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A 2-Approximation Algorithm for Contig—based One-sided
Genome Scaffold Filling

LIU Nan,BIAN Zhong-yong,LI Yang,ZHU Yong-qi
(School of Computer Science and Technology , Shandong Jianzhu University ,Jinan 250101 , China)

Abstract; The problem of genome scaffold filling gets more and more attention with the advancement of genome sequencing technology.
The contig—based one—sided genomic scaffold filling problem is researched. Effective approximation algorithms are devised to enhance
the integrity of the genome scaffold. The objective of algorithms is to insert the missing genes derived from genome sequencing into the
scaffold according to the reference genome. In previous research on genome scaffold filling, missing genes can be inserted between any
two genes in an incomplete sequence. While in genome scaffold based on contigs, the insertion position of missing genes is limited to
between two contigs. This problem has been proven to be NP-complete and more general. Two related algorithms are analyzed. The 2—
approximation is not for general but special case, and the approximation performance ratio of the 2. 57 — approximation algorithm is
considered unsatisfactory. A new algorithm focusing on the correspondence between missing genes, gene slots and breakpoints is designed
by using greedy method and maximal matching. The algorithm not only solves the redundant common adjacencies problem, but also
increases the number of external adjacencies by generating new contigs. As a result, the approximation performance for general case is
improved to a ratio of 2. The effectiveness of the algorithm is further verified by developing a visualization program based on Python.

Key words; genome ; scaffold filling ; approximation algorithm ; greedy strategy ; maximum matching

0 2 = DAL R 5 A

UEAEK, N T RS R L B N A 7 5], 2
DRI 7 AN LR AR ) R 2 B )iz R, AR Z Y
A5 , A1 A= 0 0 e T BETC 12 B AR AT S8 B 0 Bk (R 4
B, 3t 5 B AIL B AR 22 U e 2 ) 32 TR 2 AE
DUEA TG A SRS R DN I B R R U AE S RS 4R i

%5 B #A.2023-05-18 &8 B #:2023-09-20

2010 4F, Mufioz 45 A48 H T 3 PR 41 AfE 42 3 55 1)
S e S IR R IR TEAELE 1, M R A0 1
YIRS A N B Bl 5 N 4304 A R HESE 1 75
BT 5 RZEMIEEARZ(DC) ) &k
/N Mutioz 5 A UERA T 31l B2 22 255U o] W e

ELWE . HEARFIAEESTH (61902221) ; I1RA HRFL#IE 4T H (ZR2018MF012)
YEZ BT M Fi(1980-) , L (W) , 3042, 11, CCF 2x It (HA774M) , WF5E 07 6] R B0 530 B e e RS A AR )i+ 330 il AR AR . 08
B (1997-) 5 W0 se A B 7 0 Bk M ST TR R Al



%2 3]

B 55 HE T Contig FY BT & PR 4 HEJRIFUSE 2 - IS vk - 149 -

B o Ay fofT 5 PR] 2 A S 7 [ 0B 2 3 T IR S5 0, 2
TRVE 2T R ) e S R P S T R
DR 33X (o A5 5 2 35 IR 9 Ao B e AR AR 20 #
LT N ILARHZ 1) & H1 A2 KL R 1% 5k TR 4 AE 2 33 7 () A
WA E T L R SRR S A G MR FAELE S |
IHFTHR I G IR S 5 ¢ Z A 4R 3 i
K™ Jang Haitao 25 AJIERHZ )82 NP 5 4= [alfl , 7f:
P 133

T TET 4 ] R 35 [R] 2 A 2 ) SR AR BT 2 LS
o Bt S 5 PRI A A B ANBORR ] (RS BR R FH v HE
W —FR 5 B & B (contig) 4 AR, Bl G SE R 2
FVFALE contig BY 53 A XF T T contig f 2R
T FE S 58 A AIFSE ) | Tiang Haitao %5 A 05 i 25 1
A [ AT 2 T A 46 38 AR ] B iF B S NP S8 4[]
RO, SR I il 0 2 B W N A K DT TE 4R 2 - T R AR
75", Tan Guanlan % A48 H X A58 AR H— vk 5
3 3 3 A 0 P R e R DR R T H 90 UE T 2. 57 - GA:
%1, Bulteau L % AT 5 K AR H 5 /I 5 1
P T k-Mer 250/ FPT & 3L Ma Jingjing %5 A
#EH LA duo—preservations /F 4 FE &, % 11508 T 3L 4B
FbR 2 09— AN AR s O 38 2o 97 2 5 e i AL L 4
R LT

