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Abstract

Gene sequence rearrangement is a classic combinatorial optimization problem in computational
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biology, which aims to transform a given sequence into a target sequence with the minimum num-
ber of substring reversal operations and plays a crucial role in deciphering the mechanisms of ge-
nome evolution. However, this problem is characterized by NP-hardness, making its solution ex-
tremely challenging. To improve the efficiency and quality of the solution, this paper proposes a se-
quence reversal solving model (HBM) based on a bidirectional Monte Carlo tree and a hybrid greedy
strategy. The model first compresses the problem scale by preprocessing to remove matched prefixes
and suffixes; then adopts a hierarchical progressive solving framework, sequentially using bidirec-
tional breadth-first search to obtain an initial path, activating a hybrid greedy strategy when no
solution is obtained, integrating five heuristic metrics to dynamically select local operations, and
finally balancing exploration and exploitation through bidirectional Monte Carlo tree search to ac-
quire high-quality solutions. Experiments on a specific DNA sequence dataset show that HBM out-
performs existing methods in terms of reversal path length, time-quality cost-effectiveness, and so-
lution quality stability.
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2. RBIREXEILNTA
2.1, BikEREL

BORAGITHI P = (P, Py Py) s HARIFHIQ = (quqz, -,qn) Hrp,q e{AT,C,G}. RIFEHAEREX
NRFFIF TR j(A<i< j<n)KTAEF. B rev( )=(Purees Pigs By Py Py Py By ) » S
rev(i, j,-) FoR iR |ﬂ%ﬂ5@fﬁ¢7y}i%fa&1’ﬁfﬂq,oz, Oy, L
rev(0,,--- rev(0,,rev(0,,P))-)=Q. H k.

ASCHR ) HBM BERSR A 73 J2 0t UK, B8 FACELZ . XA IR 42 /2 (BBFS). IR & X
2 AR SR RIS R JZ (MCTS) YA DA, AR FES ) A e R . IRAL R B
PAT B BER LA IR, SE R R A T . R AR I L% 1.

Ga)
Input Sequences

Preprocessing Layer
Remove matched prefixed and suffixes to reduce problem scale.

Actual processing length = Original length - Prefix matching length - Suffix matching length

BBFS Layer
 Bidirectional search (forward from start sequence P/backward from target sequence Q).

® Depth limit(dima=(n"-Cma)/2),where n' is the length of the compressed sequence and Cuay is the maximum occurrence count of a single base)|

o Intersection detection of search trees.

as a path been Yes
found?
No
Hybrid Greedy Layer
Fuse 5 heuristic metrics (Position Matching Degree,Inversion Count,Breakpoints,Incresing Subsequences,Continuity Enhancement)

+ Dynamic Weight Adjustment(stage-adaptive weight + effect feedback weight)

1
MCTS Layer
Bidirectional trees (forward/backward MCTS trees). Selection-Expansion-Simulation-Backpropagation loop. UCB exploration + greedy heuristic.
Lightweight greedy search for simulation (retaining only Position Matching Degree and Breakpoint Elimination with equal weights of 0.5). Reward calculation logic based on simulation results.
1

Path Splicing

Splice partial paths from BBFS, Hybrid Greedy, and MCTS layers to form a complete reversal path

Output Result

End

Figure 1. Model flow chart
1. RERIZEE

TACERJZ: F T JRUCHC R, AT T 55 bR 0 a4 LTS 2 AGR /N R IR . BEP 4K A
n, ATARILALKEEN 1, = max {K|py = ¢, P, =0 | » JEERICALKEA |, = max{K| p, 1 = Uy 0o Py =0} »
ﬂﬂ%ﬁﬁ%k@ﬂ’]??ﬂﬁ&jﬂ n=n-l -1 .

BBFS JZ: M P #1 Q A /E SR EEBR MM B RS 4 R, MG RN T, MR RN 7, , #
ZOFE P EY BRI . S EE R ANEHIES T, TR HI AR5 K 5D & N
N —Cro (Coe AT B B — B ) B A VR ) [14]0 T BBFS KHIXUA MRS E i, dahng 54

i%%ﬁ%ﬁ&ﬂ%%ﬁ~%k&%ﬁ%,ﬁ&ﬁ#%ﬁ&%%kﬁ%%ﬂﬂ%%ﬁﬁoﬁ&%ﬁﬁ%

AR EAE PR, BRI s e R SN “RRUREE” SO R A R IR S R AR R AL
e oRll e

DOI: 10.12677/hjcb.2026.161001 3 TR A


https://doi.org/10.12677/hjcb.2026.161001

g 5

RAETULZ: 2 BBFS JZEY IR LG Bl A AR ACHENT B 3), BEAr EVCHCRE . 074, B s 4.
I T RO SR G SR VA, I A BE A A R A VI R AL, DU e A R e R A, N
MCTS ZHAEHI 161 -

