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A Comparison of Two Chromosome Representation Schemes

Used in Solving a Family-Based Scheduling Problem

Student : Chen-Fu Chen Advisor : Dr. Muh-Cherng Wu

Department of Industrial Engineering and Management
National Chiao Tung University

Abstract

This dissertation examines the effect of using new solution representation in the
application of meta-heuristic “algorithms. The effect is justified by solving a
scheduling problem, called. permutation manufacturing-cell flow shop scheduling
problem (PMFS). Most prior studies on PMFS used a common solution representation
(called Sgig); We propose a new one (called Syey). Based on experiments (Tai 2010, Lin
2011, Li 2011), S appears to outperform Sqg while the two representations are
embedded in tabu search, genetic algorithm (GA), and ant colony optimization (ACO).
This dissertation attempts to explain why Sy, outperforms Sgq in these three
algorithms. Through empirical analyses, the following findings are obtained. In the
tabu algorithms, Sy 4 tends to have a higher probability of being trapped into a loop. In
the GA and ACO algorithms, Seiq tends to result in a homogeneous set of solutions for
some critical scheduling decisions, and reduces the probability of getting better
solutions. This dissertation also proposed a new algorithm GA_Tabu_Spey, Which

outperforms all prior algorithms in solving the PMFS problem.

Keywords: Meta-heuristic algorithms, Tabu search, Genetic Algorithm, Ant colony

Optimization, Solution Representation, Scheduling
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R R RAERESELLR
AEREF AL AT A R AR ALY 4 5 0 PR A0S fE 7 2

IS (Snew ﬂ]:‘f' Sold) °

3.1 #ATR AL

A A R AL S R AR R R PR Y B R G2 iR H A
Big ks SRARR ATE L © § % 2 e & (Schaller et al. 2000) o 4t

A2 R0 AL s Bl ] 3.1 AU H S PR g 2 i e T

B AR LS G TR 2 & (flow shop) sagrd 5 7r g iE 3m g 4
b el dindr o gt Wi on 2P am — .@fbf,ﬁrsr T- oL P A B2

8RS R U P e (buffer) s s frae s o i

fzi I7 0| Ja|| Je ]si Wi W2 W3 > End

i

f3 i ]8 ]9 ]10
1

Bufferl Buffer2 Buffer3

Bl 3.1 F A2 R ARAE ~ gk

POt PEEREOREE - BEUEHE R LR TP R REE 2R
(family-based scheduling) a4+ o ]3¢ 8 ~ % %o 8_ik 45 3 ‘e B jis(group technology)
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family)sha 2 pE 2 2 & % pFRF(nosetup) » 4p & 0 § 41 2 1 2% Eﬂ%;]*g:

BB COREH PER o o741 ¢ 1 2 & (job family) & H i T 4e 1 o g g AR
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AR Ty R- IR ER 1 8 § 3 FZ1 BR8] g1 ¥

- B iEx%e it cjiﬁF‘f & B E G @R yi}u{;;bgi B
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FEIFEZ RO ETE G OEREA R o o ik 3 L R
PRI R O G PR o LW PERY £ 3 8 B 4P ik (Sequence dependent) 5 » ﬂ}{
PERER R AR L BREA G G — o g S BRI & 0 1 & L F] G
ERBIEFEZ Fadpiuftd g aisd Bl E gl HFRCAARIT € v 20 4p
T DB R Rk e e Bt 1 R feF, b R 1T F feFy bt 07 4aiE0 Fy > Fy

IR PR R G > Fy ke

BE S PNRE G ARA SRR FRA AT 1 Al BRSO R A
F-BRIBESRE S EFRLAIREEARA F 2 el fR ,

RATHRE e § 7§ SR T a4 5ok R ieetn 7 ¢ g 4 enn 1

hbitengE T o LR RAE G S BE A AR i F A 2 o
# B 4+ % (job sequencing within each family) £z a2 3% 2 B et B 4§ (family
sequence) e F & ¢ B AERE 3 H 2 3@@%] el R A 2R PR G
HEZ M ApF o> FF 80 1 &1 #2% ¢ gt B (job sequencing within
each family) £ 7 & 2 M P2 200 & 27 FR A R AR o T b2 g

ﬁi%l(each job is independently transported) &_4 Ff 48— i {* & & cfF it o

PR AR R RENE G % G £t ek § L 45 PCB(printed circuit board) i3

¢ e o 4FF $F SMT(surface mounting technology) % i 7 42 + (Schaller et al.

2000) - p BEinAeE 50 AREF LG FIE X S R F F 2 (components) 0 F]
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(setup) o Flpt i@ * Fg i T F R e T R tE)I* TR - B *%(job family) »
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AEFTULRLZ NS 5 SRHEL LR FERE L - &4 84
fPig " # AR BB AT A E 2 (Snen T0 Sold) o B 1 [k AL H

% ; (tabu search)$5 fie 5, % 7% (Soig) & & 5 TS_Soig > #-2 & 33 ;2 (tabu search)#

e &7 % 3 & (Snew) 7 & % TS Snew ©

BLAdH THE S A L AT gl AT
WD ER(FIALRAL ) Bol kR - BRI WIS BRI 14T 4
h=(1,5324)° pZFa&d&Fzmeitiim? ey ra e (1) &
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AARTfR LT - BRI AT e ¥ 2 Ak E 4 -
EATERITFEFRNG) o B3R G - BR ¢ Wh=(a,a,0a3,a4,05) 5 RFEE G R
Fihded - Bafed @ AT e o Flpt > AT o igd Ra B H B A
FIRBEEE A BATDE I W s o RBSROH ka7 T3 B0 44
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BErld: A I LA B A F(afra)fE 5 # H (Move & swap
pair) » 28 ri(a,a) Rk F o B AN AR - B e FE S Qe ink s B
BB AL LG EA e BRE T BELAE DA L =3 A AN F R
{(a1,a3), (az,a3), (ag, as)tode sk — B RTHH (a;, ag) & 4e » R AchBF & 7|4 2 ¢

