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Abstract  Routing algorithms satisfying explicit node constraint is a NP-hard mathematical prob-
lem. This problem is not only a obstacle for intelligent routing in telegraphic industry, but also for
transportation and power transmission. Based on super parallel-computing of DNA computation,
an algorithm that combined the merits of traditional computer and DNA computation is proposed
to solve the routing algorithms satisfying explicit node constraint in this paper. The proposed al-
gorithm consists of four sub-algorithms: Transform (), FirstEndSearcher(), DNASearcher() ,
ResultReader(). The theoretic analysis shows that the use of traditional computer part of the al-
gorithm could cut down the amount of nodes and edges sharply so that the corresponding DNA
volume strands could decrease from O((n—2)1) to O((m—2) 1) where n and m are the amount of
nodes and explicit node respectively. A series of biological operations are proposed to search for
the accurate solution. In addition, in order to advance the coding-SNR of border-weight and make
biological operation feasible,a new DNA-coding rule is also proposed. So that, fast routing algo-
rithms satisfying explicit node constraint will be solved in reasonable time provided that the tech-

nology of DNA computing is mature enough in the future.
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X A SC 0] R AT DNA S 5 I AT A2 W0 #2447
A ROl DNA £ 3X To5E 25 BR %] DNA 33 HL AT
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Procedure Transform()

Fori=1to m—1

For j=i to m

(1) I (ExistCe;) in graph &)

(la) Construct(e;) in graph G’
(1b) W(SQu; su;)) =1
(2)  Else

(2a) SCu; su;) = DijkstraCu; su;)
2b) path_length=W (DijkstraCu; su;))
3 I Cup € SCuy su;) ok Fisj)
(3a) W(S(u; su;)) =+
Else
(3b) Construct(e;) in graph G’
(3c) W (SCu; su;)) = path_length
EndIf
EndIf
EndFor
EndFor

EndProcedure
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(3) %E i H Yk (gel electrophoresis). %5 & &
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564 1) DNA B, SR J5 3 o B 15 i UK 75 %) 45 5 DNA
Gy FEESEAT IR % . T U 9 DNA 43 4 75 L IK
AR R RS AT R, B AT A5 B R ORAF A AR 2 4 A
HH) B A BR AR DNA BUE , 5285 DNA J3 91 i A ik
T A5 A i 4 (A% TR R T 4 AR R 1 G b i A
4505 DNA % i (x5 BRR AT B A2 7 9 e s A
& G i FE G AR L 2 A B G g
JE 4 R R R AR
(1) BoRY: SE R YR Hk
TE5 Ff A T REB% 42 DNA Wi e T, .
JHE R B 45 R BOR 45 RO TE DNA S P 0 1) DNA
. DAL o 0 S AH N Y A2 P 48 AR R IE A T v i
DNA $ Lk w) 2K 15 45 85w, ARG A5
BiE2, BRYGAMERVREE.
Procedure FirstEndSearcher(T,)
(D T, T, . T5. T, , T; =&
(2) Amplify(Ty. T))
(3) To=-+ (T ul)
4) Ty=+(T:u,)
(5) Discard(Ty) ,Discard(T,)
(6) If (Detect(Ty)="yes”) then
(6a) 5-Cut (Ty »ul)
(6b)  3-Cut(Ty.ul)
Else
(6¢) break Stop;
EndIf
(1) Ty=-+ (T ul)
&) Ts=—+(T,.u)
(9) Discard(Ts) ,Discard(T,)
(10) Amplify(Ts , Ty)
EndProcedure
5|18 2. B FirstEndSearcher(T,) B] V)4
BT LAt N A, & 5 AR
. DR S XEWlE T, T, T, Ty,
T, B (O Ty b R R B T, 063 T, &
25 GO Tyl FE A A& o) 19 DNA & 5F
BEA T, H. 2 GO T, sl B B A A& w, 1Y
DNA # 3 & A T P, le il T r fy
DNA § #0615 o) A oo, AR T A2 P 3 4 o ol BB 7=
A ) R A B R R BEARAIE o) M, B T DNA 55 B
Uig. A0 (OO K UE T A T, o A 7 WONG B 4. 20 (6) F)
Wrik 4 T, 8 A DNA 43 F 85 0 1R %A , 3]
A PR AETE ) A0 A, B b A AT

