(DNA Sequence Design using ¢ -Multiobjective Evolutionary Algorithm)
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Abstract Recently, since DNA computing has been widely studied for various applications, DNA
sequence design which is the most basic and important step for DNA computing has been highlighted.
In previous works, DNA sequence design has been formulated as a multi-objective optimization task,
and solved by elitist non-dominated sorting genetic algorithm (NSGA-II). However, NSGA-II needed
lots of computational time. Therefore, we use an - multiobjective evolutionary algorithm (- MOEA)
to overcome the drawbacks of NSGA-II in this paper. To compare the performance of two algorithms
in detail, we apply both algorithms to the DTLZ2 benchmark function. ¢- MOEA outperformed
NSGA-TI in both convergence and diversity, 70% and 73% respectively. Especially, ¢~ MOEA finds
optimal solutions using small computational time. Based on these results, we redesign the DNA
sequences generated by the previous DNA sequence design tools and the DNA sequences for the
7-travelling salesman problem (TSP). The experimental results show that ¢ - MOEA outperforms the
most cases. Especially, for 7-TSP, ¢- MOEA achieves the comparative results two times faster while
finding 22% improved diversity and 92% improved convergence in final solutions using the same time.
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nanced] /JEdRE AWE& 3lzA F}l £- dominance
FAE v HES Fr) 93 =48 ML s
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F7t
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5-2. MEE A& dominatedH s population©] 91O,
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ence level> Z+ DNA AMIE< Jehla, individual
level& DNA XMEEY JFL 9uct ot m3
Al 2ol At 2P AE AXA Agel =
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Ak GNkAQ] HHo) old constrained tournament
Ad ANAE AFSSEY 218004 dE3 bke) 2o
DNA Mg Al ZAE Adzze] e tEE3F
HA3l FAZ B3] W, ALzAL 13}
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- L
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level crossover

» Infeasible-feasible : feasible$t 7|7} X€)

s Infeasible-infeasible : F|'@E}7} &L /AA 7} A=

- Feasible-feasible : 3t1}e]l 7iA7F ©t& A&
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Rod F Y AA FAM e gz A9
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4.1 DTLZ2 &==0fl Cist M5 HiR

- MOEA®] $5X< AZFs7] sl 71=e) ALe
3t Y NSGA-TI$}F vlm £ Bgirh. DNA AE ¢
A FA sy AP Hes vlwalr] ojAd F
2YF B 8L 2t BFF FAs geA g
AMHE3 $1= benchmark ##1¢1 DTLZ2[10]¢] A&
sto) ®gto) AE7kA) NSGA-IISk ¢- MOEAE A%
FHog va XY 1 A%5E ASE =Fo) 2xd
Hol g7l W&o & LmelFe] $-gvimrt Ao
3 Ase] A ngich

DTLZ2 BAgFe] AFE 3, 6, 12712 HaAA &
A EFEE F7MA7IEAM AFEEnh DTLZ2¢ &
o] Tl s WIANEA A8 U0 43, o
£ MOEA "l Y =EME Bo] ALRH test &
Fol7) WEe] B =Foidel ulmEse agsidch
Ago) A8 DTLZ2 5 ohe )

Minimize f, (@)= (1+g(z,))oos z, 7 )oos (2,75)
OOS(xM—zg)OOS (xM—lg)

Minimize f,()= (1+g(z,))cos (zlg)oos (a:z,%)
---oos(zMﬂ—g)sin(zM‘l%)

Minimize fy(x) = (1+(z,))ans (2, 7 Joos (7,5

--sin(z,,_, 2 )

Minimize f,_, @ =0 +g(;£;))oos (z, % )sin (x2%)

Minimize f,,(z) = (1+ 9@, )sin(z, )

0z, <1, for i=1,2,,n,

; (szzs T, ) x}u (IWxM-FI’ “*y T, ) for M<n
a71A, ¢ $M)= &($i°0‘5)2
TE Ty
A9 4g me TAz)=(1+g(z,)], oz,)=09
< @ 5 3ok

AR At FAH) QA AF F5 EA
H&sA AME-3sl7] $18)A simulated binary crossover
11}, polynomial mutation[12)& AF&8HTH Simu-
lated binary crossovere A4 #WEo] Az o]zl

Eg]

2 8 A R A A 12 3ON612)

FA4E(binary string)ol W 13 nx} d4ky e &
HE 4S F J=E 19k mF Aol tH11] =,
polynomial mutation2 ©] itz WHIHE= AT
8E°] polynomial £XE WELE 38 E¢W0)
AAAEAN RE J7hE AELTE AYHE FE
EUH12L o] & Aikztel &g A8t A== Zzbe] W
TE B3l 2AE & Ut