-Qﬁf"—‘f' B AR -

B Llidrs M BH(a,ap)s SxhramB i tH2 9 F o BB H KR
AVERBET| RSN E RAEAL DB LI L Bh kI RAE 54 E

{(ay,a3), (az,a3),(a,as)} 5 @ AP E 4o~ g H & (ay, az) o 3P 7 L EE 7D

;F'j‘: 'E\:' 7’ %‘ ;‘;‘ {(all a3), (al; a5), (aZ' a3)} -

BB 24 s B (apag) =8 5 e B LR L H 2 P B et A5 9
-%—ﬁ—f"ﬁmﬁ"i;ﬁ* o 4% 7Ei&§£ﬁ£‘]stze’ J;""yﬁ ¥ oBoa o mﬁﬁ J’? » R
1k BT AT o B B R 4ok R A en# &5 & E {(ay, a3), (a,, a3), (a1, as)}

AP R4 Hh s (As,a) 0 NPT g F AT B & &

{(ay, az), (ay,as), (as,az)} (& F 4o % B & ch it 2

e
‘2
D
\.
<
)
—=\
H
==
X
o

{(ay, az)(ay,ag)} » M7 E B e > P 3 W] 4 g (ST o Fp T

zé %f’ %(Tm?.jf :E\:S ;ll %\‘ {(all a3)' (all a5)l (aSP a3)} °

(-h}

e R BEEH B2 BT KA P LG EERELIF 2 P ARA
Procedure Tabu_Search
Step 1: Initialization
® Generate an initial chromosome ho;
® Evaluate hg;
® Seth =hy; /*h"isthe local best solution*/
® Seth™=hg; /*h"is the global best solution*/

® SetT=0; /*ageof h™, global best solution*/
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® SetTabu_list= ¢; /[* Tabu_listis initially an empty set*/

Step 2: Generate and Sort N(h")

Generate N(h); set T = T+1;

Evaluate each chromosome in N(h");

Sort all chromosomes in N(h") according to their performances;

Name the sorted results as {hy, h, ...., hy}, in which h; is better than
hi+1 in terms of performance;

Name the swap pair that generates h; from h™ as w;;

Step 3: Update h”, h*, and Tabu_list

Seti = 1;
While (i < w)/*w is the total number of chromosomes in N(h*)*/
If w; & Tabu_list,
thenplace w; in the Tabu_list; seth'= h;;
If h; is better than h™, thenseth*=h;and T =1;
Go to Step 4,
Else (w; € Tabu_list),
If h; is better than h’,
then place w; into Tabu list; seth' = h;;
If hy is better than h™,
thenseth® =h;and T = 1;
Go to Step 4;
Elsei=1+1
If i =w +1, then place w, in the Tabu_list; set h"= hy;
Go to Step 4,

Endwhile

Step 4: Termination Check
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® If T>Ty, outputh® and STOP; /*T;is a predefined large number*/

® Else, Go to Step 2.

4.1.2 TS Spew v TS_Syiq
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R TS Sgz PoBadR 2 2 e G 3 BB L (1) 224 TR (2

AAMTiR 02~ R EN AP RE A3 - e aRiT# N(h)e & TS Soq
27 AR TE- RRER A A A LR RE R
TR B R F R R EOIRE ek - B4 T2 B R
h* = 5155830 5 2 T 2 3ks32 ¥ A B 0 sifes; 2 ¥ chA T 407 € g
B0 BRAF BREAFF S BATIF APV LA HE B #ICE = 106 AT

A o Tt e N il 5 3%.C5 =30
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wn
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e
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Bl E SR IBRFRE Y A B R EL K 21 R
(makespan) » +* $i TS_Soig o TS_Snew s 224 I o @ H # & 309F j2 chdp M So8c3
5T =20000 ggipe = C° XPi B ¥ Qoize o & BEAPHBDE LI LEGFE
AP =030 ngk T I R AT A TP Bfo o A AR B TR AR R AL
¥ CH+E T o @ B %hT e # 5 AMD Athlon(tm) 11 *4640 3.0Ghz CPU 1

% 4G Ram -

7 2 F L KR 2895 Schaller et al. (2000)<h~ jpka & o H 4 2 30 @ 7 I
PR B F BER e 2 30 BRG] F g AL BE 00 BR%KF 6| P F -
BE o N RS A2 30 BREEP > AP X-F-m kR H Ak &
ch g o B¢ o X 47 4 e e & B (LSU,MSU,SSU) » F 4 77 2 # %k el
PoomAGn 5 cnliel —F % P 4ed [F e SSU & R B PF I 5 0 MSU £ 7
BHEPBRLY FiEm LSU 27 8 & PFiidt o B ki £ 31 ¢ 67LSU33 4

T BABERFTF 3B E%E 3B DR

EE R G 30 BRI AP AERAE LT ok e R B
Pl B P () A AT EE B E R BOEFRER 27 on AR
B #rend — A fe(uniform) Sodic & 40 U[L,10] 5@ 1 & & — B 40 1 PE B A P
By B Berend - Apeddicgd 4 U[L10] o & 5 & pERY RIS SR 7 e chfl i
B E* 2 e %o A SSU apr i 4% * U[1,20]~ & MSU ep* i £_U[1,50]

m & B PFR LSU BT -E_U[1,100] -

d AR g LTI BB A A2 7 - R AR 20 BER R g S
¥ A ehpilga- PR ETF A - RN R L 0 WA %L B e
FpE - BRGISFEEY 15 B ot Bofh S (Seed) ki 7R g o #yt 15 B