ARG B BR A A (6a) (1 T 5~ B A 10 0 B A e
T i) DNA XUEE M 45 050 o/ i 57 F 3k 31,
A (6b) i 3" BRIV ) B4R VE K T, o DNA XUkE
GG R, 19 37U S U ) T g R 4G A wl A
w, B YA B P ity o L4 V) E) Ok B9 DNA B b R
AL wl . A (T FUE (8) 45 P U IIAT 07 38 5 A 4%
A R, () DNA S ER1E . B e VIE e AN &
u F1 w9 DNA § 5 BR. 2 (OO %84 T, R T, i
W WOE PR 2 Q0K T & 2188 T, .
Wik Tl EE L w WS w, WA S ] BB
AR AU, HESE.
SE 2 SAT TR A AR D kR4 L U R
F A — A AR I AR Bk 6.
(2) Ak J5 45 5 DNA ##48 R
PATHE T 2 J5iRE To i DNA XUEEA T e fF
TEAL 57 45 55 OR SE B0 iR A% BT R R R I
W1 A [ G rp T A 4 05 0 DNA BURE.
Bk 3. HALESSRERA .
Procedure DNASearcher(T, sm)
(1) Amplify(T,,T,)
(2) Fori=2to (m—1)
(2a) T =+(Tiul)
(2b) Discard(T;)
End For
(3) If (Detect(T,)="yes”) then
(3a) Amplify(T, . Ty)
(3b) result DNA=Gel(T,)
Else
(30) break Stop;
EndIf
EndProcedure
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G G 1ok I A 45 5 5 Je 42 DNA 4

. B ORFRE T 262 T, 8% T,
B D (20T m— 2 YR PR B A AL A R
ANGERE DNA XU, HARE S 8 Qi T,
WA A2 S w T DNA XUEE & il 210 T
D B R W AT O R D e il T B A
DNA 43 BURE T4 fff 45 Sy BLBEE A 48 BE FORY
Whidh /5w 51, SE 03 ROV IS & A w19 DNA B F
SIYEE G oRGWAEE BE b 8 5l b 0 T RO R
B RE B DNA 73 78 S B BRI AT, 20 (2h) B A
ity 2R B3R B ) AWHLE T, b2 Bk A 1E
DNA £ . 40 S A A7 78 03 8 b A 49 2 i) 23 it
DNA B 2 0k 15 Wt POAT T T 58 3k i o &5
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gk 5 R & 42 19 DNA %8, 38l resultDNA. HAEWI R 18 0L T (FE 245 S50 0 8 ) AT

FHIE. UEEE.

B 3 AT PIUS M 4R A S — 2 U R A
m—2 W EFEARAE L — YR A — BRI H Tk 1
e Bt A B m.

(3) 4 A2 &5 k5 B o 25 R e oy

I 3 A B B AL S TR A 2 2 R R B R
DNA %% , i 75 B6F DNA JF 1) #F 47 32 B8 132 B 45
RFEABRE G i EE 2.

Hik 4 SGOREWEEL.

Procedure ResultReader(T,)

() Th=d

(2) T,=FirstEndSearcher(T,)

(3) result DNA=DNASearcher(T, ,m)

(4) result_strand = Read (result DNA)

(5) Path(G") = Strand ToPath(result_strand)

(6) Path(G)=PathExchange(Path(G’))
EndProcedure

5|38 4. 457k ResultReader (T,) W] 5 H JH &

G A8 5E 45 s i TR R e 2 fife

. BOEEGE X lE T, 48 @)
Yo TR LA wi Ry o 45 05 B wl, i oK 45 5 1 DNA B 52
HEHRE Ty p. 25 O B G b g s 45 A0 5 %
R 45 R DNA 5,108 result DNA. 2 (4) B2 H
result DNA 4 Wk 3 HE 50 Wi 75, 0 K result_strand.
# (5) 33 Strand ToPath () 5K B 3 HE 51 T gt
R G o B B A2 38 N Path (G7). 4 (6) ji i 7%
HHALIE 5 R MG OC R 3R G R E 4 A
B B2 0N Path(G) . B N e 4 6.
4 FEEHFRBBARSEE LML
4.1 HENEZERESH
B F Dijkstra 88y 59 85 [7] 52 2% 3 (n+ @) log(n),s
S D RGP 45 0 I 1) 2220 AN T 7 s A P o A
T Dijkstra FE MO0 T 5506 1 55 24T m’ /2
IAEER SIS F S A8 OC(n+@) log () m*/2).
V3% A8 Y J2 » Dijkstra 832 2 A SO ALE 2 b
IR AR N A FB 3. by A B UG PR AR AT IR B
LA T X T8 G A8 E 45 5w Fl g 0] 02 15
FEAEI 1 08, SR A7 e, B AT AR R R G o
X 07 245 R o [ o) Y B T B AR R B R A
Dijkstra 59, 1552 BRI Bl B 46 5E 45 S 1)

i /i Dijkstra 2. ATLL.O((n+ @) log(n)m?/2) HY)
Z A A 28 o Bk 1 R A 22 O, T LLGE i
LTS 58 .