% SCHIFST B4 0] S RE T contig FY-BATA] £ 7 42 3 [N
S AE SR IR T [m) L, A 9% R B m) LAY 2 -3 BB VA N g
G BT A LS8 EE (I R RE L JC Tk IR B 2, 3¢
BRO14 T4 T —Fh e 28 (I (UM e Ltk L RE S 2
2.57 , ZICE AL 3 DA B LRI A5 W7 A5 R Y
ST B A e K VCRC D02 SR w51t T — ANk
I IR TS R IR RE AT A 3 2 S T
(=RGIUE haT IR N

1 HEXEX

HBREEE S, SEEIA N TRIRERNTA,
WA ZHR S PR FAHR, A TN TR £
DB FR A HFES, H M(A) Fm AT EA,
HT M(A) ARESEZ B, @5, H NM(A) id
SERBAFAMEL, FWM S = a,b,1,2), 4=
abl2a2, M(A) = {a,a,b,1,2,21 , NM(A) = {a:2,b:
1,1:1,2:2} o &« Ffly 78 A FAEAS, FR xy N A HAY
—IEH X, FH P(A) T A H it A X0 E S,
P(A) LATHEJEZ B4, Fl NP(A) ic % 5 S B4,
B 51 7 P(A) = {ab,bl,12,2a,a2} , NP(A) =
fab:1,b1:1,12:1,2a:2} . GFIFERR 2¢ 5 a2 TTIX
A UG TS vy 5y AR FEE X

HEMRIFI A =a,a,-a, Al B =bb,-b %
P(A) I —RF X a,a,,, ,7E P(B) W LL$RE] b,b,

H5ZXM( aa,,, =bb,,, Kaa,, =b,,b ), % aa,,
Flb,b,,, A IABHEE  H a(A,B) ic3 A Il B &304
FA88E S D, (A,B)=P(A) —a(A,B) F1D,(A,B) =
P(B) —a(A,B) /3335 A Fl B W% A7 DT fic 2] /A 148
FERY BN, XS BE XS FR A A B B AT R, s 15
WE 1 PR,
A = c2a2cbhde
B =c2ca2de
P(A) ={c2,2a,a2,2¢c,cb,bd,de}
P(B)={c2,2c,ca,a2,2d,de}
a(A,B) ={c2,2a,2c,de}
D, (A,B)={a2,cb,bd}
Dy (A, B) = {ca,2d}
B 1 AR i &g T )

TEFET contig BYTHML T, Wi & 751 i — SR R 52 4%
IR S G, 5 — R TP T LI HEL S =
e[C/]e[C,]o--0[C ]e®  SHZLA contig ¥
C, L, contig W11 & Sy a4 A KL KL AL, FR N
slot,

T E R LT contig 1) BT 3 PR 2 AE 4R 1 T
] ( contig —based one-—sided scaffold filling, Contig—
One-Sided-SF-max ) & X,

%€ X 1;Contig—One—Sided—SF-max

A —F O EEENMNEEENIFI G =
2,8, g, Ml — s KA o M HE R S =
e[Cle[C]eo[C ] g NHPANEN, C
J& contig, H P(S) CP(G) ,m>n, X=M(G) -
M(S) R S PIERRIERES, X = D .

)L K X P g L RS T slot A3 S fi A5
la(G,S) | R,

i RS EITSS

2 Contig—One—Sided—SF-max L& %

WS (G,S) T BRSBTS R Bk 3
BIRA S 185 S, LA LSRR a(c,S) | K
b, WIHRAILAREEEL o (G,S) T AN AT B3, ik
AERENE R a(6,5) - al(6,S) |, BIFIE A
LR, B EES o(6,S) - a(6,S) C
D,(G,S) ,PAEFE I v W S Al A B T EELL 6
THIWT RS D,(G,S) (TFK D) WA, ND i 5%
D RSB ER, B AL D P IT
B —— Xt b BT A A LA

