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1960 ol #] 51 8] ZL(I. Resenberg) 7} | 2F&}aL 1975 A Ayold vkEAl ek EFA4

Z

ol EWE=(J. Holland)$F 29] 55 ©l “3(De Jong) AL oA uk vl A @A Tbel| oj HE7}A
o] LA fr7d &ire]F(genetic algorithm, GA)< AL S e e e ey
A=A7F 4 A-53saA  xl3k(evolution)s] 7} Aty daglFol| £ol= 3 dagFe ol
= BES EWste] g FEF do HAs3s How Ao HAHE 3& 5 Ao, FoR
¢+ 31 2] Z(stochastic global optimization algorithm)©] iz, Yool A Aou A X2 oh A - g
A8 g A g gy deExl s T o &2y A% wrtsAdS FeE sHA
o] &frfoltt. [1-5] ol APAGFolvt B AFA LU A-&H7] of
T A “A kst A oW 3] e A A Eoke] &Al- o= AL 5 7] wE
st == HAs) ot E Tl dugsrs - F&sHAl o]&HH 53] o] frd dauES
Adwbx o7 HA3s darg]Foletal FET 7] A FEastolA w7 G| A, sk v
Folof st 3E A givh g & Ao} v 7 =34l (travelling salesman problem,
H2 e HAst dugFoEe JIAIY TSP =3 Mgzl A, BLsd dAE ZA
(linear  programing, LP), B8]’ 3 A & ¥ (nonlinear (job shop scheduling problem), 7§17 2 ¥1Xx] <312] 5
programing, NP), &% 7|21 ¥ (dynamic programing, DP)  (ant colony algorithm), ~12]3L Q17+ Y& 3}= &
a8 e a2 F(evolutionary algorithm, EA) &2 B (learning robot) Az, HZA AA7IEF 49
sol Utk 47 sl gl o] &%l Th [6-9]
34 duegFS ggg EAl dsid A E

Ao HFMAE AASHE WE-FE2EH (Meta 2. 78 €18 & e
Heuristic) ©lgtal% HHth o 7|4 W El(meta)Tt Fig. 13} #o] #4d LdaugFo A2A (chromo
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some)@ AETAoRE fFH BHAHEN)S
Ue ALY JAFS dvletH, fd dads
M=otk @ (solution)E oM Ekth. {3
(gene)= GAAE A3
AHRE UEdt 7 g2
AA o= 247 A, B 18
FAA7E SA gk}

4 daglEFe Z2 th9(Charles Darwin; 1809-
1882)0] A|<¢tsl A &EE 2 }1_ {\i‘iu,(natural selection)
of W& AAAE WHAS HFEH g Fol A&
gk Zlolth. of7|A Ad A ]%‘f T35 34 st
oA AEe] AT FAS X]‘d NA ], 1 &
73 atell A ATl FAe S Ad hARel
Hlal] A A A
A 3k wWAY m(evolutlon ary mechanism)2]
Aioltt. o] frd dagFoR PR 534
of EAst= AE AAY FHdeE ks 2w

& e AN Fd dadse s A A F

A 71 [ABC]EHH, o] &
C 9 @S Z2e= 3 79

111 1= rlr ﬂl

8 EXNS WELEE 59T
A WA, BA AEe ANA T Aopd=
q—mw obde AAE WA A%

A A, Ao A= ZHZ; H-E(parents) 7}
Hojal AES A=, AE(offspring)S F-E
2HE FHAE wa, o 2§l EAWol
7} vkl th2 Al t(next generation)E Ao}t

A dargFe A= o] 919 Al 7HAE R A
o2 st Ao Age e NAE
dotds £FHE Zﬂ"]ﬂ‘:}

_4

4 g Fe e RE st FAE FAA
2 ¥3dsta (genetlc representation, o]}l F-5)
8L o5 fAAEe] AAH fel A AE
5 zt= ZH S(population, S1H)S AHostE AL
2RE AZET A7) A e FRR JTe 4
g €4 )