BT IOmM L R plenE ko REL BE BEBE 30 BD )T o kah s
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PRGN AT o AT T B T Rt A B 2 7 & 27,000 X e B oo
141 BRipHF I kLS
Scenario Makespan Computation Time
N Nw+Ne Ne Nw Cn Ct y (%) Tn Tt
SSU33 30 30 3 27 134.48 137.27 2.04 0.94 0.33
SSuU34 30 30 1 29 151.10 153.98 1.92 1.40 0.42
SSu44 30 30 0 30 186.55 191.57 2.65 2.64 0.61
SSU55 30 30 0 30 243.25 250.31 2.81 7.01 1.05
SSU56 30 30 0 30 254.87 262.76 3.04 7.30 1.17
SSU65 30 30 0 30 288.18 296.44 2.79 12.35 1.50
SSU66 30 30 0 30 296.83 305.63 2.88 13.43 1.66
Ssuss 30 30 0 30 407.41 419.07 2.77 43.40 3.50
SSU108 30 30 0 30 489.27 504.36 2.99 95.58 5.30
SSU1010 30 30 0 30 530.67 546.58 2.90 128.91 6.83
MSU33 30 30 6 24 160.00 162.41 141 0.73 0.28
MSU34 30 30 3 27 184.71 187.60 1.53 1.09 0.38
MSuU44 30 30 0 30 238.34 24551 2.95 271 0.60
MSU55 30 30 0 30 309.52 318.11 2.70 6.09 1.03
MSU56 30 30 0 30 319.91 329.14 2.85 6.02 1.08
MSU65 30 30 0 30 366.90 378.18 3.00 10.96 1.43
MSU66 30 30 0 30 385.34 398.26 3.23 12.25 1.64
MSu8s 30 30 0 30 521.90 540.04 3.36 36.51 3.30
MSU108 30 30 0 30 640.46 661.39 3.16 86.43 5.42
MSU1010 | 30 30 0 30 672.82 692.26 2.80 94.50 6.12
LSU33 30 30 4 26 228.09 233.21 2.24 1.06 0.37
LSuU34 30 30 4 26 239.06 243.85 2.05 0.88 0.31
LSu44 30 30 0 30 324.89 333.18 2.62 241 0.55
LSU55 30 30 0 30 421.59 434.62 3.03 5.70 0.96
LSU56 30 30 0 30 442.82 455.67 2.84 6.84 113
LSU65 30 30 0 30 500.06 518.11 348 10.63 147
LSU66 30 30 0 30 524.49 540.73 3.02 10.93 1.50
LSu88 30 30 0 30 722.17 745.71 3.18 33.00 3.18
LSU108 30 30 0 30 880.50 910.78 331 71.70 5.02
LSU1010 | 30 30 0 30 935.79 968.47 3.37 85.92 6.10
Average 30 30.00 0.70 29.30 400.07 412.17 2.76 26.65 2.14
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M MR R HEE R AR - BAFIGeET koA 0 - @R kS
£ E AL A AT Fomoa g kR R R
Track(i,i + m) = {S;, Sis1, oo» Siam} © 1IF B P T & » 4 %&{;ﬁﬁfiﬁsﬁft e
¥ 4o a“Track(l, Nf) = {51,52, ---»SNf} P Np o JE R AR 318 0L iR 2
AL S AT T AR ] T URE AL gk R ) e B
Mt 4o %S, =Sin 2 S # Sftert vl <k <n- plAPfETrack(,i+n) s - @

AN G B e

Bl 4.1 = Bl &F ot 3 R

4.3.2 i Bl P B

v

1 F B TS Snew 82 TS Soig2- ¥ A7 7 ® BliEieng i AT HF BT -
B ¥ 5 ey & ¢ 5 Loop_Checkem H iz #édy it 4o > @ H @ ¢ Tabu_Search
RN B R B e H TS Spew B A TS Soig X * TS_Spew & TS_Soig w4 » B~
A
Procedure Loop_Check
Step 1: Carry out the Tabu_Search process for determining N¢, Sy ;

® While the Tabu_Search process terminates (i.e., hy; ; is obtained)
W Record Nf, Sy,;
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Step 2: Repeat the Tabu_Search process for checking loop existence

For each evolution-step 1 < i < N
If (S; =Sy f), then [*while a loop seems appear*/
Setk=k+1,and i, =i; /[*record the evolution-step*/

Endfor

ILoop = 11

if (if = Ny) then x = 05 /*na loop is found*/

if (if < Ng) thenx = 1; /*aloopiis found*/

Compute Loop_Size = i —ij;

Output «, ii, Loop.Size; Stop.

hobaternged o do% 4 Tabu_Search 7 i Bl(if < Np)ehig o Ble=1-
ik o 5 i [E] L—TTaCk(l Nf)‘l AT PN A 28 g it @ﬁi’r‘ g Fear pb e B ¢

oA At o Flyt oy Tabu_Search Bt i 4 Seiy2 (o e it 31 ¢ kar e B¢
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(=
:@
3

7+ 0] 5 Loop_Size ° iz# fjk—;rt T B RIOF T RIEE T B L
= Track(l,ij + Loop_Size): @ 2 { énda& & i 20 ¢ £ 47 :& I % Hij + Loop_Size
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F 5 F i Bl s AT T 1 (R4 &0 2 HER thi sxi s TR AP
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¢ v % ¢ En=1" Loop_Size>0 ¥ Hi; =Ny -
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%7 F 75079388 PC s F % F o @ TS Spew i A HE B 0 L BT 10
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A4 - eFAGTAN(R) %Y R TIS q BReEZ 8 {Th . T k

BREZIMDABELHNLEL G T AR AR RIS ELEZR S

2

P(ES) > HAEATSP ~ER s G T oo

|

3

28



%42 w BEFEF %KD
Scenario K (%) 7 (%)
Snew Sold Snew Sold
SSU0 4.14 86.00 96.40 24.92
SSu1l 1.61 80.92 99.46 30.11
SSuU2 0.00 85.06 100.00 25.05
SSU3 0.00 81.38 100.00 28.78