B A A TR AR AR A e D] )4 A7 AN
BRI SoTE

() AMRIE: C, = ¢, - ¢,y 72 S TP contig, x J&
F S HBRARIENEEA X 45 vy T DAKY RS $6 4882, B
Y =€ 0 By = WK xy MHMEBEE,



<150 - HEPLH AR &R

5 34

(2) INEBEE B AR 42 LA A o) JHL Al 5 15 /> e 4B 42
PR R 4R EE
Bl H R AR AR YR HAR A S J5 T A A A IR AR 8
WAL =2
n—type I &%l n BRI EE DI ALY 745 £ (L
Len—n B HfiA S H B3 n +1 A HEA0EE K% N
BN n —type | H, BIK n —type | & HAgdH ATE W
Cront ] @ [ FIBLRL XL N slot
n —type Il # :Len— n #f A St FH0 n A3
R4 R Z L B AR n —type T 5, 58A n —type Il
A H BRI ATEDN ® [c,, Bic,, ] @ BN IZRALA
it h slot Il
n —typell & .Len—n FHHA S W, It n -1
INILAREE W %L R EBFR R n —type Il £
WK 2 iR, Len—-5 % deegg i A S, Fi cd ,
de , ee,eg,gg,gh NN FEARIE W deegg J& 5-type |
B, c] o [4 K slot I #0745, Len—1 # a,a,bifiA S,
SRR 02,43 ,ab & — DR ILLIE, a2 Bl 2a iILH
a2, W a,a,bBE1-typell &, o [a, 2] 3] e
& slot [T BRI 55, 7B A AP o2,43 ,ab,ed , g4
NANERYE | de ,ee,eg,gg NNEREE,
G =a2a3abcdeegg4d161b5b
S =e[adb]e[bc]e[452]e[6113]e
X ={a,a,b,d,e,e,g,g}
D ={a2,a2,a3,a3,ab,bl,b5,b5,cd, de,d,d4,ee,
eg,8g,84,61}
ND ={a2:2,a3:2,ab:1,b1:1,b5:2,cd :1,de 1,
dl:1l,d4:l,ee:l,eg:1,gg:1,g4:1,61:1}
ALARS" = eb[adb] e [bcldeegg[452]a e [6113]a e
B 2 Contig—One-Sided—SF-max [¥] # 7 4]
2.1 EHiEZORBBESR
OB R AR FEE R KRB B AN 3 iR

XTI 1(G.S)
T X=c(G)-c(S)

K3 1-type 1 3£,
slot 11437 55,

A gk
VA e Ja2 By
-type I T
l PRI

S f KICRCM
slot T 4755

WA AN

1-type Il H

LI
fic1-type IT 5

AN AR
Y

TRAEVLEC P 48
. sodrEAs [T
HIESHIS : .
Sen wasr ]
PN slot [T 2%

4R

2.2 EEumk
XA (G,S) HATRIA AL, 153 S Hh iy B B A
£E X WS D BRI IA T 1 Fos,
B 1 Init (G,S)
WA R FH G FEFHES S
Hitlh BRREENES X BEES D
1 X, D—;
2 fora e M(G) do
if NM(G)[a] > NM(S)[a] anda ¢ X then
4 WIMNM(G)[a] - NM(S)[a] I~ atoX ;
5 forab € P(G) do
6 ifNP(G)[ab] > NP(S)[ab] andab ¢ D then
7
8

W

W NP(G)[ab] — NP(S)[ab] 4~ abto D;
return X and D
2.3 HiEXH
N RE R O PR A
HB— R TEERMEAH A 1-type [ &8
T X HHTER o ,NIEmAFARMELR S | R HA
a AMRARY slot T BUAL AT, 0K a FIA S 4 o X HES
BR—A> ST S o i) 5 DR 7 e I 1 g A 2 S 4TS
N D PR, BAARRR N 2 B,
B9 2. Greedy-one( X , D, S),
A BRIERES X WA ES D, ERIERS =
. [CJ . [Cz} °o...0 [C"} .
i EHUE BRI R ES X WS D SERAER S
fora € X do
forC, = ¢, ."*"¢;q € Sdo
ifi < nand {c, ,a,ac,, .| S Dand
(Coont 7 Civtsan

1

2

3

4 and
5 ND[c, al =2)) thenX <« X - {a} ,
6

7

8

9

or (¢ = ¢

+1 start

€,

e, €= C UG,

b
ND[c, a] < ND[c¢, qa] -1,
ND[ac,,, ] < ND[ac,,, ., ] = 1;

