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Abstract Sequence alignment is a classical problem in biological sequence analysis, aiming to find out the similarity
between sequences, which is of great significance for discovering functional, structural and evolutionary information
in biological sequences. The problem can be divided into two categories: pairwise sequence alignment and multiple
sequence alignment. The existing work is focused on specific algorithms, and no general solution is designed. In
addition, there are few researches on the trustworthy of algorithms. By deeply analyzing the properties of sequence
alignment problem and describing the essential characteristics of problem solving, a unified construction framework
of sequence alignment dynamic programming algorithm seqAlign is designed based on the problem formal
specification and formal method PAR. The process of constructing a multiple sequence alignment algorithm with three
sequences by using the framework is further demonstrated, and the constructed results are formally verified by
Isabelle theorem prover. Finally, the C++ executable program of the algorithm is generated by the code generation
system of PAR platform. The process of mechanized construction of other sequence alignment algorithms using
seqAlign framework is analyzed. Through strict specification refinement and formal verification, the reliability of the
generated algorithm is effectively guaranteed. The developed seqAlign framework provides a general solution for the
class of sequence alignment problems, which significantly improves the efficiency of generating sequence alignment
algorithm families. The successful application of the designed seqAlign framework to sequence alignment problem in
biological sequence analysis can provide a reference for the construction of highly reliable algorithms in complex
bioinformatics field from the perspective of methodology and practice.

Key words  sequence alignment; PAR method; formal construction; Isabelle theorem prover
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1 & PAR [ ] S 50L T AR ]



122

HENR SR E 2025, 62(1)

2.1.1 AL

¥ 3 R R R T 0 R 3 AP R B 1 R —
& (AR A 43 AT, A5 21 (]800 8 B A2 58 2 25 1l
FL LK A6 R X Radl B 24 247 KS f0 4 5, 45 32 n)
SR St 51) 35 HE G 22 R Radl 803, DA% 28 IR
() 5t — k) 15 HE B 5 5 3 20 AR 48 48— 440 3 HE 20 Fl e 2
A8, M ALY Apla SRR .

A SCH Rk g - SRR ERX (06
(i) f0)), BRI SR TEVE (i) b X oK 8 A AT
i O XN Y g iz ST AR R AE . B B A e
MAX F1 X, % [ {432 5k max Fll+, 53 5 R oK ek
BRI SR . IR S ] B BT AT A R 24 A A A AR 4,
DA 48) 55 [m] UK fige i SEABL PO TR T4 T O 2K b BT
FH B PE 5T

1) B—JL il (Qi:i=k : fi)) = fik).

DL (i :r() D) = (O i : (i) N b(G) : D))
q (Q i r() N=b(i) : (i), Her b(i) S A /R FRIE

3R EE G (Qi () : i) q g()=(0i:r@):
A) g (Qi:r@): g()).

OHFEEE: Haga=a, WHKBE g EREN.
ST REREE g, A (Qi:r()Vs() i) = (Qi:r(i):
SD) q (Qi:s@i): fD)).

2,12 BIEIE LS E

) 3 T 0 1) R P T R UE B, R SR A 4 1
PRI 55 T vk HOREIE B R G B T A AR AR, TR
RE YR T B 4t 1% . 08 1 DR AR 3 1) % 2% 56 4 1B 1
), 3055 X AT AR k. A, 38 O R T IE R
PEUE B, 8 AT IR X R T A B

¥ Floyd I3 44 K 7 75 1% ™ #il Hoare /> B R 4t
J7 Y S A S R T+ 43 FRIME, 1T Dijkstra f
55 11 BV 1Ak DA SR i 59 AT IRk A3 v (e
=50 B S . R, A SC Pk BR Dijkstra £
55 A7 B I 1A W IR Apla B2 5 B0 1E AR . 1% 07 sl
T BUE 5 A AR UE BHAIE 20 5 A 1) JE A

1) Qo => ps

2)pACi=>WP(“S” .p).1<i<n;

3) p A=Guard => Ry;

4) p AGuard => 1 > 0;

5)pAC; => WP(“Tl =1.8" .1 <‘r),1 <ign

Hrp, 0, WHTEWIT, R, MG BT, p G
AR, ¢ I REL, C RS, 435 R AE IR S 43 S )
5 H R BRI, Guard 3 BT A 4332 C, HIFTEL.