- MOEA®} NSGA-II 2% population® =Z7|&
100°)8, function evaluation®] 348 wF7) sl
NSGA-II! 729 1,000 AdE AMgsded, e-
MOEA£ 100,000 Al 3¢ sHAIZ T NSGA-TI9
A convergence$} diversity® ZE3}E  controlled
elitism®] #HolEE QoA 14l0)2] 2h& 7HAE reduc-
tion rate7} YU, o] ol FEFE diteE © FAE
of Me3dlA @t} Reduction rate He® ¥ FEg<l
0, 1€ A3t 0.19 098 HA/FuUgez A%
X, 1 FUFSE Deb =RA FHARA 0622 2
FATHOL £- MOEAY 4% e3t& 0.1, 05 099
I7HAZ WA 7o st 2400 g E4ded,
archive?] Z7|1& A3 #AE F I=F 017 095
AREEIASL, FEOE 058 ARSI 370l A
3 A Po] 71ES MOEAS ¢- MOEAY 7V &
Ate]d L ¢- MOEAE B4 & 2379 HAlg +
3IE Roloh. whetA e #Z7le] wel g
Aol Aozt vA Hed, o] 9FS Kt} FH3) £
4387 Y8l NSGA-TI9] reduction rate #i3}d] we
23z vims] Bgkth NSGA-112) Z3E reduction
rated] whe} fronte] =7)$} Aot ARAEHY] R B
A viwrt @ Aoz At dutEog AMgHe
gEue ghEel wel mxpasd vlgE 0903, g9l
oldst HIEL 0012 ZAINA o AMAEE 747
el wEueE ZEsta ded, gereEe g
= HIANAVPEA TF Ao disiA FdAE wlm
@k wRAEIAE 7,E{1,510,20,100}8) HES AHE
391, EddolgaAE 4, <{0,10,50,100,500}9] ks
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A =Y, w3 dominance resistanced} E#E mxbt
Edwo] @ito] 9l FEE dominatedl= E Zo}
e do] AH o5 HAE o] A FAvta §
th ol#id ZAHER AstH e~ MOEASY FEAHE7}
=84 NSGA-Hete] Asato|7t Zol& Aoz 47l
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EE% ¢-MOEASH HISsh Y 5), EX3a9] 7|
47} BolUAK1® 6) ¢- MOEAS FH&EE7 953
WE AL & 5 ok

4.2 - MOEAE 0|28t DNA MY Cixtel

DTLZ2 3o wisia] mlas] 2 As}, - MOEAZ}
A thE convergence$} diversitys EE 4 £
=7A wEgeE AL A8 5 UL, - MOEAS

F EZF2 DNA A48 YA EAlo] B4 Bl
71&9] AT A NSGA-II9} 712 o8] DNA &g

gxplel] AlMgE WHERHA &3EE, simulated

annealing 5)-& ¥lasle NSGA-II7} 718 o) ¥

. Zz) 5] d¥S B dojz AagiEelch

NSGA-II £- MOEA Compare
DTLZ2 aD Maximum Spread Maximum Spread GD Spread
Spread /ideal Spread /ideal /ideal
3 OBJ 0.0004 1.7157 0.9906 0.0015 1.7426 1.0061 -2.75 0.3511
6 OBJ 0.0690 4.3550 1.7779 0.0037 2.4865 1.0151 0.9464 0.9806
12 OB] 0.0902 5.1928 1.4990 0.0155 3.7293 1.07657 0.8282 0.8466
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£ ol&3q AA4" DNA Ng Y], Z8lz <8
AHd FAE A3y A3 oixd" DNA A LA(19]
& ez vasgrh. NSGA-NI$} ¢- MOEAS] A}
£9 Hepalg gEL o3 2ok H-measure®} simi-
larity ¢} 313+gke 6 basest 17%2 3191, continuity
£ 28 AHE92e9, hairping 6709 base’t 2zt 2
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Convergence (genersiional distance)
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#Z7)E 3000, Ath Athee 20022 3tQa, [18]19) A
< 50002 3002 ARMg3lged, ALt FEL 09,
Edo] 94t 8L 0012 ZA3AT.