10 return X and D and S

X 2 0, X — A R AR R d A F
cl o4 52 MAEAR 2,

I R ER VTR A 1-type IT£f

BEST = {s,,5,,,5,, | ASH slotllfifitES, n
EF S contig (W%, ST, = {e e, e, ] , e, N
B s, ARARSBI LD M HEA X, D, STT Z (R4 B)
BT, Egicsk X hooRS ST honRZEWh, £y, il
s ST Ptk S D honRZM B,

i T, N e Re g 2k My, M, 224 =
Jel (a,s,,xy) WS B M, KiEHA 1-type [ # Al
BRI ARG D, BAREE IS 3 FR,

$% 3:Max-match( X , D, S, SIL, SIT, ).
B ERBERAES X WSS D REEAESR S | slot 1T 437



%2 3]

B 55 HE T Contig FY BT & PR 4 HEJRIFUSE 2 - IS vk - 151 -

MAEA ST, ST,

i SO B IR RIS X WS D REFIHESL S
1 By« By, VD, E—D;
2 newSI — &, newSIl, — J;
3 D« Dl XS, JLELH AT
4 fora € Xdo
5 fors, € SII do
6 ifas, € D thenE[a][s,] «1;
7 else £ [alls,] «0;
8 fors, € SII do
9 forxy € D do

10 ifs, =xandy € XandE[y][s,] =1

11 then £, [ y][s, J[xy] < 1;

12 else Eg,[y][s,][xy] <0;

13 V—SUSITUD ,E—EyUE,;

14 SRIT (V,E) BICEER M ;

15 forM[i] € Mdo

16 K MLJLO] AR S ey MLi1[1] fisd,

17 newSIl «<—newSIl + M[i][1] ,

18 newSIl, «—newSIl, + M[i][0] ,

19 XX - {M[i][0]} ,D<—D - {M[i][2]} ;

20 return X and D and S

XTI 2 B2 -3 R A — A R e R
R a,a,b 5 slot A7 g i RIEHES, an1& 4 fros, 28
W VEE R R o AT ] o KT —A a tl AT
o [b, bliAR o [a, =N A SRR =K
XF ab MW ARG R — W ab | B2 5 I A0 #
PR REAS B — BT A AR 4% ab

e B s N o e

B4 ATHEAR KRS TERL®

IR XA BRI a,a,b 5 slot 1T A,
Wi si ab , 3a , 2a Z A8 K VCHC, Q& 5 Bros, VE
R M =1{(a,s;,3a), (a,s,,2a), (b,s ,ab)} AR¥E
M, K affiARI3] o Si—DaffiAF]2] e  bifA
F| o[ XFEHEGH] 2a |, 3a , ab =AM FEARHE

R R R R VE S, 7F b — 20 A o i 4
ANEREE,

5B AL X — 2D AP AR R G FE PR S A5RTIAT A5

Z IR RICEE, ST HH b — 25 5135715 21 5 67 A5 B
0], P8 Max-match( X , D, S, newSIl , newSIl, )
L ST RN AR A

ab ab
3a [:> 3a
2a 2a

A5 RTak AR REAE TS TR A K

XFE 2 BBF, X = {e,e,g,gl , D =1{a2,a2,
a3,a3,ab,bl ,b5,b5 ,cd,de,dl ,d4 ee,eg,gg,g4,61} ,
AR RN G o [b,al® ,ale [ BIRD
rh 5 5 SR i PRI 20 1 BT AT IR R AN BE I 23 iy
B, ToEA AT VR HC , Skt it A

AR R I A M, 76 X Hh DT P SRR
RIS AR XIAE J 38T contig BAES ST,

XX IR a MR HR A HAMOTR ,
HAHICR b 2 ab J2 D TP EYWT A WK ab VR A
M2 [ contig BT ST IR D FHASBR— B S
ab . BARB LMY 4 Fx,

B9 4. Greedy-two( X , D),

A BURIEHES X WA ES D

v ERE LR SRR S X B AES D, #T contig 4
&S
1 i1,

2 fora € Xdo

3 forb e X - {al do

4 if ab € D then

5 C.«ab,S S UC,,
6 i—i+1,D—D- {ab} ;
7 return X and D and S*

XTE 2 B+ X =le,e,g,gl ,FLbrITHE D X
JCRMUT I E , i 20 20 TRV 2 A PRI AT e .