Isabelle J& X Hii #% ) 72 {8 FH 958 B 3 BUE BH 4%,
T F TRUE, [ oh 40 B A AT 580 0 . AR Sl

H Dijkstra 5z 55 il & 18 i1 3%, 37 LA Isabelle 12 B iiE B %%
FOIUEW] BT 15 Apla B2 PP 09 E 8 R R T A B IE S5
iy AF Tsabelle 1, i FH AR (I 1 2l Uk I 55 i Uk 1.
2.1.3 AR ATATRE Y

PAR V& 4 & RAVE T A LR &, 7 LA
% Apla P ¥ [ 8 2E B C++H/C#. Java 25 0] PUATFLIT .
i AR 7 A2 AR e, v B B S5 19 Apla B2 7
i 2 L2 VAU E R 7 R R S5
2.2 F5ILb 3t DP & kA S —HIE HE SR seqAlign

XL, 4347 40 LR T 0 0 M o, il 52 o 3 [ B
2y, B RS B G &R, IR TF R ¥ 91 L DP A
2 1 58— M 3 HE 42 seqAlign. H1 T 41 He X 19 3 & 3K
Bk H B9 23T Ui, B seqAlign #E 4R 2 1 ] 15 3]
H 10 fiek 1) DP B39,

22,1 JP A HX [

KU 51 e % H 22 15 4] O T 23047 7 S e, 9 2
Z 5P 5 H i T R B — i L R, A4
e EAG B R AR XS 13 3, DLOR I E J7 81 Z 18] 1Y
ARABLAE . U 81 Be X [0 JE e 22 5 L B e 510 20 H o 2,
Z 75 X R 2 5 R RSB E KT 2.
Z R X5 R 2 5 T 0 F 50 80 B B0e] R X
&[] 72 0 g — 2 [ e

WE kNS5 TS, Kb k A/NT 2,751
R IT R AT LA 4 R IC I J7 5K DEBE match, 4275 T
smatch., ¥ BC nmacth F175 B space, 535137~ 2 DA
MICERIERL ., 2 425 DL AL, 2 A AHTE A9 JC % VL AC
I 1 AP A thoT R 528 PR, B b T RC Jr X
L — U 53, g5 H P B 5 o0 KLU AT 2 Fofre A fE 7 A
AU 555511 3 B AL, AN (] 6 553 R0 D00 %k 1 A ) )
FUAHRLPE VI BR . S 1 S b SR 7 4 3 i R, AR S
el T 1 i1 23 B, G0 s

match =1,
smatch = 0,
sc_rule
- nmatch = -1,
space = =2.

IAEAS R HEE 1A JC R I NFTAE R VS RC, B
AP I B ICR AT ICECE, X 1R X, T
343 2R B R OT 2R DG JE X I 14 53 43 2 FL 81 HE X Y
I 2 H 2 7R BT A AT BE /Y bR O A5 3 i K
HEXS 4553
222 HEAERMZ

JF51) T Ta) A AT DA IR i A & 55 (k=2) 751,
790 rhdi AT DL #7 RO I =S A, A 450 8 )
5, B BEARSE, MR A % 5% 09 75 b 4 i e R i 4



AR AW L 3 2 R Bk i g —

AL i 5 Tsabelle B 3iE 123

. X B H seqList R AT IVES, H ny, ny, -,
n Y RN S 5 O &k 4790 0K BE . B 47 51 0t
FF 0T LA SR — ZR A B0t 55, B4R 5 EE 4
RAF IR IC R, B AR A, (AR ITA 1Y
FEANER AL 2 0. 8] 2 JB R T oA [A, C] [A T, G, CJ,
[A, A, C]3X 3 457 51 1y e v —Fo e} 55 4

0 1

1 2 2

U \’A. \’A\/#. \A\\#\’C.
\—».-’\A.—HA\T.—WA\T\G.
{j \A. \A\#- \A\#\A.