4.2 DNAtENEFES

Xof F AR SCH ), G0 RS e i AL Tk
PR L2 8 DNA AL, W5 6 F DNA 43
THESF 2 R G i T A B8 AR SR )G 1R X L (AR
DNA 4 rf i 16 i i 42, Rk, 2B 9 e h ol 2
UK i h i DNA %5,

FEIE 2. 5 45 B el ] B HE ] DNA 3t
AR DNA 43 FEEEE S OCn —2) D),
Horb o HE G 555 R

IE . X B P R A 2 R AR A TE
BLVTIE » B 25 45 5 DNA BE X I — 2% B A%, it AL 5
UEWI S5 S8R n W B i ZAEAE (n—2) | 56 ] BE %
AR AT A BCF VA AL UE B E BT n=2 Ay
BT AR B E BT T n— 1 AN G5 508 B 8T 0
WEE 2 NS AN E B S dEE R s n—2 14,
PN Rk B Sy R R Y S 3 ¥ Nl
P&42 PATH, (v o) s RAGR B X 5 — D45 i o Y
ke WEH R (n—3) U, BIAEAE (n—3) 1 ZE N v 3] o, 1
ANTR) A T HL s H T B A B A 2 ) R AE A
ML X BT ARG 5 T DL R S SR E TE R — 4%
T R A S R B AR TR R 4 I AR
EEZHN—2)((n—3)H DK Bn—2) 4. JEEE,

T T R b [ R R e 30 R 2 )
S5 5L DNA S 1 IR ™ Az 52 . X Sk 78 3% 38 & v,
=25 e JR T INE LS BRGS0 —Z 2 %
FEAR TR 3230 I 0 T BT i i 1 B AR Y
W7, N AR5k 45 AN AE AT AT — A5 3% HE T OR 45 AU R AR
B DU R %50 R % DNA 4 507 2E 50

EIE 3. fRELAMhnEaE L s,
fiff P[] B 5 DNA 43 FHEECH OCGn—2) 1), Hrh
m K G W22 M

EW. %SRS SO n
kDA m s i EHE 2 IE AT AL D o A4
SR FE A S ) R 2T G —2) 1A
DNA 7y F4. 1 H . RE R E G i) w45 o 25 18]
R PEAR A AR A 2 L WS 75 B A5 3K W A 45
R, — AEOL T S AT AL 1 AT LB kb 1A
rh s B, DT HE — 25 Je B T L v R 4 PR A AR
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2 3 H [ ) R A 45 6 22 T R Braich 1 4 5
T FR AT A SO DNA G B0 L 40 F Fr s

(D EARZ S 10 M AR DNA 4k 4
i, BT AR 45 AU 20 S AZHF IR i) DNA BLGE 245 75
Jrii k5% 3

) 10+n M BRI DNA FLgE Hy il
RIAUE n(n >0 R HRE, n= + o) i 15, AUH H
ooy AN AT G .

) B IERH = F R S={A,T.C}, HIL
WAL C IS4 R 1/3;

(D) Fr A B BUE RS 7 5 AN 5 AN 5 AU
b A T A B

(5) A8 [R) BAE A AN ] 4 Gt 45 0 37 A 6 A i
i 5 50 g AR B H (2, 0y) =d s dy b e /N i B
BE B o o, 1 B AL R ) A

(6) 1 e Cul—u )W HFGAYH 3 Br. 48 1 B g
M wl Iy 3T 5 7 1) 10 ASBRFE A BE A A (AR vy
TG R RIS Wl N 5 5 2 BEMAUE i s 56
3BRAE A w5 3" Jy 1) 10 AN L A B 3 A
IR o RS B R ) B ) . 3 B Y G
BT J2 o T A 20 A i T ORG M 2R i » 5 300 1 i Y
4 8 B DNA UUEE  fRIE 4SS 5 DNA 5% 1 e e 1.