(1) A BN N &R 4% ee SR IG AR BN NS5 gg , BT
LIS*= ®[ee] ®[ggle .

(2) iGN N RIE eg I T ERBIER G e Fl g |
HBEDFELEAW I eg LS = @[eg]® |

A R ARKICHAE S* A 1-type Il &,

B % Max-match (X, D, S*, S" I, S*
I, )R85 T 1-type L HE /Y S* |, F 1f % 25 B8 U
PR AT A 45 SR ARSI T E



<152 - HEPLH AR &R

5 34

(D) FELBEIHISFE) ST = @ [ee] @ [gg]® U
X Ry Wb AR A

()AL ISE ST = e [eg] o | JIHFIE
Max-match ( X,D,S*,8* 11,8 II,), 5 % iy VT fig 4%
Wl M, ={(e,s, ,ee), (g,5,,88)} , M RAF S'=
®cleglge.

AR A SHS S, X PRIRIAREN  7EA
WEIRBUA SBHEIB 0L, ATl A S AR R 4,

R S

ATLOREE IR = ~ SRR A IR ICEL N &R EE . 1
2 AU TR A A DG HRAE I RE SR E A 1 -type
135 114 70 4 i A7 5 PR (A 4% — 43 DG IE J 4 AL ) B

a e g

) 1438 2 I 1R 2 8 TSR R VRS, X T 5] 2
TG T, LA {a,a,b, ee,g,gl RIS Z R, W
A {a2,a3,b1,b5,b5,de,dl ,ee,eg,gg,g4,611 .
WNIEl 6 o 8 1 14 3k 2 AR A5 DT e 25 2R 2
K FEH ST eg Fl eg , THWI A R —A eg , FTLL 2-3T
LS D TE P 4B e BT 8 — A L AR 2, e 445 3
S =epbladbla®a[bcld[452]a® [6113]a®eg®ecg®
ST ab | od |, d4, eg It 4 DNAIEEREE, TR
S* = epladb] ® [ bcldeegg[452]a® [6113]ae® HiiL
A 9 PG A ILAREE TR 974 B R DL 1Y
Jir PR 2 A e R DL TG PA &8 42 A A1 @B F22 If #8117 9T
ROSFLARIEIN G, T RZ 0 TS I UL .

a e

g

b l:>b

a e g

a e

g

A6 2-#tMiAE+y % THRKITER

PR 2 BT, Ch SRS =
®hladb] ®[bc]d[452]a®[6113]a®[ce] ®[gg] ®
oS = ebladb] ® [bcld[452]a®[6113]a®e[eglg®,
SRONETE T A8 A A IR TR /NT 2,

2. 57 - RISA I IR B 25 JE R T ik U A A S AR 4
) P B 368 e 7 5k 2R KRR contig S a5 3 PR 22 ] 4 3
T P 5 I BR TUAR L, oK Hh R VR R L FEE ]
EJRAZTEIE R T DL 45 5 5 ik S BE DA A A5 2 [ FR 6
IO 2R AT A ) B, % R 2 485 AR 2. 57 -
PRI, AT AR B e R VEECSS SR i (a,b) XFE—
ICEE, HRAKIE (a,b) 7245 a A o [b B0 b
A a] o JFBA WIBEFIWT 25 18- 300 T
AHEHE R 5 W o F b #F AT L4 A fR UL AT L
2. 57 -V LB i L ARABCR] T A TU AR N SR AR (R
X T AMB AL AT R BOE LR T 2,
2.4 HiRHMR

TEATY 38 32 XoF B 5 DA Ak o 1S b B0 i SR B B
fifk v 25 S R R BT IG 20 SR AR R IE W B I UM RE L
H 2, Bt OPT el i v )7 1 s L 4R 4%, OPT,
OPT, , OPT, 735l Ay e L i type I, type II , type
I 2 R L] Ef 1 0 HEAR F 8, T 4

OPT = OPT, + OPT, + OPT, (1)

B APP hy SCHH B 12 T SR AR fige B 48 s R AT 4
B, APP, ,APP, ,APP, %I A3 L% i type T,
type 11, type Il 24 78U I [R] B 35 34 20 SRR 50, T 15