LSU2

LSU3

LSU4 0.00 84.83 100.00 26.18

LSU5 0.00 90.80 100.00 20.26

LSU6 0.00 94.02 100.00 14.18

LSU7 0.00 91.95 100.00 19.53

LSuU8 0.00 82.99 100.00 27.04

LSU9 0.00 88.05 100.00 23.02
Average 0.38 85.46 99.75 24.93
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22

Fatena 7 % > VLRI TS Spew ' TS Soig k¥ ot £F 5 H G iE
hpd BEEZHA) &4 2473k BFLAd B(RYO)FX)Ta g d
fReng J L 4F o Fpb o NP BB LA A DR G F E RBFFEHRDOBER - A
YR S A R F R (Osize = C "X p)iEd R

Ao wtr p=03,05,07,09 kidpk e F &irs 0 H %40k 430 £9¢ F
Wr|s LR AR F A TS Spew & 7 1 B2 T 484t TS_Syg i 2 k e
Vo B RAE AP e p B TS Spew® TS Soq 3187 L4 chisnd i o d
ABFRT UHRFAMPOBER 22 BW(S))FRBENAD B E & THEEE

P { AF enfE L o

243 Ak p EHPHRES

Average Makespan Computation Time
p value N Nw+Ne Ne Nw Cn Ct y (%) Tn Tt
p=03 30 30.00 0.70 29.30 400.07 412.17 2.76 26.65 214
p=05 30 30.00 1.17 28.83 400.00 41151 2.60 26.91 2.18
p=0.7 30 29.97 1.37 28.60 399.86 410.49 2.37 27.77 2.26
p=09 30 29.97 1.90 28.07 398.37 408.98 2.27 28.82 2.27
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T AFFEEELS A4

j\'ﬁ' ;sz‘/\ 2 - 'B‘ 1&1“,@’.,% 124:—%'}4]/3—% /zJ: a;‘}vﬁ%% 1 i" €ﬁ0§q/ﬁ—;—r
AR RS T ERORE T AT E R T 0 A4 R R T8 ik
AL H SRS AR R HRFRE R RT RF 2308 313 GA_Sne Vol DR

) 4 o

5.1 A FIiF & 2 A2

AR ETRALA ] E S § - it AT E R enfs e Sqg i Az 0 & L5

-\mb

GA_Solq 1 A Bl i ¥ 245 Snew fte 5 GA Snew > ML Fik AR A b
GA_Sold *E FF o1 GA_Snew? 14 AR é‘ ’ELGA_SOId ﬁj’}'} f:"J; [ﬂl«”‘ ? %v &4 5” GA Snew

AR o

5.1.1 GA_ Syq it 1 i A%

GA_Soiq e it s Az £ 1345 Lin et al. (2009a) #73 E gk Fligg 2 iz @ k > A 42
TR L S B K Ry i pi{—iﬁﬁﬁl_ﬁm g e BT Ok E

/“”‘F‘ RIS i 4- 20

PZBEE e & A A NE I AL AT A e G0 PE
I AdF e 4 J B (parent) » Flpt H iR = 3% - iR g3 2] (binary tournament
selection; Brindle 1981) &k p4:E#+ & » H = ;2 F LRg 8+ N4 & RV PeE A ix

AR RUEEBRE FoaliiEo- EIFLELF * N o

P BEEREA BN ATIRE 2 AR B R AN F LS
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FHMCE o S G AR AT g AL - B R H(offspring) - A A
A fAE e e w % e (swap) = 3~ (insert) B fEiF B H e Y - - qid

BN S i.%{— B AR gALE- BRI M fBETE e m

4Rl 5.1 AL RUREHF KEEPBX 22 B¢ 38 B AL E
F(Parent 1 frParent 2) » @ = B+ A4 ¢ MHEHE? L5 0BT 2 aF B
LA BATF e a PBXhzZ B SfEBeeT 5k o 1 Parent 1 o7 B AL 7
A AR RS A B0 1) 5 B A Al R Rl S i g (mask) - 4
ThiEARESLEE I EEL T DARBEAT(E)EA AR BT 4
B P oo Bfs o B RaRldmor i F]d Parent 2 o Hi 2R RERH A

Parent2 & = 3| + &g B {2 B 3~ )I*u (CHER -3 FN AR A

Mask 0 0

1 1 1 1
v v ¥V ¥
Parent 1 J; J, J3 Ja Js Js J7 Jg Jo || J1o

Y v Vv v v

Offspring Js Jz Ny Ja Js Js Jg 1 Jo Jio

N\ X 1 BSS @/~

Parent 2 J3 J; Js J, Jg Ji Js Jo Js Jio

B 5.1PBX 2 fie @ 4ice [ F4Ldom 4528 $.(2010)]

M RIFFLHEF PR 520 HHF BRI HEE D ERERS B AT
(Bl 2 Jg frdy) kil 7 2 gk e B o @ 3B 2 a8 B HC 4R % A Fen 2o oo
B 53¢ 7 LUEWES BAF(bl4e 0 Jy fr J7) 5 218 P B s & ik FI(I7)48 »

IR T G oah F)(Jg) 2w e
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‘ Swap ‘

Parent .]1 Jz J3 J4 J5 Je J7 Jg Jg \]10

e

Offspring .]1 Jz \]3 J7 J5 \]6 J4 \]8 J9 \]10

B5.2 2385 e [F4 %k £ 20$(2010)]

ﬁ Insertion *‘

Parent .]1 Jz J3 J4 J5 Je J7 Jg Jg \]10

PN

Offspring N J, Js J; Js Js Js Jg Jo || Juwo

B 53 & @k fice [F4 Rk § 28 5(2010)]

Btz - BELPEEHE2 15 2 AP BN 5 GA Soig erin 4R o dr2 w47

it - BEALF WMEEESo)® 2 TKHLBRE D 2T AL - BF AL R

Fhktl B REFTL R T BHERAE L ITHT AT E o REL BT K+t B 27

3 A RRELLRS L - BREGDF N LS e A ERB GA Sy AR AT
Procedure GA_Syi4

Step 1: Initial Setting

® Input parameters T,, P

er 05 P, <1, 0<p, <1.
® Sett=0; (t denotes the age of population Py)
® Form a population Py by randomly generating P;;,. chromosomes.