CJwewrs () ermez @) sz

Fig. 2 Sample sequence alignment procedure
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Fig. 3 Example of rule 1
FL3 HU1 Rp
T RME TSR SR R, X RN &
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B [C)y Coy =, C] AT RIS 57 2k BE 2R — %
FFIE R R BB NS, Mm, = 1B, C, = seqList [u][i, + 1];
Ym, =00, C,="# . 0, 1§ 2 557 — 25 551 X
FF, S8 M FFHERE (2, 3, 2) B (2, 4, 3), WX — L[ B
Y% 55K [#, seqList[2][4], seqList[3][3]], BN [# C, G].
AT L EDW A Y, 3 80 0 6 5% 0 R R A T A X 5
(B, TR 20 B X 5 118 23 (B 22 A0 AT AR 41
X454 LA align(seqList, iy, iy, ***, i) ¢/ W) IR X 55
BEFE (0, 0, -+, 0) BIZC AL XS FFRETE iy, by =, i) FIVAT i
AEFLIN T AL 2 A X 5 AR, FRATTAY H A I AR
JL T DR A X S S R A L X A 43 R R R E. A
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Specification: SeqAlignment

[ in: k:integer; seqList:list(BioSeq(enum), k); len:list
(integer, k) out: ms:integer ||

AQ: given seqList, k=2;

AR: maxScore(seqList, len) = (MAX csics €
align(seqList, len): (Xsgl: sgl € cs:sglScore(sgl))),
k:rule(sgl[i], sgl[j1)),

match,chl = ch2 # ‘#

rule (chl. ch2) = smatch,chl = ch2 = ‘#’,

nmatch,chl # ch2,
space,chl = ‘# veh2= ‘#.

HH BioSeq 23 A11 A & SCHIZRTUHRY 1, HIRAT
fift 2E W) 7 5 R ERAE AR W) P 50 R A v A 3 A O ik,
PRIEX rule F1 sgiScore 43 B 115 W PR o6 28 F1ER 51 X6 5%
1% DE TC 70 {8 A5 5505 A Al 3 72 oy, W1 LU BioSeq
R rp i 75, SR S 1 ml R R (. 5T 4
T BioSeq W 5E SUMIL R 3 A J5 i iy g 3k

sglScore(sgh= (Zi,j:0 < i<j <

define ADT BioSeq(sometype elem, [size]);
private BioSeq=list(elem);

function rule(chl, ch2:character):integer;
{rule=ch1="#" Ach2="#? smatch:ch1="#'
veh2="%"? space:chl=ch2 ? match:nmatch}

function sglScore(baseList:list(character)):integer;
{sgiScore=(X i, j:0<i<j<k:rule(baseList[i], baseList[j])}

function calculate(flag:bool; score:integer):integer;
{calculate=flag ? score:INT_MIN}
enddef;

Fig. 4 BioSeq component
&l 4 BioSeq i

& 4 sometype & 1fi 12 # S 8, w4 W) ¥ 51
RYIC RIS AT L AR, size H AR SHL, A TR T
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— AR dnaEnum=[ A, C, G, T , ¥z 8%
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align(seqList,iy — 1, i,y —1,i; —

score(cs U{[i, **

score(csU{[#,*

Iie1, ik — 1)) : score(csU

1): (Zsgl: sglecsy
(MAX cs:cs e
1,0 — 1)) 1 (Zsgl: sglecsU
{[#, =, #,0, 1} : sglScore(sgl)))) =

[FEHI 2]
max ((MAX cs:cse
align(seqList,iy — 1, i;_

{lir,*e iier, il} = sgLS core(sgD)), -+,
align(seqList,iy, "+,

=L —1):(Zsgl:sgle
cs: sglScore(sgl) + (Zsgl: sgl=[iy,**
(MAX cs:cse
1)) : (Xsgl: sgle
cs:sglScore(sgl)+ (Zsgl: sgl=[#, -, #,i;] :
sglS core(sgl)))) =

[ FA— L ]
max((MAX cs:cse

el
sglS core(sgl))), -,

align(seqList,iy, ", i1, iy —

align(seqList,iy —1,**,i;_—1,i;,—1): (Zsgl: sgle
Sy i),

e, k= 1))

cs . sglScore(sgl)) + sglS core([iy,**

(MAX c¢s : cs € align(seqList,iy, "