APP = APP, + APP, + APP, (2)

SCH R B BTG A TR AR 7 48— SR 2 ARk
D] ER T R DI ik v T 404 2 SR QR85 T S B R BT Y
AR Z I, WAL # P Y Len—k 8 & 4d 20

BRIU A BN N ABFEECH nl (k)
GIELS| k

nl(k) = >

UEH AR kA 5 2 T DR TR SR D0 A b ml UZH il
FE b ()% B PR R )3 2 e 2 R R 3 3ol i R DG i
[ | k2 | ASVCES, BD k2 ) A IN4REE, TEA N
AR DA SR TE B IR LT, d R DR C
ASVCECXFE A DR IE , 23 145 P BE P e i DL G, 2 - B
M ac,ab ,cd FRIEFG a, b, c,d, BKRICH
HMiab, cd | A5 ac VEFEE|—E U b, d TCEEDLEL FR
ac HFEHIVEHL,

PRI, 7 20 BR O i ] 9 25 SR g mT A5 3 m A 4R
%, m BB G .

1,k k
7L TJ sm<s|[ 7J
m =L ) AR contig WIS T
DB A LA L E A R T 445 1 P 4 2
HOw

=2 S e =2 5

e AgEn 2| F sk

22 2
k=112 B} AR AT,
Bk =1(1>2)8F s, B %L

[ +1

[ +1 1k
+1 B, 5

L

3 3
[ 27
2 : 2




52 3]

B 55 HE T Contig FY BT & PR 4 HEJRIFUSE 2 - IS vk - 153 -

koo
?hj(_\Lo
LR <m <l Ry e R

T BR VU IR VE BRI A w X A IEBR VLRI AT o X,
w+ov =l k2] TEARD TLETHS R N R EECK

nl(k):u+%*(1+2):2(u27+v)+%_
k v
Loy

aﬁvazﬁmw>>§o

m =L R SRS R 2
A PUAREE 5 b s DU | b2 ) A AR
A T AR — 4B M 5] 1>

7o
Sl Y B NI A
OPT,

513 2 APP, <

UERA AP BR— (i ST AR R A A 1 —type | 53, 7E
BIRE LT, — 5009 1-typel# s, , 2R —1u -
type I s, 28 typell,—4~ v —type 1 & s, Fl—">w -
type I # s, 250 type Il , u,v,w FRSITRKKIE

HIOPT(s) , APP(s) 3l Ron L s 7 LA Al
U ARLARE P AR 1 A LR E W s s, s, s, FTHEAY
JEAREE LN

OPT(s,) + OPT(s,) + OPT(s,) + OPT(s,)

APP(s,) + APP(s,) + APP(s,) + APP(s,)

OPT(s,) + OPT(s,) .

BEC APP(s,) + APP(s,) L

w =10, s, FER AR b ar LAAS 2 AN S B2, 1
AR AR 11 —type I HR TGRS 28 3R 4845 | BT A

OPT(s,) + OPT(s,) 2+2

APP(s,) + APP(s,) 2+0

2< u B, s, FEA BRI AR nl(u) SN,
JIr LA

OPT(s,) + OPT(s,) 2 +u+1

APP(s,) + APP(s,) 2 + nl(u)

2

u+3

< (P51 1)
2+ 2
2
u+3 1
:l $2—u+4$2
7(u+4)

OPT(s,) + OPT(s,)
APP(s,) + APP(s,)

.__ OPT(s,) + OPT(s,)
A APP(s,) + APP(s,)

¢

< 2 fHAAT

o

1< o0 B, s, Rl s, 76808 = 2T 7578 — A~ 4h AT
B, 2< o,w <3 HF, s, M, 70 PR AR S
T = U A,

WL o0 3B, s, s, BRSASEABEELLATF .