Al [1,0,0,1,0,1], A2 [0,0,1,1,0,0]¢} #°] 0
1 9 ol gk wAES AFEstAY o2 E Al
[12,5,23,8], A2 [2,21,18,3], «=AIE Al [ab,c,d,a], A2
[a,c,dba] 5O FIHATH
o] & gAde] FHA A3 (fitness), A
A Z & (recombination), A W X(crossover T
H 2 (breeding)) 2 FAAF =W O] (mutation) S 7|
Hlo 2 3 2ol Mele Eg MRz 23 o=

T =
NN A7e we A4 AxE FaAd o ¥
e nHE WE 35 Hek mi Folxl W 3

At[1]ofo]1]o][1][| Gene
s2flofofalefofol}f Themesame
w [[iei]o]e]
pa[oJol111]o]| Alele c0orD
As [o[1[1]ofo[1]][ Population

[100101] Genotype

Length

Fig. 1 The framework of the GA (population,

chromosomes and genes)
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EdWol7t Ao olfr= &7 w3k thE R
T BT g ole AR ARE Egske] d
7b e Akl whm = AE B

T EFAE FE 5 e V18IS AlwE

wolt}.
A7 GA ZRIOFWINE FH2 BH S 1)
(bitstring) %2, A2 A A (fitness)> I

(crossover of bitstring) =, H
(flipping bits, inversion(<} 7)) &<
kel A2 TAC wEk EHA g4
A, AP, FEHE2D sEor Bt
t}.

b AdE wE7] flste] FRE A W
HoZ+= AHTA HE
selection ¥ &5 nH}7] A B(roulette wheel selection,
2 & AE)), EYWE A8 (tournament selection)
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selection) & ©] A5 o] ¥ T A3 H|H A"l
& e e 7 Jile] A s vhotst
sAdE A8 gGE5s ddst
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of Ade FAE AdEstal a5l 7P A9
dol 2 AMS 3 WA Rrw AdYsks 8y
ojth. 71A A old Zt Jijle]l v A=
TAAE Adshe MAS S8 drid A gEA
E dERT AAZE WAe fla dEgE FE2
ald JHAIS] AR A (fitness score)E 7O E
ot 3 A ES] Aot T Aol
= FAAE RPEA] tg AdE HARsRE Wy ol

FRE gs Ad FEE S g 7]xo)
W Ry Z; fjAo] sl gk o] RV de
: 2 4% (mating pool)= A=
(offspring)S =t ©] AREH T
17k} Aol Aol o] FA kel A4
(recombination) W2} $14FA}(crossover operator)E
Abgste]l G ETh. of 7ol HIE ZAEel A <l
oo wxak AHE AEE o5 A HA FEA
22} A A (crossover point )7}FA], 18|31 n} 2| A o]
AT A FRAA FAE E7bA] Y] HE At
2 dAstel AAS weEs QAW aA)
b wx7E dojup= AL 3 f4A0 A
2h, F A A wAb), oA AT wA,

AA@Y WA I 5 9o wE FA4
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o} o] A& W AFE-E(cross probability) ©] 2}
Wik FES HE 80~90% F== HAH
L

28HE o] 100%eHE RE A& wzt
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Do A e uY AR,
allele &2)E AAstE A(insert), F2H9l 2 A8l
o] E=AE WA AY v