SRFRIBMERZ: BN OB R R, 454 UCB HZEMNE[15] [16]f1or0 8 k51 5, it
“CUEFE - R - L. - ) PRSP AR IR R SR, EUT R S RS g
NI R B AR AR FR R

2.2. BBFS &%
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Figure 2. BBFS layer schematic diagram
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Fourth:Increasing Subsequence
i
12,8 Historicat Performance Based Weight Distribut
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Selection
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Figure 3. Hybrid greedy strategy layer schematic diagram
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Total Score(rev) =" , (t)-r,(rev)

rank,, (rev)-1

Hrr, o (rev)=1 N (rank,, (rev) Jyrev 7E R, HiHE4).
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Figure 4. Bidirectional Monte Carlo tree
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3.1. SCIOHURE
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AMZOYELEE, K HBM SALEIVCHLEE . Wit bR EELR MR of . 0P B0 RP L G0 R R R IT X EE, B
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REEKE = 5 REEKE = 6
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Figure 5. Reversal outcome diagram under different strategies
5. FEREE THIRELSRE
Table 1. Comparison of average number of reversals under different strategies
= 1. FEIREE T R R EE R
Methods 5 6 7 8
o B VLR 226.90 237.64 291.95 342.04
W7 sV B 10.02 10.25 11.01 11.01
B 5 454.49 494.95 635.74 463.21
BULNS 13.96 14.31 1551 15.01
HBM 7.96 7.95 7.91 8.27

GEVHE LR S SO BT AS [ SRS (1 2 S e kBl 4 ARG ED B I, HBM P24 S B B L
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8.95 . M A KESRTI N 8 If, HBM WP S R BUR BRR fE my th 0.27 I, AR Gt 000 SR W 1) (s 22
TN, NIRRT T30 S RS R b L3R 1.

2) IFIA] - BT R LE(QTR) XY b

i ] - & L (Quality-Time Ratio, QTR): &5k “ SALTHE R [ M- FHR R E AR,
O N RIETE T FE AL AT, oA gh IR m) BRI D I B R REE, MR R 5
ISR B SGRR R AR, AN

1_ Salgo

Sopt
QTR = —*-x100%
algo
Hor, S, AEEEH KRB, S, AR TR P B LR (BRI S0 SOBL UKL, T, AR SR SR AR 4.
[ —BVEAEAFREA BB QTR Beahith N, UiMRIEALE “BIE - i P47 ERRIERE .. SHEEM

QTR A B Wil 6 A
-100
—200 1
1l -300
o
=
153
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=500 A
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wan edY edY edY edy
ositio” . ea\\’~$‘°l“")t o ‘,\t'\\'\“‘.‘t e N n\tevs\°“ we
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Figure 6. QTR results under different strategies
6. FEIRMETH QTR &R

MEE KN KR, HBM (1) QTR AME L LA G 0O SlE FIME R, X EWRE HBM f 54 o [ py S8
(AR AR T AR FAE i on. 0ok ns s MRRGE MR, HBM [N X (8] /N, A& G5 000 B92% 1A 9 0 s 4
K, XZHEA HBM BT EE R 465 4 JZ 48 ZA L A5 25cds il sy ) a4, e S A B[] 10 SR AR UA o

3) AHX i T B AR E 1 (rSQS) Xt
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AEH i 5 A 5E P (Relative Solution Quality Stability, rSQS): i & 5y 7E A A [F REAS I, g5t B (P
G A AR B SRS, T VP AR A Z B IS RCRE /). AR ARE MRS, BVAAEA AR AR 2
IRl P 1) L () it IR e Bl T %

1 1 vali
rSQS = S_ \]N ziN:lld (Salgo,i - Salgo)

algo valid

Hodt, Ny R RAEALL, S, 0, RFNEES | NAREEA L i SBREL S, —RFIEERTA
AREEAR LR BB BBV, R AZR R e Pl . #5551 rSQS BB Es Ran 4k 2
I

Table 2. Comparison of rSQS values under different strategies
F 2. NEREE TR rSQS EXTEE

Methods 5 6 7 8
(AN 1.500 1.487 1.806 1.065
W7 SV R 0.169 0.162 0.133 0.119
TESLE R R 1.583 1.673 1.554 1.871
LIS 0.222 0.200 0.133 0.119
HBM 0.085 0.081 0.072 0.066

HBM [f] rSQS EE IR S IRHBON 5+ 6. 7. 8 IXINFEA LI/, IR TAL G T 0 SRl . XK
] HBM FRX ) 25 RV 0] Bl AL 1 5 3h 2B 570 SRS & AN [R5 81 S5 F AL, RE B T g%
il gk 1R 5 o