(Zsgl: sglecs: sglScore(sgh))+

#,00,#,01])) =
[ PRERZE & ]

max ((MAX cs:cs €

align(seqList,i;—1,+*,i,_,

sglS core([

—1,iy—1): score(cs))+
MAXcs:cse
1)) : score(cs))+

Sglscore([ih ."7ik—lsik])’ ot

align(seqList, iy, **,iy_1,i; —

#e i) =

max(maxS core(seqList,i; —1,**,

sglS core([
b — 1, — D+
7ik—]9ik])s o

o= 1)+

sglS core([iy, "
maxS core(seqList,iy, "

sglS core([#,**,#,i;])).
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k
ARHEF SRR 55 R > CIATF Il . piy i,
i=1
AT LS ) 7 90 L 1 80— 5 290 30 D 32 1 5

maxS core (seqList, iy, iy, i) =
maxS core(seqList,i;— 1, i, — 1, — 1)+
sglScore([iy, **, ir_1,ix]) >
maxS core(seqList, iy —1,**,i,_1 — 1,i,) +
sglScore([iy, > ir_1,#]) ***»
maxS core(seqList, iy iy — 1, iy — 1)+
max (1
sglS core ([#,iy,***,i;])s ***>
maxS core(seqList,i; — 1,0y, ", i) +
sglS core ([iy, #,*,#]) ***»
maxS core(seqList, iy, **,i_1,i— 1)+
sglS core([#,,#,i,]).
it ) g8t 53 J i 1 A 1 IR, X 5 O R v
AR A R AEOT R K BN AR/ T 0. BT L, R
- [R]85 55 3 B R A T A AR A BN T 0, IR 4
XA F 0] UK AN AETE . A SOREAS A 7E /9 5 0] 38114 43
{8 1% B A integer 2R A B9 e /IME, I HAB LI X A3
AERY calculate PR EULEE WL B BioSeq ¥4 1F H . #R ¥5 38 &
R T 43 00 0 38 4 OC R, BV AT R 3 S AR R A L
Xof [R) R 4 8 — Radl SR Al 5125
&% 1. seqAlign.

*, I;:integer;

|[var k, i\, iy, **

score:array(0.. n,, array(0.. n,, ***, array(0.. n,,
integer))); seqList:list(BioSeq(), k); 1|

{AOAAR}

begin:i; =0++1Ai=0++1A A =0++1;

termination : i, =1y, Al = Hy A *** Ay = g

recur: 2 (1);

end
224 JFRPEHAZEX

SCHR [38] 45t 7 AR RO A8 2R e S, BV e
8 B A vh BT A 706 142 i i A8 A IR R DR AR AT
i J5 #0 A L V8 1) B R 10 BR AR 0 B R AR XL
b, D PR AR B E SO AR PR A b, AR B O PR A 1Y
AT AN T i A 78 A 0 A

75 2009 Radl Bk AT UA Y, LA k21
B, AR P A w SRR, ARG BN 0 R BLAS [F)
By 15 38 AS 28 X AR 18 ms 77 i maxScore(seqlist, i,
by vty ) WOMEL, IR A PG IR N0 i A A8 8K 4, iy, ooy
Hms. B Je o3 O i SN2 G IR, BB G R AT & A7
PR AZ Sy iy Flms, HABAS 7 55N RIEFRTEC, B
TCit e A0 28 B AT 2R — 25, B A6 )2 18 AR AT
At AR 2 (A #E R 0. 1 28748 B oms MU (E IR 24N

(MAX cs: cs = align(seqList, iy, iy, ***,i;) : score(cs)), &
AR B 0 R AR L R [0, ny ], A O PR AR o A AR
AR, HITE TRDRS i s, BDAS HH AN 2108 B B9 76 3R AN
Eiﬁ::
ms = maxS core(seqList,iy,iy,***,i;) = (MAX ¢s:cs =
align(seqList,iy, iy, **,i)) A0 <i; <ny).