(v,0)=(1,1): =2,

[\
+
[\

o =
+ o+
W =

(’U,M)>=<1,2): =

W =
+ o+
W N

(v,w)=(2,2): =

[SSIEN )
+ o+
ENEINY

(v,w)=1(2,3): =

FSENY
+ o+
SN

(U,W)=(3,3):2+2:2

b< 0wt s, A, 10 = Gt B R A
AR EE  RIRKIE R v -2 Flw -2 BEBFEL TR 3K
PRI FLRBEERIT N nl (0 =2) 0l w =2) ,FTLL
OPT(s,) + OPT(s,)
APP(s,) + APP(s,)

v+ 1 +w+1
2+nl(v-2) +2 +nl(w-2)

v+w+ 2

< (HRHE5IHE 1)
v—-2 LW= 2 + 4
2 2
__ vtw+2 9 _ 2 <2
1 v+w+4
—(v+w+4)
2
OPT(s,) N o
1$”$3’4$WHT’APP(3,,) Fe R KR 2, il
R OPT(s )
== S A\ w
CEaRR APP(s.) Je] i
OPT(S")_ w+ 1
APP(s,) 2 +nl(w -2)
< w+ 1 _ w+ 1 (1:&%%.'}%1)
w=-2,, L(w +2)
2 2
1
_2_w+2<2

OPT(s ) + OPT(s SR
XPPC + APPCy = 2 TR M
OPT(s,) + OPT(s,) + OPT(s,) + OPT(s,)
APP(s,) + APP(s,) + APP(s,) + APP(s,)

AN r —type T H H A 2 ) 5507 16
A SR B s, 7620 38 5 2] LLARAS AN 4h 48
P2, 8 r =4 AR =R AT LIRS A 4R

Sy Rl r <7 BF B SRRt <2 1T,

M =8 W, B A ILAREE L

r+1 ~ r+ 1 2

= =2 - <2
4 +nb(r-4) 4__'_r—4 r+4
2

it

N

<2 15k,




. 154 - HENEARS R

5 34

g5 Tk, 513 2 A3k
OPT, _
APP,
UEBH . B A v 1 —type I ERS | 76 2 98 —3RA5—A4 4b
4 A 1 =2 TR IR = AT LIRS — A N8R4
S, L <1 <3 B, B AP <2 BA

IBiK]

21 =4 B AN LR RE L

l < l+2-2 _ > _ l <2
2 +nb(l-2) %(l+2) [ +2
L5 BTk, 5B 3 I,

OPT,,

53 4 APP, <2
UERH . 51 # 1 ShEds
- OPT -
EH 1 ﬁ$\2
TER .
opT _ OPT, + OPT + OPT,, (3)
APP ~ APP, + APP, + APP,

? Contig-One-sided-SF-max

HHEUTER(RE “Fin" AI#EMMSHcontig)

2APP, + 2APP, + 2APP,
< —_—
APP, + APP, + App, (TARGIHE2-4)

_2(APP, + APP, + APP,)
~ APP, + APP, + APP,
SCPRIRI IR R A R RO TAE X, ST, D
BICR ZABRE KR ILIL , e R O T 8RS/ X B
TUR,EHEERAS ST hIT R T m i, #E ib
BHIEHAAMAERN ST TR D PotEM L
1, X E OC| x| [SI||[p]) WEl, B LL, 5k
BN O(nml) |, Horb n m 1 3 55046 86 5 A
B WAERY contig BUE: LA KW A48

3 BEEMERZH

5€ ¥, Contig—One—sided—SF—max [1] 5 f¥) £ 1 =X i)
[ A5 5, ] Python 18 5 S0 Tk, 'S
T HA AL B #Y Contig—One—sided—SF—max 7] 5
PRI 3R AALZE HARS

FEF RS 7 s,

- O X

EREEFT G |

HRFERERERS .

s |

we |

"7 BFEZRG

FPTER M AR A G F1 S | fifiifiE 7
RSO A9 5% A 2h 58 ik N A HE QLT OF

25 SRR A RN N I AR R
FEFFRISAAT AN 8 R

# Contig-One-sided-SF-max = O X
REEEFY G | lblcl1234gihijkd4afa2e2 |
HFRAEEERS | caaf *| bed |32 < 241

M G=1blcli234gihijkd4afa2e2

WA S=-caaf-bed-32-241-
BREEE X=g,h,i,ijk,1,1,2,4

LR S=I1caaflbed4322412jkihig

|

PR AR 9

K8 ApiEiTRE

4 LHEFRIE
PSCTHH LT 2T contig 1 BT A 742 [ 1Y
PR AE RIS 1) B, 7 VT e A A ek R R B

DRIASE A, BT R I 5% 28 S Al (T AR A RE IR S
HRETH A WA Z A B XS R |, i T 2 -0 5%
BITCAR A ILARFE IR RE, SURf e T 2. 57 -3 (DB VE G
BERARAY IR, of T3 AL b B I Ak D5 T, 300 7 23—