Ao R EAWol&(mutation rate T =AWl T
£ (mutation probability))=1/LZ "% ZAI(1% HE)
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o Eol, GAAe ol 20 WEe] MEAR
AmYE P Eawlo] ol 1%ekH AW
Al A= 20 MIE FelA 1% HEZE S
AL U, od Bdvol: @AY A
AANA AF7HA] EAsHA] FUE AR W
olsle] A e wol= d 7|ogtth (Fig
2)
Parentt [1]ofof1]o]1|O=> [1]0]o0[1]0]1]
Parent4 |0|1|0‘1‘0‘0|x
Selection
divisioT point Offspring
Parentt  [1]ofo[1]o0]1] [1]o]ofo]1]0]
—
Parent2 [1]1]ofof1]o] [2[2]of2]o]1]
1 1 Crossover (one-point)
Parentt |[1[0|o0[1]0]1] [1]o]ofoo]1]
Parent2 [1]1]ofofa]o] [2[2]o]a[1]0]
Crossover (two-point)
[1]ofoJofa]o] = [1]ofo]z]1]o]
Iy Mutation(insert)
[1]ofofofs]o] — [ofs]ofof1]0]
Mutation(exchange)
Fig. 2 Selection, crossover, mutation in GA
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x719 gwe 34 149 208 e A
2 A7t 499 40l g ke AA
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Fig. 4 Simple TSP model

Table 1 Distance between each city [km]

0 1 2 3 4

A B C D E
0 A 20 42 35 27
1 B 20 - 30 34 24
2 C 42 30 - 12 66
3 D 35 34 12 - 73
4 E 27 24 66 73

Route 1 :’0 ’1 ’2 |3 |4 |0 |: distance =162

Route 2:|0 }3 }4 }1 |2 |0 |: distance =204

Route 3:|0 |1 |3 |2 |4 |0 |: distance =159

Route 4:| 0 ‘4 ‘1 }2 }3 }0 ‘: distance =128 (minimum)

Route 5:0 [1 [2 [4 [3 |0 |: distance =228

Route 6:0 [2 [1 [4 [3 [0 |: distance =204(=Route 2)

Route 7:

Route 8:|1 Io |3 |4 |2 |1 |:distance =206

Route 9:[1 [0 [3 [2 [4 [1 | distance =157

Route 10:
Fig. S Total distance of each route
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315 e ZAd A&8 Bak Az #A
g 71E9 L s Theel et 2 a7kl
AZeA i Ao FETTE BAE
o7 AHAE AAWUY AA T
A A AR % ALk A A
[17-18] o] A AN H T T=E 7 274
mm), 37 3] %< %(spindle speed, rpm),
-HFeE 7] o] (step depth, mm), & ©]%35
L= (feed rate, mm/min), T A FAF F4o| A
FFE v [19]

olstell F717F 1.0mm 1 Al13004 < H¥EAFA
(varying wall angle conical frustum, VWACF) = 29|
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(tool diameter,
uf 28z

f(angle) = —[85.696 — 0.39a + 0.009b — 0.48¢ —
0.07d + 0.316a® + 0.213b% — 1.24c? — 0.394d? —
0.893ab — 0.033ac — 0.069ad + 0.449hc —
0.053hd — 0.121cd] (4)

vhebaich
w3 7 WeEe) A 2Ae g gl

6mm < a < 10mm
60rpm < b < 180rpm
0.2mm < ¢ < 0.6mm
400mm/min < d < 1200mm/min

)

Zt WEE A 2der 2¥W A7])7F 100,
8, =AW 50| 0.007, 281 =

Fig. 6 ISF of VWACF model
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Fig. 7 % Zo] F1 1 9 A5 A HA 5 7]¢]
HE4 [1,1,0,1,0]°] YERW= <7 Fk(integer)->1 *
24+ 1%23 + 1%21=26 o]= & A2 Zk(value):=
6+(26/32)*(10-6)= 9.25mm & YERATE FESH FE |
o Aol vl HA 5709 HIEYL [0,1,1,0,0] 1+
22+ 1%22 =12 ©]|BE  400+(12/32)*(1200-
400)=700mm/min = YERATHE RS & F dTh
oje} e WHOoRE RE | o HELS fads)
of AFE ek [26, 11, 3, 12]7F S A %
2 [9.25101.250.2375700] 7} €t} o] gk =23}