3.3. BEHBRS

NEEIE HBM R OB SO SRIB L RE RO, IR S RO B S B, A7)
SR ENG DA R o o IREEFRIE T UCB MZTO TR £ o BN [IH L
PrHnBET y AR S E, B R R NI EUR D . seirh, BE S HBONEMER, 725
FE 4 S AU SR UE X TR A B BRI AR, IR TUB S B R R MR RE KR ka 5

3.3.1. BE¥ o« HBUESh

Table 3. Performance comparison under different o values

3. TE a THIMEREXTEE

o A YR AR QTR rsQs
0.1 8.72 -2.76 0.102
0.3 8.01 -1.36 0.093
0.5 7.94 —0.65 0.084
0.7 8.02 -0.39 0.076
0.9 8.67 -0.69 0.101

HZH o BB BERL] T BOE M E 5 RO SR AP R 8 HBUEERIN[0, 1], #%
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g 5%

O R T R AR B BOG RC R 1 SR S B AR F 2 (o = O I URAICR S BT, o =1
I UK BOE AL ) S H T I REXS Bk 3 Frm

Ha=05N, PrGRIR-FYREBEKERE: Za=07H, FISEK QTR {H5 rSQS EHA Nk
o Ha<038a>07H, FHREHDKE. QTR EHS rSQS (¥ 2Bk, RUIBE KM IR
W% 325 1245 ORI B ) T8

3.32. @E&H p EROH

HSHL B IR A IEFERNE P UCB R BRI o008 R 20O, BUETEREAI0, 1], #% O fE
PR S RIS M R P IR R R E 5F ) QA2 3R (8 = 0 UK EE UCB £%, B =11Y
Wl oA &), ZBSECT IR LR 4 FioR.

Table 4. Performance comparison under different 8 values

F® 4. NFE p THIMERERTEL

B BUE P SR AR KR QTR rsQs
0.1 9.85 -3.25 0.135
0.3 8.57 -2.92 0.098
0.5 7.97 -1.27 0.085
0.7 8.05 -1.53 0.074
0.9 8.96 -1.97 0.121

4 B =050, F3RIR-FH R K R R QTR E&RME: =5 A=07 I, FifFHIH rSQS (¥
M. FEHARE S, RSN ZSHE /D& B SRR 2 T R BRI, TS
BEE M K & B T 17 50 A B A AR AR K N

3.3.3. BS¥ y WHRBOH

S H y IS L] P R 7, BUETEFEN[0.5, 0.95], #Z0 A IR 5 ILER 42 b IR
T R AR TR (RO 1, BRI By ), BB IR A) . S HCT R
XFEL I 5 f.

Table 5. Performance comparison under different y values

5. TRy THYMEREXSEE

y BUE VI R K QTR rsQs
05 8.53 -2.55 0.097
0.6 8.21 -0.73 0.090
0.7 8.02 -0.96 0.086
0.8 7.94 -0.23 0.073
0.9 7.95 -1.74 0.089

Ly =081, FERIN T MK R H QTR (H5 rSQS ¥l . RUTDUZME NIREN AK
AR5 R A AR U L e S, IR L 3 R B VR Y R R 2 SR AR R B KA
IR AR, SCRE Gt FETRORIR BT (K 4 Jaly i 3 B Al B 22
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X 55

4, &Eip

ARSCHE ) HBM B TE PR PP 471 i 2 SR X — NP A o) /1 SEB T RGvE QT , HOOAE T T
— A RSB FIRARMESE, IZAE GG AL DM E B2 5T TR S E oG, AR T
Ak BEATL A1 s 246 ) RRUORASE, - R T BRSO S e R e R TR, R BBFS #HT & RIRIEMZR: R
ARAE, DR ShEh GBS BCE R B IR & D0 S, R IR R R IR AR (L B IL R . P4 Wi, iE
W Res ESAEE R R B (R CPEHRR . RIS B NG, A RO R S A D
BFs fe, IR S RIS MY ROV Re A, X b R S @ WIRD ALY 7RI,
I8 B AR IR 5 HHEIAL AR

FERSALL DNA JP 7 EE 4 B sEIe 2 RN, HBM BAUMAC T 408 R A0 e il e mie . B
W, AR SRR K B O R A (e, ELOCFA B [ M P 1 Iy @ 2 3 AEAT R ARG
SEARARIN [E) - FUENEGT L QTR LRI H e A s AR € Mk rSQS iz T-x) LAk, iiE
AR R BEAT ROE FC AN R 7 S S5 RS E, S BB B/

R HBM 8 CUUS RUF AR, AR AT R DT 1] JE St SRl S0 T RCE ML 20 Hid
FIAAL, SRBAGIAE B A e A 25k (AR 51704 K a1) ERIZAGRE 71, JFHESh AR 5 H S B R
2H EE HRRO 45 A RO BT IRAIE,  DAIRAG AL T A S U ) S AR
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