() L, A i AR A R ER A AR 5

3 HHITR

FEiE FHAEZE I LAY b, LU A 3 2R)F 9 2 )7 51
O Ry 5], A8 35 1 3 L6 3RV Y Apla B i B8 ik
FEIF BB ARISAIE, A2 B 7T 46 1Y CHr] AT AR 7
3 =EFIIENEERFER

2.2 95534 1 e B X ) g PR B, 45 3 T A
L %o B89 B BT — HA) 3 HE 22 seqAlign. B 15 B 7 5 B
3T B L X SR R 3B A OC R, R R =3 AUA
seqAlign HE 4L 1Y 326 #E ¢ R

maxS core(seqList, iy, i,,i3) =
maxS core(seqList,i; —1,i,—1,i;— 1)+
sglS core ([iy,is,13]),11,12,i3 > 0,
maxS core(seqList,i; — 1,0, —1,i3)+
sglS core([iy, i, #]),i1,io > 0,
maxS core(seqList,i; —1,i,i3— 1)+
sglS core([i}, #,i5]),i1,i3 >0,
maxS core(seqList, iy, i, —1,i3—1)+
max o @)
sglS core([#,1,13]) 12,13 > 0,
maxS core(seqList,i; —1,iy,i3) +
sglS core (i), #,#]),i; > 0,
maxS core(seqList, iy, i, —1,i3)+
sglS core ([#,1i5,#]),i, > 0,
maxS core(seqList,iy,iy,i3—1)+
sglS core ([#,#,13]),i3 > 0.

FIEFFRIE OL, 2 4y, iy, iy 58 O B, RBP4 Fr b T
7 81 E R w0 4 AR A, XF 5 #E BE Ry (0, 0, 0). S ET,
maxScore(seqList, i, i, i) = 0. ¥ — M I 1 AR K45 DL
454, IS E R 1Y Radl 595

&% 2. mulSeqAlign.

[[var k, i), i,, iy:integer; score: array(0.. ny, array(0..

n,, array(0.. ns, integer))); seqList: list(BioSeq(), 3); 1|
{AQAAR}
begin:i; =0++1Ai,=0++1Ai3=0++1;
termination : i; = n; Aiy = ny Al = ns;

recur: 70 (2);
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end 2) ms = (maxS cores, s;s3ijR) AN <iAi<n)Ai<
PEAARZE LU ny ==> (maxS cores; s,s3 (Suc i) jk) = (maxS cores; s, s3

ms = maxS core(seqList, iy, iy,i3) = (MAX cs:cs =
align(seqlList, i, i,,i3) A0 <i; <np),
ms = maxS core (seqList,iy,ip,i3) = (MAX cs:cs =
align(seqList,iy,i,,i3)) AN(0<i, <ny),
ms = maxsS core(seqList,i,,ir,i3) = (MAX cs:cs =
align(seqList, i, i»,13)) A (0 < i3 < n3).
R 48 75 1) A 326 4 5C & 1 Radl 3% DA S AR AN A2
2, Zeid A SR A A, T AR SEMAS B E T BioSeq FA1F
45 1 Apla fl 2 B FE Ty . 38 o % 2SRRI
UE TP 41 LU X Apla 5505 TR ¥ B I8 1. BR TR, X
B L5 HY X RV 1) F2 A eR L matching, WNE S BT
3.2 ETF Isabelle 9 B 3L I HE
A1 2 — 4~ #5719 FE multSeqAlignment FH T 7% 3C
h Apla #2 77 BJE X ALIE BT, R0 44 5 22 5 S0 44—
2. i T Isabelle [ 7 ) Main BL& T 41 & T A SCHTH
Y list 28 AL, #05x BLHH 2] import 5] A Main B
W B AT, fff A definition DA & fun iy 4 & S 4 3¢ &R
maxScore, AT HN rule F sgiScore, GNIE 6 i 7s.
AR S 3 B 81 O A R R AR 3 )2
A, A B v A 3 i 5 A RIS 20 B U R 8 e A
3 B Y, i HUF IR B OBUZ A6 B 00 O A R B AT
Dijkstra fz 55 HiI & 18 18] 7% iE B IE 5 0 1) 19 IE 8 1, 4%
BUPE IR A B P IRANAE 3 p RIS PR o 2 A, Horr
Apla 2 7 i 6 #1728 3 2 i 2 SR A OF HL7E B304
. J350, 3 JRPRERRS R AR KR AR AT A g — iy + 1,
my—iy+ 1, ny—is+ 1. 3T R, B B UEDE PR o Y
S FAFIE AR
Di=0Aj=0Ak=0==>ms=

(maxS cores, s,s3ijk) N(O<iNi<n);

(Suc i) jk) A(0 < SuciASuci<n);

3) ms = (maxS core 515,531 jK) AN(O<iAi <) A—i <
ny ==>ms = (maxS core s15,53n1 jk);