Step 2: Record the Best Solution in Py

® Find wpes(t) (i.e., the best solution in Py)
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® Denote L, (t) asthe makespan of wpes:(t).
Step 3: Apply Crossover Operation to Update P;
® Skip Check: Generate a random number r, if r>p, then skip the
crossover operation and go to Step 4;

® Select Parents: Carry out the binary tournament section method twice to

pick two chromosomes from Py as a pair of parents, which are respectively

called X, and X, (X,, denotes the inferior one in terms of fitness
values). Each segment i (1<i<k+1) in X, and X, is respectively

called S; ; and.S;,-

® Create New Chromosome
B Create offspring for each segment i

For segmenti= 1, ..., k+1

Apply the position-based crossover operator on"§; ; and S, ,

to create one new segment Si :

Endfor

B Combine S;(1<i<k+1)toformanew chromosome X ,ing

® Update Population Py

W If X, is inferior to X then X, is removed from P; and

offspring

X is placed into Py; else go to Step 4

offspring
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Step 4: Apply Mutation Operation to Update P;
® Skip Check: Generate a random number r, if r>p, then skip the
mutation operation and go to Step 5;

® Select Parent: Use the binary tournament selection method to pick one

parent, denoted by X ,..,. and each of its segment is denoted by S, .

® Select Operator: Of the swap and insertion operators, randomly determine

which one to use—each one is with the same probability (0.5).
® Create New Chromosome
B Create offspring for each segment i

Forsegmenti=1, ..., k+1

Apply the swap/insertion operator on S;, to create one new

segment S, .
Endfor

B Combine S;(1<i<k+1)toformanew chromosome X

offspring
® Update Population Py If X ... is inferior to X ¢ ., then X ... is
removed from Py and X ;i iS Placed into Py; else go to Step 4. .
Step 5: Termination Check
® IfLyesi(t) = Lpest(t +1) =+ = Lpeg(t + Tf), Then STOP;

Else, go to Step 2.
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5.1.2 GA_Spew i 1 ji 42

M GA_SneW e b 2 H '? {GA_SoId AR AR - B ’Jf}* 5o F] ERe GA_SneW
P A EE L - BRAEAESS Nom A iE2 A GA Sog® 5 k1 B R A

FIp R BB P BRELE - F ﬁiiﬁ*{GA_Snew SURART e

5.2 AFFE 2R FRE S S

AEF P B Sk 23 pFF (makespan)s it #i GA_Soig T GA_Snew .5 3%
F TR o 3L T B f0AR B S8k ®A0T ¢ Paie = 1,000 ~ pc = 0.95~ py = 0.10 fe Ty =
4,000,000 AATF ¢ * CHiEs 28 > m BT Meae# 5 AMDAthlon(tm) I

*4640 3.0Ghz CPU 2 2 4G Ram -

& 7R K R SR 5 Schaller et al. (2000) > f& » & = 30 @ fist > @ #
BHEEe 2 30BF 6. iz 30 BHEED 2 AP X-F-m k&7 HErN &7
PSR e X 27 7 a0 i R (LSUMSU,SSU) » F 4 77 1 2%l B > m 4 7
ol —F % U eaFEf o SSU 7 A R B® > MSU £ B K PBEIT S

PR A LSU & B R R L

FREES 0BT G o NP AL LT Gl Sl 5 R

‘F_k

P 1 HHP ()  AAMRTEHEE B ERL BAFEFRET 27 on AR
B ¥renE - & fe(uniform) g 4 U[L10]; @ 3 2 A% - Bl Phfens A pF
Fe 3% Berond - Sfeddcd 2 U[L10] - & B & BRI 3 e cnlf i pF
BF 4[4 % 3 eh™ %o A SSU ehps iz 845 * U[1,20]~ 7 MSU % i3 £_U[1,50]
A% K PR LSU BIE_U[L100] © % 7 @ AP %X PP Been BB F P E - B
F oG &% 15 B3 e chpt i (seed) KB T B o Mt 15 B % BT IR

2R Bl s RISE BE BB 30 BF 6T oA kG RS ok
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%5187 1 Bk E @ B SRR AT I GA_Sou I e 2k 5 €,
GA Snew “FE NS 255 Cp s @ H e KPR A w5 T, feT, o« @ 5 0 1 gt
BB Kk ok R R B Ry = (G- G)/Ce e S B R
Bz ? »AMELEZ AR P 6 %i R - N=30475 Bt 30 B3
b0 @ Node iy = 0679 b B H> @ Ny, % &y > 0% 6] i e N,y + N 5 GA_Snew