(7) HARIETE B DNA WUEE Fa 58 25 1 . 18 0 25 1
W1 e BUE 9 B 1) 336 e o 06 250 58 R 11 2, SC e AR
F e BUA 355 #0177 BB A3 e G BT 11 356 %P

4 s Fe FE LA b g s R0 25 %k T ] 2 H g o
B it , I3 2.

®2 HUEPLES DNAHFIEER

B G g A 55 15 G
i« CTGATTGTCG
) ACTGTAGTCCAGTAAGCCTT
i ATCGGTAGCTAGTTACCGTA
" TACCAGCTTGTGGCTATAGG
i, AACTTCACTA
2P EORGS FUAS N 10 DRI IR RS AE B
REE KR 20 SRH TR HLE.

e F UL gm0 I o, =6, S X FIE 2
AU Gm i, W% 3.

® 3 HEUAEPEDNA HRR

G if A 4 AU
Cuy—ub) ACATCACATAC 1
Cuy—ub) ACTCTACTCAA 1
Cuy—>uy) TATCTTACCCT 1
Cusy—uy) CCTTTTAATCCA 2
(uf—>ub) CTCATTCAATC 1
Cuy—>ub) TCATAATTCCCA 2

AL 3, T AR B ) G a1 AU G B
Y53 2 AT w Al w9 DNA S i 214 B0 i wl —
wi M AT 5 %8, I3 4.

* 4 11 DNA WL H
Wl A R

esy: TCAATGGCATCCTTTTAATCCAATGGTCGAAC
et : GGAAAATTAGG
ety TCAATGGCATCCTTTTAATCCAATGGTCGAAC
ehy : GGAAAATTAGG
wy—uy; TCAATGGCATCC----- CCAATGGTCGAAC

AGTTACCGTAGG::-+-+ GGGTACCAGCTTG




2380 it =

i 2009 4F

6 & %

A3 ¥ B NS DNA HRHLES 4
O TG A A A5 e ) 22 0 S R k. BN
(1 L F SR 4l i 5 A 0L Trans form O ¥4 &
R ZE ST BEE m, IR BR B A TR L. H
TIHENLH A B 2 B O+ log(n)m® /2).
LY DNA TS HLER 43R FH R 65 3R B g 15 7
SN I BB FEAT G A 45 v T 4 A ) £ R L

i 3o A AL BB BE G 1AZ d f H  EALE
Wl /45 A LR, T DNA 2314 W38 1 7E 2 T
PR e 25T A3 0L 1) DNA 254 75 i N
BEI5A 0 OC(n—2) D BE WA R OCm—2) ).
I A B LEARAE T R DNA 54 i & 59 9517 1%
f ) B, — 2 B B bl e T DNA THE B b B
(8“4 BOHR K IR R, AT R R 7 KA oK ik 1) 48 2 45
A % E I A A

2 % x #

[1] Gao B, Yang Y B, Chen C. Implementing a Constrained-
Based Shortest Path First Algorithm in Intelligent Optical
Networks, USA: White paper. Mahi Networks, Inc, 2003

[2] Mieghem P V, Kuipers F A. Concepts of exact QoS routing
algorithms. ACM/IEEE Transactions on Nerworking, 2004,
12(5): 851-864

[3] Liu G, Ramakrishnan K G. An algorithm for finding K shor-
test paths subject to multiple constraints//Proceedings of the
IEEE INFOCOMO1. Anchorage, AK, USA, 2001, 2. 743-
749

[4] Ariel Orda, Alexander Sprintson, Er Sprintson. Efficent al-
gorithms for computing disj oint QoS path//Proceedings of
the IEEE INFOCOMO04. Hong Kong, 2004, 1. 727-738

label

(GMPLS) architecture. Internet RFC 3945, 2004. 10

[5] Mannie E. Generalized multi-protocol switching

[6] Jamoussi B. Constraint-Based LSP setup using LDP. Inter-
net RFC 3221, 2002-01

[7] Adleman L. Molecular computation of solutions to combina-
torial problems. Science, 1994, 266(5187). 1021-1024

[8] Braich R S, Nickolas Chelyapov, Cliff Johnson, Paul W K
Rothemund, Leonard Adleman. Solution of a 20-variable