4) ms = (maxS core 515,53 jK)ANQ <iAi<n)AiQ
<n==>0<n—-i+1;

5) ms = (maxS core s,5,531jK) AN(O<iAi<n)AiQ
<n==>m-i<m-i+l.

iR 5 51 AT LU A Sl W] T auto H 31H
figt UE W] H b5, 2 6 by auto” iy 4> HlV AT 5E B IE ],
L FRHIE BR 75 4236725 8 T “No subgoals! 7, 75 5 %
1P POEPIZ R Y.t T 3 B AIEN I e
B, % BN 2 s 2R )2 A B AR 22 R TIE
W, 0B 20 A 22 SO7E A 20 R AT AT Je L A 2R R AT
AR O L, IR 1A LAY Apla FEFE Y TE A
3.3 AHITEFRBER

1 i Tsabelle % #iE B 2% 5 0F Apla 816 72 7
M IEA P 2 J5 , 384 PAR V-5 Y Apla— >C++F2 7
AR GE, LRI T R CHAR ).

N T O AR AR o O X RATERTIR = )%
F X 5L Y Apla B2 5 RO SR Gl b, A7 i e A4 HE X 7
Y B — B DR IC, FE AT Ha s f £ ot Jr Y
B TETHE Y X 5 2T (6, k) B9 5 K X A I
75 30 fe KLU 43 04 R IR 2 T LUBA 22 19, o 5t 02w — K
08 5 E BE . PRI, BN A5 B de A b O 2, R
T35 A — A X 5 2 BE 09 05 R L A i, (i — 4 3
AR path K ARAF e K LG4 B9 R UR. B PE T 1 AT,
=P 5 L X de K M A Wk R AT REAR 7 R O, BICKE
path H G WAE L FI B {0,1,2,3,4,5,6}. K fie K H oy
KW (-1, -1, k-1), (-1, =1, k), (-1, j, k=1), G, j~1,

function matching (var i, j, k:integer):integer;
begin
if (=0) A (j=0) A (k=0) — matching :=0;
[1@#0) v (j#0) v (k#0) — matching =

fi;

end;

max(bioSeq.calculate(i> 0 Aj>0 A k>0, score[i—1, j—1, k—1] + bioSeq.sglScore([seq1[i—1], seq2[j—1], seq3[k—1]])),
max(bioSeq.calculate(i> 0 A j > 0, score[i—1, j—1, k] + bioSeq.sglScore([seq1[i—1], seq2[j—1], '#1)),
max(bioSeq.calculate(i> 0 A k> 0, score[i—1, j, k—1] + bioSeq.sglScore([seq1[i—1], '#, seq3[k—1]])),
max(bioSeq.calculate(j > 0 A k> 0, score[i, j—1, k—1] + bioSeq.sglScore(['#, seq2[j—1], seq3[k—1]])),
max(bioSeq.calculate(i > 0, score[i—1, j, k] + bioSeq.sglScore([seq1[i—1], '#, '#1)),

max(bioSeq.calculate(j > 0, score[i, j—1, k] + bioSeq.sglScore(['#', seq2[j—1], '#1)),

bioSeq.calculate(k > 0, score[i, j, k—1] + bioSeq.sglScore(['#', '#', seq3[k—1]])))))));

Fig. 5 matching function
5  matching PREX



RS A LW F S X 3 25 LRI R B0 52— T8 U 1 5 Tsabelle $6iiE

127

datatype DNABase=A |G |C|T
type_synonym DNASeq = "DNABase list"

definition rule :: "DNASeq => DNASeq => int => int => int" where
"rule s, s,ij=(ifi=—1 Anj=—1then 0 else if i=—1 vj=—1 then -2 else if (s,! nat /) = (s,! natj) then 1 else —1)"

definition sglScore :: "DNASeq => DNASeq => DNASeq => int => int => int => int" where
"sglScore s, 5, 831 ] k= ((rule s, s, ij)+ (rule s, syik)+ (rule s, sy j k))"

fun maxScore :: "DNASeq => DNASeq => DNASeq => nat => nat => nat => int" where

"maxScore s, 5,5;000=0"|

"maxScore s, s, 53 (Suc i) 0 0 = ((maxScore s, s, 551 0 0) + (sglScore s, s, 55 (int i) (1) (—=1)))" |