2o YYdeti wRvA R RE BRSo) o)A
T3l AL Hrlste] £9E A} o] =
FAA 7 A" et (334Ee U we
T FRE Adgste fxzte] nEGY diEiA
A LdaaEe wal, Edwo] o 2xS Eslol
7P 53 NAS AYskE 3gS wrEed



7l & 5 % 261
Tool diameter Spindle speed Step depth Feed rate
(6~10) (60~180) (0.2~0.6) (400~1200)
Parentl 1, 1, o, 1, oHo, 1, o, 1, 1] |0, o, o, 1, 1\,|o, 1, 1, 0, ofl: Bitstring
L \
1X24+1X23+1X21 =26 1X23+1X22=12
6+(26/2°)*(10-6)=9.25 400+(12/26)*(1200-400)=700
[26,11,3,12] : Integer
[9.25, 101.25, 0.2375, 700] : Value
Parent2 ft, ., 0, ., 0, 0, ., 1, 1, 0, 0, 1, 0, 0, 0, O, 1, 1, O, O]
Parent3 (1, 6, 1, 1, o6, 1, 1, 1, 1, 0, 1, 1, 0, O, 1, O, O, 1, O, O]
Parent4 f(, 6, », 1, 1, 06, 1, 0, 1, 0, 1, 1, 0, 0, O, O, 1, O, 1, O]
Parent5 (o, 6, 1, o, o, 1, 1, 0, 1, 0, 0, 1, O, 1, 1, 1, 1, 1, O, 1]
Parent6 ({6, o, 0, », 1, o0, 0o, 0, 1, 1, 1, 1, 1, 1, 0, 1, 0, 1, 1, O]
Fig. 7 Calculation of each parent
B2 g o e A4 ZEaRe olgstel o EFAlsel HUY AEL £F AN & Y
Table 2 o ERH GA oA T3 HA W55 FARYA Al 2" s AR TS Wkt wbd
22 I A7 99mm, FHAEE 179.5rpm, Z-% o] &&5A4F (Floor Shop)> A& zke} o] &jifo]
F 95 02, OFHE 40mmmin o3 °o]F HH  AF Tl WAH FEE Fast dx A A
HEzdoaley HYy AL 86.82° & 049*3}. ARl AFEFS &olat stEs wdd uF
o] oA AAl M dALY AFAHRE= 8 AL A 2E e digtE IS ek
071° |3t =, GA ° PJEH HAshd o S5gkd Hl do= gk AqtR 3 4 e 71A
A& ¢ 4 (Machine) ©]-&3Fo] 3 749 S 53l 3

Table 2 Best combination of parameters and max angle

Parameter Optimum value
a: Tool diameter (mm) 9.9
b: Spindle speed(rpm) 179.5
c: Step depth(mm) 0.2
d: Feed rate(mm/min) 400
Max angle (°) 86.82

4.3 B 2AHE A

A7NME thFs Aol gaA thFs Hgiel
olFolA T 9 Az AN ojUA mEA

2 AY 2AES Aallok steAel dig %

A= A (Job Shop Scheduling Problem, JSSP) ol
A dugEs 483 AHHE e [21-22] A
7141 7N A4 (Job Shop) ©] & T2l HE 7AE

B Iy Jo

TR AFS AL e AS 7HEekAE o] 3
2} x 4 7] Al (3-Jobs x 4-Machines) Aol A4 Z} 2}
ol 28 5= 714 =1 g 87 5= 28
AZEE (J,M)°] o= ThS Table 3 ¥} Table 4 ©
YERH A TH Table 3 2 2$1S 71552 &, Table 4 =
IAE SAeZ YERd Holth o7 J+= FY
<, M2 7IAIE YERdIT