[16]914 Deaton §°] tEE32 Zakd4te] opd ¢
W9 fAz SuEE(simple GA)E AMHES 77)9)
Zo]7} 20%1 DNA NES A48, [4]914 NSGA-II
7} B} 4% DNA Ade s R RA53A
o I @7HE /%o o- MOEAS wmy 4¥ 2%
7} & 33 40 veld ok #E 3¢ 44" DNA A
Q9] o7} AAE o] T, HF 4ol JAF] FHFHoE B
g Azt Jept o £ 4, 6, 82 E5F NSGA-II
9} £~ MOEA 25 534 H3§ 34 F 10719 non-
dominated HT{L T F o] FolA A non-
dominated AETE Folx ©l5E 749 Pareto-3

«
£ 3 [16]19] DNA AM¥E A4 Z3. TmL nearest neighbor AL AHE3| oligomer 10nM, Na' 3% IMo|A A

nisy =

NSGA-II _ Continuity Hairpin H-measure Similarity Tm GC%
CTCTTCATCCACCTCTTCTC 0 0 43 58 61.3859 50
CTCTCATCTCTCCGTTCTTC 0 0 37 58 61.4403 50
TATCCTGTGGTGTCCTTCCT 0 0 45 57 64.4631 50
ATTCTGTTCCGTTGCGTGTC 0 0 52 56 65.8284 50
TCTCTTACGTTGGTTGGCTG 0 0 51 53 64.6346 50
GTATTCCAAGCGTCCGTGTT 0 0 55 49 65.3002 50
AAACCTCCACCAACACACCA 9 0 55 43 66.7173 50

- MOEA
AGAAGAAGACGAGGAGAGGA 0 0 36 65 63.8004 50
CGGCACCATAGGAACAAGAA 0 0 48 56 64.7377 50
AAGCGAATCGGAGACAACAC 0 0 49 56 65.2805 50
AGAGGTAGGTAGAGGTTGTG 0 0 47 54 62.2294 50
GGCCGGAACCTAACATAACT 0 0 56 50 64.1893 50
GGAAGCGTGAGAAGAGAAGA 0 0 41 62 63.7698 50
TTATTGATGCGGCGTATGGC 0 [} 59 45 65.8611 50
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4 [16]19] M8l d$ NSGA-II$} ¢- MOEAS] A% vl

Convergence Diversity
(generational distance) (maximum spread)
NSGA-II £- MOEA NSGA-TI £~ MOEA
HAE 100.3865 79.4798 147.6034 119.2923

®

5 [18]¢] DNA AM4go] st vlm

Na'5% IMIA A4rsict

A% Tme ¥ 33} Zo] nearest neighbor =92 A3} oligomer 10nM,

NSGA-II Continuity Hairpin H-measure Similarity Tm GC%
GTGACTTGAGGTAGGTAGGA 0 3 129 115 47.249 50
ATCATACTCCGGAGACTACC 0 3 132 121 47,2304 50
CACGTCCTACTACCTTCAAC 0 0 128 121 47,4589 50
ACACGCGTGCATATAGGCAA 0 3 141 117 52,5401 50
AAGTCTGCACGGATTCCTGA 0 3 132 115 50.9497 50
AGGCCGAAGTTGACGTAAGA 0 0 132 116 51.0482 50
CGACACTTGTAGCACACCTT 0 0 132 123 50,2683 50
TGGCGCTCTACCGTTGAATT 0 0 135 116 52.0565 50
CTAGAAGGATAGGCGATACG 0 0 134 117 46,6263 50
CTTGGTGCGTTCTGTGTACA 0 0 140 116 50,5774 50
TGCCAACGGTCTCAACATGA 0 0 132 121 51.8587 50
TTATCTCCATAGCTCCAGGC 0 0 136 117 48.1017 50
TGAACGAGCATCACCAACTC 0 0 121 121 50.3351 50
CTAGATTAGCGGCCATAACC 0 0 127 119 47.6383 50
¢ - MOEA
CAGGCATCGATTACAGAGTC 0 0 126 115 62.4346 50
ATGCGGCGCTCTGAATATGT 0 0 134 115 67.0951 50
ATCCGAGTCGTTCATACTGC 0 0 136 122 64.2336 50
GCGCAAGTACCACCAACAAT 0 0 131 120 66.183 50
AACAACGATCGCCTTAACGC 0 0 130 123 66.1895 50
GTTAGCGCTTCTTGTGTCGT 0 0 135 114 65.5157 50
GAGGAACTTACCGCATTGTG 0 0 142 125 63.5023 50
AAGGCACATCACAAGGAACC 0 3 118 117 65.2864 50
GCTATGGACATAGTCGAACG 0 3 130 119 62.4815 50
AGCACAACGCTAATAGGAGG 0 0 124 118 64.221 50
GGTTCCACACGAGCATATTG 0 0 142 113 63.5746 50
GTGGAACTAGCGACCAAGAT 0 0 138 124 64.1472 50
CTGAATTGGCAACTGCTTGC 0 0 128 113 65.2675 50
AAGCCACGCGTAACTCCATA 0 0 136 120 66.3238 50
E 6 [18]9] ME) oh3k NSGA-TI$} ¢ - MOEAS] A5 Hla
Convergence Diversity
NSGA-II ¢~ MOEA NSGA-II ¢- MOEA
T 129.1886 102.9420 439.6902 119.5
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X 7 7-TSPE 9% DNA AHE AA A7 TmS nearest neighbor Z&-E& ARS8 oligomer 10nM, Na+F%