52 3]

B 55 HE T Contig FY BT & PR 4 HEJRIFUSE 2 - IS vk

- 155 -

WS, A BB W 5| B 2 N IL[R] 2 2] ok 58 % X —

[ JE

S 3k

(1]

[2]

[6]

[7]

[9]

VASER R, SIKIC M. Time-and memory —efficient genome
assembly with Raven [ J]. Nature Computational Science,
2021,1(5) :332-336.

LOGSDON G A,VOLLGER M R,EICHLER E E. Long-
read human genome sequencing and its applications[ J]. Na-
ture Reviews Genetics,2020,21(10) :597-614.

MA lJingjing,ZHU Daming,JIANG Haitao,et al. On the so-
lution bound of two —sided scaffold filling [ J ]. Theoretical
Computer Science,2021,2021(873) :47-63.

LIU Nan,ZHU Daming,JIANG Haitao,et al. A 1.5-approx-
imation algorithm for two -sided scaffold filling [ J]. Algo-
rithmica,2016,2016(74) :91-116.

MUNOZ A,ZHENG Chunfang, ZHU Qian, et al. Scaffold
filling, contig fusion and comparative gene order inference
[J]. BMC Bioinformatics,2010,11(1) :1-15.
YANCOPOULOS S, ATTIE O, FRIEDBERG R. Efficient
sorting of genomic permutations by translocation, inversion
and block interchange [ J ]. Bioinformatics, 2005,21 (16) .
3340-3346.

KUZMIN E, TAYLOR J S,BOONE C. Retention of duplica-
ted genes in evolution[ J]. Trends in Genetics,2022,38(1) :
59-72.

AR RTE RIS BTS84 1 5w ik R 4 R B
HOFE ) AR 52 o e [ J). SF 8 AP0 5 8 4, 2021, 38
(12) :1-6.

JIANG Haitao, ZHONG Farong, ZHU Binhai. Filling scaf-

folds with gene repetitions; maximizing the number of adja-

[10]

[12]

[13]

[15]

[16]

cencies [ C ]//Combinatorial pattern matching. Berlin:
Springer—Verlag 2011 :55-64.

JIANG Haito, ZHENG Chunfang, SANKOFF D, et al. Scaf-
fold filling under the breakpoint and related distances|[J].
IEEE/ACM Transactions on Computational Biology and
Bioinformatics,2012,9(4) :1220-1229.

LI Chunliang, XU Qinye, JIA Handong,et al. A polynomial
time algorithm for a class of contig—based two—sided scaf-
fold filling[ C]//2020 2nd international conference on vide-
0,signal and image processing. [ s.1. ] : ACM,2020:85-90.

Ml W, Ak R AR SF. JE T Contig (1 BRLTET S AT 24H
BRI [T ], THRALEC AR 5 & % ,2022,32(11) .
8-15.

JIANG Haitao, QINGGE Letu,ZHU Daming, et al. A 2-ap-
proximation algorithm for the contig—based genomic scaffold
filling problem[ J]. Journal of Bioinformatics and Computa-
tional Biology,2018,16(6) :1850022.

TAN Guanlan, FENG Qilong, MENG Xiangzhong, et al. A
new approximation algorithm for contig—based genomic scaf-
fold filling [ J]. Theoretical Computer Science, 2021, 2021
(853):7-15.

BULTEAU L,FERTIN G,KOMUSIEWICZ C. Beyond adja-
cency maximization :scaffold filling for new string distances
[ C]//28th annual symposium on combinatorial pattern
matching (CPM 2017). [s. 1. ] :Schloss Dagstuhl-Leibniz—
Zentrum fuer Informatik ,2017.

MA lJingjing ,JIANG Haitao,ZHU Daming,et al. Algorithms
and hardness for scaffold filling to maximize increased duo—
preservations| J |. IEEE/ACM Transactions on Computation-
al Biology and Bioinformatics,2021,19(4) :2071-2079.



	
	页 1
	页 2

	
	页 1
	页 2


