory costs for any other com-
ponents do not change.

Let WIP(S) denote the sum of work-in-process
inventory cost for components i and j under S. Then
the flow times of component { and compenent j
under 5 are T—7, and T=T, = Qr,;1, — 3,, respec-
tively. Therefore, WIP(S) is expressed as follows:

WIP(S) = Qhr(T-T,)
+Qhr (T=T,~Qru,—3,). (A2)
Simularly, the sum of work-in-process inventory cost,
WIINS"), for components i and j under S, comre-
sponds (o
WIP(§) = Qh,r T~ T,)
+ Qb (r-1, - Qrit; = .r‘.). (A1)
Utitizing (A.1)=(A.3), we can obtain the follow-
ing result;

WIP(S) = WIP(S) .
- Qh'.r‘.(Qr}-rl. +- Sj)-’ Qh‘,rj(Qr,-r‘- + Sn),> \O‘
(A.4)

0 Ta T 1
::l' .j i J—
0. T- Th T

12
Frg. A.i, Gantt diagram of the schedules S and S

B A A e bt oy —— s
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Therefore, the interchange of the two adjacent cony.
ponents i and j brings a nect decrease in the total
production cost and the proof is now complete, ¢

’/

P’roof of Proposition 2. Utilizing (6), (7). and (g),
TC(Q. ) of (9) can be expressed as

o o
TC(Q. §) = QD(rI3+ > o I,]Er“””)

i=1

N N

+D Y Matia p St
it L=
+ HQ(l —AD) cCDH
~2 o2

If the production sequence -§ is fixed, TC(Q. S)
of (A.5) is only a function of @, and it is easy to

D(E+K)

. (AS) |

2 show that TC(Q, S) is ESRVEX ip ©. Let Q5 denoe

® the € Oplimam baich size given S. Then @ which
mmlmlzcs'l(.‘lQ SYof (A.5) is obtained by

;=[2D(E+ KT
fe
If
X{f’(l—AD)+?D!B '

*
T

~ N mird
+20 2_, hmr(, Z_. ’III'III} .
i~

*roof of Lemima L. Suppose that all components are
available at time zero. Then the baich flow times for
all components are T. Therefore, the total wor..-:r-‘
process inventory cost, WIP(Q, S). per unit time
given @ and §. is such that

D "'
Wi P(Q S) = -(T -T- 1_‘ Qh

= ABDQ + BCD. (A.6)

Utilizing (7). (R), and (A.6), we can show that
TC(Q, S) is expressed as '

TC(Q. S) = @] ABD + }11(1 - AD)]
D(E+K) cort
+ ———— + RC,

- Q T T
(A7)
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Note that TC(Q, S) is convex in Q. If we relax the
constraints on the batch size, the optimal batch size,
QSOL, 1« oblained by

2D(E+K)
YARD 4 11— ADI)

_aso-

Proofl of Proposition 3. 16 we compare 5 of (12)
and QSOL. of (13), we can find the following rela-
tionship.

N ‘4~' B
AB=+ Y ra 1 by,

N N
2B+ L by L ffuy (A8)
= =1

Therefore, we can obtain the following result
Q; 2 QSOL. for any production sequence S.
{A.9)

Let QREL denote the optimum baich size which
minimizes TC(Q, $) of {9) with relaxing the con-

straint on the batch size of (10). Then QREL corre--

sponds to onc of Q5. and we derive the following
relationship:
QREL > QSOL..

Now we consider the constaint on the »atch size.
Then the optimum batch size 7 which minimizes
TC(Q, S) of (9) courespoads o

(A.10)

. ((_\i B OREL . OL R,
t O

\

(v

atheirwise.

Therefore, we can derive the following result:

@ = maximem{QLB, QREL)
> maximum{QLB. QSOL}

T QMIN,
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