2 GA Soiq M i 2T L i HeR o do % Ny + NoAZ* %57 GA_Spew F P B 604

i# GA_Soid °
GA Spew 1+ GA Sgig 4 % ; B 8 0 1§ bl enih T3

N, + N,
B %
Ehf':‘; NN 7N

GEE
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351 AFWE 2 PP HRES

Scenario Makespan Computation Time

N Nw+Ne Ne Nw Cn Ct y (%) Tnew Told
SSU33 30 30 30 0 134.47 134.47 0.00 14.88 18.54
SSuU34 30 28 25 3 150.98 150.99 0.01 16.84 20.50
SSuU44 30 28 24 4 185.64 185.64 0.00 21.17 24.56
SSU55 30 29 19 10 241.94 242.11 0.07 30.63 32.30
SSU56 30 28 12 16 253.36 253.71 0.14 31.95 34.81
SSU65 30 28 15 13 285.78 285.96 0.06 36.41 37.27
SSU66 30 28 13 i3 294.90 295.14 0.08 40.16 40.03
SSuU88 30 22 7 15 402.60 403.14 0.12 67.49 58.19
SSU108 30 16 0 16 481.76 481.94 0.04 95.61 72.24
SSU1010 30 23 1 22 521.90 522.45 0.10 107.94 83.84
MSU33 30 30 30 0 160.00 160.00 0.00 13.75 17.91
MSU34 30 30 29 1 184.68 184.69 0.01 15.70 19.59
MSU44 30 30 28 2 237.60 237.61 0.00 21.01 24.23
MSU55 30 29 24 5 306.09 306.16 0.02 29.64 3142
MSU56 30 30 24 6 317.47 317.68 0.06 30.04 32.98
MSU65 30 28 23 5 362.63 362.66 0.01 35.92 36.68
MSU66 30 28 19 9 380.02 380.07 0.02 38.55 39.33
MSuU88 30 21 7 14 510.39 510.44 0.01 65.15 56.55
MSU108 30 14 2 12 623.95 623.51 (0.08) 89.16 70.74
MSU1010 | 30 21 1 20 655.17 655.52 0.05 99.95 79.66
LSU33 30 30 30 0 228.03 228.03 0.00 15.44 18.79
LSuU34 30 30 30 0 239.00 239.00 0.00 14.94 18.96
LSu44 30 29 29 0 323.44 323.43 (0.00) 19.99 2381
LSU55 30 29 28 il 415.97 415.97 (0.00) 28.00 30.95
LSU56 30 30 24 6 436.97 437.17 0.04 30.72 33.24
LSU65 30 30 27 3 491.92 492.02 0.02 35.95 36.48
LSU66 30 28 24 4 514.32 514.34 0.00 36.37 38.44
LSu8s 30 23 10 13 701.63 701.11 (0.08) 60.78 54.90
LSuU108 30 16 3 13 847.62 847.36 (0.04) 85.85 68.94
LSU1010 30 22 1 21 907.13 908.67 0.17 101.14 78.04
Average 30 26.27 17.97 8.30 393.25 393.37 0.03 44.37 41.13
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5.3 A FIF &2 & 24T

AAFET AT 22 5 P GA Snew 't GA So ¥ R F] o it mih
AT AFETHFRT S B AR Sded(Chenetal 2012) - % - BiemA "1 E®
BEE > alsidzY > - B ?vﬁ;(ﬁ’?’x’ﬂ&ﬁﬂ;}zk)%‘)f]&{— BiWRE o
%“ﬁ—%%K{;ﬁﬁ@ﬁﬁ“ﬁ%lﬁéplﬁﬁﬁag%ﬁ&?i£$%
=

2w 511 &Y P FUFRE I MEME T RREFRETOS

e

F_&

REATPih o TR eP NS € R A R A I MRS TR

(c) Makespan  =—#=(a) Among(%) == (b) Within(%)

120.00% 660.00

100.00% 650.00

T 80.00% 640.00

 60.00% 630.00

Py 620.00
0,

i 40.00% 610.00
20.00% 600.00
0.00% 590.00

X ¥ ¥ ¥ Y Y ¥ ¥ ¥ M M ¥ M M ¥ ¥ ¥ VMY NV MY N M
N N < TN NOO A N WM OO OO OO O o o
~ — ~ — ~ NN N T INDINO N O n O

o - = ;N9

0 (Th)

1 5.4 GA Soig % MSU9 7 [r 3 1L ik i (Tr) ™ ehig %0 (a) wd H®bche T -7
A (By) 81T 100%, (b) tedl B Fefiinle JiLF A 2 (0,)T 41T 40%, (€) £ E

i P HERE (RS =1 PR

4o 5.4 #r 0 AFTF L MSU9 P oth- B G| SRR R0 AR 54 ¢ ook
Tgh Ty 27 @B iFEe ) Lt i 72 Ta 2 hLd i T

L ¥
-

AL FEY A LHFE@RAT ARG AAFT Y & L E

g
o
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Ope ted WP+ % B0k F SRS - BAIES T 6 L2 (5 § 4B F o
b2tk L R S BE o Oy § B TR B e e 158 T i 3] 100% 5 54

FAEREDFEMFEN 529 VUFRMT FROLEFERTIF A
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5% 98.83% A k3 E R SR L L A IO H 20

LA EHEGIRET R BB

% 5.2 GA_Sqq il 1+ 4 &

Scenario AEFRERE | e RR
LSU0 98.58% 17.98%
Lsu1 99.86% 27.46%
LSU2 96.89% 29.56%

4.85%

99.48%

99.50%

98.19%

98.31%

SSuU2 99.33% 27.00%
SSU3 99.13% 28.04%
SSuU4 98.98% 36.25%
SSU5 99.30% 31.45%
SSU6 98.84% 32.51%
SSuU7 98.57% 38.73%
SSuU8 98.05% 34.22%
SSU9 98.75% 40.21%
Average 98.83% 29.32%
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%‘ 5.3 GA_Snew‘ GA_SneW_0|d ‘fr GA_Sold_new ﬁ’]’? :%?,%‘ % [ ?\t I;}S" ;i i)»%' . i\" El i?;(2010)]

Methods Average of all Scenarios
Ne Ny +Ne Ne Ny b (%) Trew Toid
GA_Siew 30 25.18 16.12 9.06 0.02 119.43  |145.47