"maxScore s, s, 53 0 (Suc ) 0 = ((maxScore s, s, 53 0j 0) + (sglScore s, s, 55 (—1) (intj) (—1)))" |

"maxScore s, s, 53 0 0 (Suc k) = ((maxScore s, s, 53 0 0 k) + (sglScore s, s, 55 (—1) (—1) (int k)))" |

"maxScore s, s, 55 (Suc i) (Suc j) 0 = (max ((maxScore s, s, 551 j 0) + (sglScore s, s, 55 (int i) (intj) (—1)))

(max ((maxScore s, s, 55 (Suc i)j 0) + (sglScore s, s, 53 (—1) (int ) (—1))) ((maxScore s, s, 55 i (Suc j) 0) + (sglScore s, s,
53 (int i) (1) D))" |

"maxScore s, s, s; (Suc i) 0 (Suc k) = (max ((maxScore s, s, 551 0 k) + (sglScore s, 5, s, (int i) (=1) (int k)))

(max ((maxScore s, s, s5 (Suc 7) 0 k) + (sglScore s, s, 5, (—1) (—1) (int k))) ((maxScore s, s, s5i 0 (Suc k)) + (sglScore s, s,
s3 (int ) (1) (=D))" |

"maxScore s, s, 3 0 (Suc j) (Suc k) = (max ((maxScore s, s, 550 j k) + (sglScore s, s, s, (—1) (intj) (int k)))

(max ((maxScore s, s, 55 0 (Suc j)k) + (sglScore s, s, 55 (—1) (—1) (int k))) ((maxScore s, s, 55 0j (Suc k)) + (sglScore s, s,
sy (=) (int2) (=1))))" |

"maxScore s, s, sy (Suc i) (Suc ) (Suc k) = (max ((maxScore s, s, 551 k) + (sglScore s, s, s (int i) (int ) (int k)))

(max ((maxScore s, s, s51j (Suc k)) + (sglScore s, s, s (int i) (intj) (—1))) (max ((maxScore s, s, s5 i (Sucj) k) + (sglScore
s, 8, 83 (int i) (—1) (int £)))

(max ((maxScore s, s, 55 (Suc i) j k) + (sglScore s, s, 53 (—1) (int /) (int k))) (max ((maxScore s, s, sy i (Suc j) (Suc k)) +
(sglScore s, s, 55 (int i) (—1) (—1)))

(max ((maxScore s, s, 55 (Suc i) j (Suc k)) + (sglScore s, s, 55 (—1) (int j) (—1))) ((maxScore s, s, s; (Suc i) (Sucj) k) +
(sglScore s, 5,55 (=1) (=1) (int K))))))))"

Fig. 6 Recursive relations and penalty rules

6 IBIEIC R RN AL

k_l)’ (i_l’j’ k)» (i’j_L k)’ (i’j’ k_l) ﬁ%’]ﬁiﬂﬁw\t 7
T BLIK 7 AMEL, 0 SRAE pathli, j, k] .
Wi E T8 path WAE )G , WNZAEXTSEHERE (ny, ny,

ny) FF UG FE T Dy, B 2046 % 5F 2EEE, B0, 0, 0), id
ST H 43 D VB 1Y PR B matching WE 7. 3 MR =
JEHNX SR a2, MR — RS 5L )P TR

function matching (var i, j, k:integer):integer;
var
m : integer;
temp : array[0..6, integer];
begin
if (i=0) A (j=0) A (k=0) — matching := 0
[] (i£0) v (0) v (k#0) —
temp[0] = bioSeq.calculate(i> 0 A j > 0 A k>0, score[i—1, j—1, k—1] + bioSeq.sglScore(seq1[i—1], seq2[j—1], seq3[k—1])),
temp[1] = bioSeq.calculate(i > 0 A j > 0, score[i—1, j—1, k] + bioSeq.sglScore(seq1[i—1], seq2[j—1], '#"));
temp[2] = bioSeq.calculate(i > 0 A k> 0, score[i—1, j, k—1] + bioSeq.sglScore(seq1[i—1], '#, seq3[k—1]));
temp|[3] = bioSeq.calculate(j > 0 A k>0, score[i, j—1, k—1] + bioSeq.sglScore('#, seq2[j—1], seq3[k—1]));
temp[4] = bioSeq.calculate(i > 0, score[i—1, j, k] + bioSeq.sglScore(seq1[i—1], '#, '#));
temp[5] = bioSeq.calculate(j > 0, score[i, j—1, k] + bioSeq.sglScore('#, seq2[j—1], '#));
temp[6] = bioSeq.calculate(k > 0, score[i, j, k—1] + bioSeq.sglScore('#', '#', seq3[k—1]));
matching = max(temp[0], max(temp[1], max(temp[2], max(temp[3], max(temp[4], max(temp[5], temp[6]))))));
m=0;
dom<7—
if matching = temp[m] — pathli, j, k] =m + 1;
fi;
m=m+1,
od;
fi;
end;