3-SAT problem on a DNA computer. Science, 2002, 296

(19): 499-502

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Bach E, Condon A, Glaser E, Tanguay C. DNA models and
algorithms for NP-complete problems. Journal of Computer
and System Science, 1998, 57(2): 172-186

Li Ken-Li, Zou Shu-Ting, Xu Jin. Fast parallel molecular al-
gorithms for DNA-based computation; Solving the elliptic
curve discrete logarithm problem over GF (2"). Journal of
Biomedicine and Biotechnology, 2008, (1): 1-10

Leandro N C. Fundamentals of natural computing: An over-
view. Physics of Life Reviews, 2007, 4(1); 1-36

Yeh C W, Chu C P. Molecular verification of rule-based sys-
tems based on DNA computation. IEEE Transactions on
Knowledge and Data Engineering, 2008, 20(7): 965-975
Chang W L., Ho M' S, Guo M. Molecular solutions for the
subset-sum problem on DNA-based supercomputing. BioSys-
tems, 2004, 73(2): 117-130

Chang W L, Guo M, Michael H. Fast parallel molecular so-
lutions for DNA-based supercomputing: Factoring integers.
IEEE Transactions on Nanobioscience, 2005, 4(2): 149-163
Martinez-Pérez I M, Zimmermann K H. Parallel bioinspired
algorithms for NP complete graph problems. Journal of Par-
allel and Distributed Computing, 2009, 69(3): 221-229

Xu Jin, Zhang Lei. DNA computer principle, advances and
difficulties (I): Biological computing system and its applica-
tions to graph theory. Chinese Journal of Computers, 2003,
26(1): 1-11(in Chinese)

(PPt 3k, DNA TFRHUSE o i S s (D AR
HLERGE I HAE B3 v i i . 35 ML 2% 4, 2003, 26 (1)
1-11)

Lee J Y, Shin SY, Park T H et al. Solving traveling sales-
man problems with DNA molecules encoding numerical val-
ues. BioSystems, 2004, 78(1-3): 39-47

Han Ai-Li, Zhu Da-Ming. DNA computing model based on a
new scheme of encoding weight for Chinese postman prob-
lem. Journal of Computer Research and Development, 2007,
44(6): 1053-1062(in Chinese)

CHRZTN S AR RW]L B — B B 9 0 A 2 1 J7 58 19 v 0 1A 3k
S DNA JHEERER . iH S ALt e 5 ki, 2007, 44
(6): 1053-1062)

Braich Ravinderjit S, Johnson Cliff, Rothemund Paul W K,
Adleman Leonard M. Solution of a satisfiability problem on a
gel-based DNA computer//Proceedings of the 6th Interna-
tional Workshop on DNA-Based Computers. London:
Springer-Verlag, 2001; 27-42

Zhu Xiang-Ou, Liu Wen-Bing, Sun Chuan. Research on the
DNA words and algorithm. Acta Electronica Sinica, 2006,
34(7); 1169-1174(in Chinese)

CRIES . X030, 701, DNA 3 R roe e B s,
FoEAR . 2006, 34(7): 1169-1174)



12 #

A — AT DNA THE RO E 45 5 3 oh Bk 2381

YANG Lei, born in 1976, Ph. D.
candidate, associate professor. His main
research interests include DNA compu-

ting and computer networks.

Background

This research is supported by the National Natural Sci-
of China grants ( 90715029,
60603053), the Cultivation Fund of the Key. Scientific and

ence Foundation under
Technical Innovation Project, Ministry of Edacation of China
(Grant No. 708066) . the Program for New Century Excel-
lent Talents in University, NCET): Research on a scalable
DNA computer model, the Theory, Model and Method of
DNA Computer etc. The projects mainly focus on DNA com-

puter models for processing some hard problems, including

HUANG Qi-Xin, born in 1985, M. S. candidate. His
main research interests focus on DNA computing.

LI Ken-Li, born in 1971, Ph. D. , professor. His main
research interests include parallel processing and DNA com-
puting.

LI Ren-Fa, born in 1957, Ph. D., professor, Ph. D.
supervisor. His main research interests include embedded

computing and DNA computing.

encoding DNA sequences, synthesizing DNA molecules, set-
ting up the model, detecting solutions, etc. Our research
group has been working on many aspects of DNA computing
since 1996 and have published a monograph and more than 50
papers on DNA computing and DNA computer. In this pa-
per, the authors proposed an improved sticker model and
DNA algorithm for the problem of routing satisfying explicit

node constraint.