GA_Shew-old 30 25.47 17.27 8.20 0.02 [117.99 |128.85
GA_Soig-new 30 29.83 18.23 11.60 0.03 [119.81 |128.85
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7t + 1) = (1 = p)7;(t) + X34 AT,

where

Ls

ALS. = { L when s-th traveler passes through path ij
0 otherwise

Q: a constant (parameter, Q > 0)

p: evaporation rate (parameter, 1 > p > 0)

b o NP o (1) A e W £ S S BE T T & 8RR T
R R ERR o A B B R TR AW E ] We S L FE G -
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S80SV B R P SR e R SRR AT = 0/Ls o
Ls A% | (A& ages = 1 %@)’Arfﬁmﬁ«’@wﬁaﬁ RFEAR S Yo Ap F B o0 Aok
F s DO AGESE 1 D S8 ] PRSP BT ERTER DT EFIRR
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G AT (0 BB PHE 0 g R RN E AL e
Fpt o T A AL RER AP IE- B e @RI T e8] RS Y
EFER FT;(0) 0 A B E a2 e T 0§ LA ACO_Spew ¥ 0 AT B ERE

IPER(SPT) S BR] > A4 - A kel B A o AT, A A NBL 2
PR AR ST 2§ BAEI oA A APHL EA 4R WM(w) A HATE
2B A RAPER S Lo BARL P RE S APT LA SR T & R

ik g i F R RT0) = 1/(S-Lo) » B¢ S 4 7“4 AuBik(4 & )i -
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Aii(@) = [Tij(t)]a[mj]ﬁ, where a, B are positive integers.

=

2R WedSd 357 RE e F LR TRl

a4
F_k

S

b RERT - KA D e

Lk(t)
pisk(t) = Z]E]S/ll]( )

o

lz

domhrit o % s GGk P
if node k € J
if node k & J
e oo JokT el 5 DINRRAGE NG FELEE o A d NG 2D
PR T 2 Rend S5k s fo g0 Ak NA FUEAT Jos s R
Pix () # pige(t) ° M Pt An B s L 98 MR {7 45 5 -
Ff BRFEER G HE 2 L AT K E AT W B § G ARl A
NI PE RS g g diAL ko AT G RH B LS Wpese () 0 A A B < IR
Lpese(t) c @ s H B iE /8 53 Ty B2 A > RiEf2Bd - Heis Jekt ok R
B it O B E iRAT o 7 W0 Lyoge(6,) = Lpese (b + 1) = -+ = Lyese(tn +Tf)
@ B ACO_Snew s & 5R& & i Bdu b it fiig ol 7 > {HF T L T j7
BB F B EEy AR 0 AR T 8- ACO_Shey Hn ARKLIE S0 T
Procedure ACO_Syew
Step 1: Initialization
® Input parameters p,a, g, S, T
® Sett=0.
Step 2: Compute ;;(0)

® Generate initial chromosome wy;

® Compute its makespan Lo; Set 7;;(0) = 0
‘Lo

® Create ACO network Wo.

Step 3: Update ACO network W;
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® Send S ants to travel through network W;;

® Obtain S traveling routes (chromosomes) and their makespans;

® Obtain W41 by using the ACO network updating method;

® Record the best chromosome wp,.s:(t) and its makespan Ly (t).
Step 4: Termination Check

® If Lyest(tn) = Lpese(tn + 1) = - = Lyese(tn + Tf), STOP;

® Else, Go to Step 3.

6.1.2 ACO_Soig it 1t 77 42
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IEERARGUEFREN 121 ¢ 1 ERA RN 1 EE2Y 1 RRASuEE 1 2% 3V 0 BEA SR
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6.1 WFE B IFEF TR E

Scenario Makespan Computation Time

N Nw+Ne Ne Nw Cn Ct y (%) Tnew Told
SSU33 30 25 4 21 134.96 136.27 0.97 3.35 0.64
SSuU34 30 28 1 27 152.56 154.46 1.26 5.15 1.28
SSuU44 30 28 0 28 187.63 190.84 1.71 9.77 214
SSU55 30 24 0 24 246.79 250.53 1.45 19.49 4.69
SSU56 30 25 1 24 259.57 262.97 1.32 21.03 6.70
SSU65 30 27 0 27 292.51 297.35 1.64 31.09 7.36
SSU66 30 27 0 27 302.18 308.71 214 31.67 7.72
SSuU88 30 24 0 24 418.97 424.28 1.24 57.37 18.29
SSuU108 30 25 0 25 506.84 512.10 1.01 100.11 25.48
SSU1010 30 22 0 22 551.92 554.87 0.56 98.01 29.51
MSU33 30 26 6 20 160.76 162.74 1.23 3.38 0.51
MSU34 30 28 4 24 185.23 187.42 1.18 5.13 0.97
MSU44 30 26 0 26 239.03 242.31 1.32 12.76 2.16
MSU55 30 28 0 28 309.46 315.96 2.07 31.04 5.66
MSU56 30 29 0 29 321.72 329.32 2.32 30.41 4.90
MSU65 30 28 0 28 367.47 375.24 2.07 49.92 7.51
MSU66 30 28 0 28 386.52 396.05 242 49.08 8.39
MSuU88 30 29 0 29 529.09 546.14 3.08 102.58 20.49
MSU108 30 29 0 29 655.03 667.53 1.88 175.06 39.82
MSU1010 | 30 25 1 24 687.61 698.20 1.52 164.46 40.30
LSU33 30 22 5 17 228.67 229.98 0.56 4.98 0.80
LSuU34 30 27 5 22 239.38 241.19 0.76 5.50 0.83
LSu44 30 28 4 24 324.13 327.27 0.93 16.36 1.95
LSU55 30 28 0 28 419.19 426.50 1.70 48.32 4.75
LSU56 30 27 0 27 440.70 449.42 1.95 50.98 5.80
LSU65 30 29 0 29 496.02 507.07 2.17 92.34 6.75
LSU66 30 27 0 27 518.88 531.96 248 87.37 8.96
LSuU88 30 29 0 29 715.14 736.53 2.90 180.73 22.54
LSuU108 30 27 0 27 883.67 905.50 2.40 328.03 64.14
LSU1010 | 30 29 0 29 947.02 972.93 2.66 295.34 61.76
Average 30 26.80 1.03 25.77 403.62 411.39 1.70 70.36 13.76
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# 6.2MSU9 15 ™ - B R »] ACO_Sq 14 % B