IMoA AL
NSGA-II Continuity Hairpin H-measure Similarity Tm GC%
AATAGGAGCAGGAGACAACG 0 0 66 41 63.8672 50
CTCTCATCTCTCCGTTCTTC 0 0 44 52 61.4403 50
TATCCTGTGGTGTCCTTCCT 0 0 58 54 64.4631 50
ATTCTGTTCCGTTGCGTGTC 0 0 55 55 65.8284 50
TCTCTTACGTTGGTTGGCTG 0 0 56 51 64.6346 50
TAGTTCCAAGCGTCCGTGTT 0 0 54 53 66.4596 50
TATCCACACCAACACACCAC 0 0 63 44 64.6161 50
e- MOEA
AGCAACAAGAATGCGGCAAG 0 3 57 50 66.7959 50
TACATGACCAAGGACGCCAA 0 0 55 52 66.2632 50
GTGGAAGCTTGTAAGGCGTT 0 0 63 47 65.5567 50
GAGAGAGAACGGAAGAACGA 0 0 51 55 63.4533 50
AATCACTGTTGGATCGGACG 0 0 63 51 64.7547 50
CTCCTTGTCATCATGCTCTG 0 0 66 41 62.6735 50
ACTAGAGTAGGCCGGAGATA 0 0 57 52 63.0744 50
¥ 8 7-TSPolA NSGA-II9} ¢- MOEAY] A5 vl
Convergence Diversity
NSGA-II £- MOEA NSGA-II £- MOEA
Hat 1.62744 0.128647 165.718 202.232

T ¥ 38 2 u, dddE HF DNA A€ IS &
Y= h-measure® 539 2 Uex] 53 F5E
o AAME £ AAE Hole AL & F AUk 2
B3, ALt AHE vlmstr] s 28 79 function
evaluation 349] WE convergence AEE 23 KASE
ot DTLz29] 3 di$} wlavlx|2 - MOEA7}
NSGA-IIETH E4R we] £& AME HAFH x5
o2 AH F& AHRE Fohe AL AFAT £ gl
Atk
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Hou £ £xx 94 ¢- MOEAYL WE AL B
% AR

agja, siRge s AAFHA EA o) AHEE F
Acke AL Holy] YA (1919 2T &8 ¢
4 EA(TSP)E $5] 448 DNA NE& ¢- MOEA
g olgste] ALAS Hyth [19104E e A
A gaYEHE At AMEs AARAEeT, B 749
Azo] B4 DNA AMgo| a7s] sloh

a9 8o 7-#8ue AE 913 DNA MEe A
Age ©] P23 function evaluation FE Tz =
BAES ngtes, 29 804 & ¢ e AAD -
MOEA7} Awte] Aztghg ALESInE $H3e RS
¢ F 931, A& Ayt APLEFE oS FHFs) s}
7 BEE AL Fohrie Ag HAE + 4. &
1EE =7 oy s FANY IS HE A=
AEx - MOEA7I 958 A& AT 4 e,
% 89 d9so] it ConvergencedlXE - MOEA
7F 28 2o AxE RAF3, diversitylHE o-
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Function evaluation (1000)
I¥ 8 7-w#¥Y F4 DNA ME AL 9%
NSGA-II9} £ - MOEA®] function evaluation
A vl

MOEA7} NSGA-IIRt} 948+ ARE HAFE AL &
JE 4 ok 7-eFeBY FA AE YR tEjA
¥ 28 E4% HA 598 33 B A9, con-
1.62744 —0.128647
1.62744
=0.921, & oF 921 %9 4% L HAT, diversity
L 202.232—165.718 .

AE W =0.22, & 22%9] Axe] A% 3k

vergencedlX] ¢— MOEA® NSGA-TIRT}
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