714 j1e Zd 1Jobl)S YERNIL, M2E= 7]
A2 & YERdATh J19] (M2,5)% 714 M2E ©]
st A4 J1S FAsk= 5 Al H(flow time, 2}
JaFAIZhHe]l 2e¥E A gudt) wEbA
Z+el Jo(Job0):= 714l M0S 3 AIZY, 714l M1< 3
AZE, Z1A M2E 4 A7, 714 M35 1 A]ﬂ A}Q—
tel F 11 ARl 29le] kR dvE 2
. 0471*1 A 55 Algrolgk Al 7}%011
At 71A] Aloleo] wkA|E o
71 Al A" sk AlZE
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Table 3 Flow time required based on job

Pair(Job, Machine working time)
Jjo (M0,3) | (M1,3) | (M2,4) | (M3,1)
J1 (M3,1) | (M0,2) | (M2,5) | (M1,2)
J2 M1,1) | (M3,3) | (M2,4) | (M0,2)

Table 4 Flow time required based on machine

Jo J1 J2

MO 3 2 2

M1 3 2 1

M2 4 5 4

M3 1 1 3
of &l 3 e Al Jo, J1, J2 R NA
sAdE JheEY, @A ARgstar A &l
3 d EE AA AH(ddle time)ol U= 71A7F
dom AR 4 gl Bog stk o] E A
T4 dagFe] =9s A8 Az A g
FrAA M ELS [000011112222]2 3 A] 3} (Fig. 8)

Jobl Job2 Job3
| | |

[ofofofof1]1]1]1]2][2]2]2]
e v ! T

(M0,3)  (M1,3) (h/f2,4)

=

MLD) (M33) (M24)

Fig. 8 Bitstring of the manufacturing process

Jobl

[olofafsf2f2]2[2]12[1]0f0]
e v N\
(M0,3) (M1,3)

(M3,1)

Fig. 9 Case of [001122221100]

o 7|4 fHA v ELG ] FellA 4 7] A} 0
2 A Jo, vl 4709 1 A g2 = A
J2 & YERdTE =3 29 jo o A WA 02 717
M0S 3 AIRE AREske 2, oA 0 = 1A M1
S 3 AIRF ARESEE A TS uERdTh o] #A
A ELE Jo AdE s wjtel Agel

Ha A e 7AES &85 J1 e 2 F
As st Atk 2} o] AAF] HARIA
& oglth v fAAE sELe] (0011222211
oojeletd 2 jo oA Z1Al Mo E 3 AIZE 71
M1< 3 AIZE 714 M3ES 1 AIZE 714 MoE 2 AlZE

I

ARERE 3, A9 J1 55 FRdTE e dEhd

JSSP oA e Fa HxE AF BAE
H oAgel BF Ed w7bA F A8 A Ktotal
processing time H-i= makespan)©] Z oteo] Al A|TE
(Worst-case execution time, WCET)S dX| &S HA
HA o 2 A5 23, 7F #g AY 7ke]
u T3 =
(Johnson’s rule)©] 23l H-&)

HA #A4d =MAERHA WE V] AT Ve
2 0% ARE AFEE Yo dur o=
T} A Table -(1) makespan, (2) mean completion time
#E 81 Eys AlEY He), (3) maximum flow
time(2tY ¥ S5 TAA Adste ARHE dAF
SIS wl, 7 ol #h), (4) total tardiness(2HY H
uhgt 71k AAl s AIZE 3F AfolE tf ks
A)- 0] o] &HTh

29T AIZEel AAE o ol

AIPE Eole & F

o A dAHE 3 =
23 e 7]ofsttt ZFE AFEC & Job Gantt
Chart ¢} Machine Gantt Chart 7} o™ o7|A &=
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Table 5 Gantt chart of the work schedule for the
bitstring [000011112222]
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Table 6 Gantt chart of the machine schedule for the
bitstring [000011112222]
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Table 7 Gantt chart of the work schedule for the
bitstring [001122221100]
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Table 8 Gantt chart of the machine schedule for the
bitstring [001122221100]
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Fig. 10 (a) Machine schedule and (b) job schedule of bitstring [000011112222] by using GA
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