To
From-to Chart
F1 F2 F3 F4 F5 F6 F7 F8 F9 F10
Stal’ting Node 99.97% 0.00% 0.00% 0.00% 0.03% 0.00% 0.00% 0.00% 0.00% 0.00%
F1 - 0.07% 0.00% 0.00% 68.94% | 12.22% | 11.22% 7.25% 0.25% 0.04%
F2 0.09% - 89.74% 1.98% 3.01% 0.40% 4.49% 0.02% 0.00% 0.27%
F3 0.00% 49.79% - 50.21% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
F4 0.00% 1.10% 50.12% - 48.79% 0.00% 0.00% 0.00% 0.00% 0.00%
E F5 49.97% 1.66% 0.00% 48.37% - 0.01% 0.00% 0.00% 0.00% 0.00%
L.
F6 12.60% 0.31% 0.00% 0.00% 0.01% - 38.30% | 48.51% 0.23% 0.04%
F7 10.50% 3.18% 0.00% 0.00% 0.00% 34.77% - 50.34% 1.01% 0.19%
F8 6.62% 0.02% 0.00% 0.00% 0.00% 42.96% | 49.11% - 0.28% 1.02%
F9 0.51% 0.00% 0.00% 0.00% 0.00% 0.44% 2.17% 0.62% - 96.25%
F10 0.08% 0.41% 0.00% 0.00% 0.00% 0.08% 0.42% 2.26% 96.74% -
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2063 MAEh L E 2 R R R

Scenario ACO_S,ew ACO_S,q
SsuUo 21.70% 79.45%
ssu1 20.89% 77.88%
SSU2 19.55% 68.91%
SSu3 18.64% 63.17%
Ssu4 18.58% 62.16%
SSU5 18.16% 60.02%
SSU6 ' 59.39%

22.20%

20.86%

LSU5 ‘ 61.14%
LSuU6 18.19% 60.61%
LSuU7 17.30% 54.96%
LSuU8 16.87% 47.56%
LSU9 16.43% 48.40%
Average 18.71% 62.37%
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Scenario Makespan Computation Time
N Nw+Ne Ne Nw Cn Ct v (%) Tn Tt
SSU33 30 30 30 0 134.47 134.47 0.00 11.75 14.67
SSuU34 30 28 25 3 150.98 151.00 0.01 13.72 16.35
SSuU44 30 29 25 4 185.63 185.64 0.01 17.97 19.68
SSU55 30 28 18 10 241.90 242.09 0.07 28.42 26.49
SSU56 30 28 12 16 253.36 253.69 0.13 29.58 28.55
SSU65 30 28 14 14 285.77 285.95 0.06 36.80 31.49
SSU66 30 28 11 17 294.87 295.12 0.09 40.68 33.57
SSu8s 30 22 6 16 402.46 403.12 0.15 80.40 50.85
SSuU108 30 17 1 16 481.61 481.92 0.06 134.05 65.27
SSU1010 30 23 1 22 521.73 522.42 0.13 161.38 76.64
MSU33 30 30 30 0 160.00 160.00 0.00 10.83 14.09
MSU34 30 30 29 1 184.67 184.70 0.01 12.69 15.66
MSU44 30 30 29 1 237.60 237.60 0.00 17.87 19.54
MSU55 30 29 25 4 306.08 306.15 0.03 27.37 25.83
MSU56 30 30 24 6 317.47 317.68 0.06 27.61 27.08
MSU65 30 28 24 4 362.63 362.66 0.01 35.84 30.79
MSU66 30 28 19 9 380.02 380.06 0.01 38.76 33.26
MSuU88 30 23 10 13 510.21 510.45 0.04 78.20 50.20
MSU108 30 15 2 13 623.88 623.49 -0.07 128.69 64.35
MSU1010 | 30 22 2 20 655.00 655.48 0.07 143.50 72.21
LSU33 30 30 30 0 228.03 228.03 0.00 12.39 15.10
LSuU34 30 30 30 0 239.00 239.00 0.00 11.91 15.05
LSu44 30 29 29 0 323.44 323.43 -0.00 17.02 19.06
LSU55 30 29 28 1 415.97 415.97 0.00 25.62 25.28
LSU56 30 30 24 6 436.98 437.16 0.04 28.61 27.44
LSU65 30 30 27 3 491.92 492.02 0.02 35.94 30.70
LSU66 30 28 24 4 514.32 514.34 0.00 36.47 32.50
LSuU88 30 22 9 13 701.62 701.11 -0.07 72.55 48.51
LSU108 30 16 2 14 847.61 847.33 -0.04 121.70 62.46
LSU1010 | 30 22 1 21 907.14 908.63 0.16 138.82 71.05
Average 30 26.40 18.03 8.37 393.21 393.36 0.03 52.57 35.46
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Algorithm Makespan Computation Time
N Nw+Ne Ne Nw Cn Ct y (%) Tn Tt
TS 30 30.00 0.70 29.30 400.07 412.17 2.76 26.65 214
GA 30 26.27 17.97 8.30 393.25 393.37 0.03 44.37 41.13
ACO 30 26.80 1.03 25.77 403.62 411.39 1.70 70.36 13.76
GA_TS 30 26.40 18.03 8.37 393.21 393.36 0.03 52.57 35.46
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