Fig. 7 The function matching that records the source of the score

&7 g5k AR Y BREL matching
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HENR SR E 2025, 62(1)

FEN =P F0 X R AR T, B i K i T T AR IR ik
R AT 75 2] d5 A Heox =X

B A = 7 5 L X B35 Apla & e f4 1E Bk s, il
SRR B R A, DL C# ROR 2 7, ] PAR
V- P R T A R G, T DL B S Apla £ 7 4R
Java, C++, Python &5 Al $A AT F2 )% . ik LA 45 i C++FE
FE ) — A SE B2 AT 45 08, W iE 8 i, Hoh, i A F
H1 5K P T Genbank EUHE FE 3 B OC THOLMEA R B 1
T4 DNA JF51.

4 Hreslte S EERAMER S0

AR 52 bR Nz 1 B0, 33X BLX6E i 410 BE O e T A
T2 A T8 AL i R S T T

1) 53 BT R 2 B AT S0 BL k(k=2) B 51 BE X TR]
R A5 b A R iE 3 £k 38 R 2 R HEOC R, 4k ks & 4¢
A BIASCHR 7 91 X B0 Gt — F 35 HE AR seqAlign
44 3 Radl 732,

2) KR4I Radl 53325 I % 4 72 77 81 LG X B 125 (1 70
AR, IF5E T A i Apla SR AR )7

3) i FH Isabelle i 75 , # B UE Apla F2 ¥ 1E #1475
T A2 1 2% 1 41 R e B, SRS ] Tsabelle 7 B AIE B
I LS IE.

4)7E PAR F- 5 B AURS A= R LS T, Wl e
A YGUESS 1 Apla 72 17 F ) Az iUAs 2% B i) & 90k =
FEF, DTS 2 —A> i ] 5 19 PP 91 L X 30 AR

FEXT P B 580K T55 T 4 095 B0 5 =9 51 LX)
() R A 5 b — SR, T 5 XUT A L X () REAT W
2250 X AE T RUT 1 L 09 5 91 8y 2, 35K
VT E 114 53 {8 AS 5 22 7 510 2 1) 9 193 DG R %) 4 0 AH T
NGB A L BIA] . B A, AN E sglScore, A7
BN rule BRI . B X5 WU 51 R 3005 (8 e 1, 4 L 24
P4 F itk

Specification: pairSequenceAlignment

|[ in: m, n:integer; seql, seq2:BioSeq(enum); out: ms:

integer ]|
AQ: given seq1[0:m—1], seq2[0:n—1], m>1, n>1;
AR: maxS core(seq,, seq,,m,n) = (MAX cs:cs =
align(seq, seq,,m,n) : (Zsgl: sgl € cs : rule(sgl))).
Forb rule 19 7€ SCINF
rule(chy,ch,) =
space,chy = ‘# Vchy= ‘#,
match,chy#‘# Vv chy# ‘# Achy = chy,
nmatch,ch,# ‘# Vchy2 ‘# Ach, # ch,.

i3 PR T 1 AN T 2, AT LA 0 SRR G ) AT
REA 3 FORIE, BY i—1,)), (i, j—1), —1,j—1). &1L,
A DA B 4 OC R
maxS core(seq,, seq,i, j) =

maxS core(seqi, seqy,i— 1, j)+

rule(seq, [i—1]1.#),
maxS core(seqi, seq,i, j— 1)+
max ) (3

rule (#, seq, []— 1]) )
maxS core(seq, seqy,i—1,j—1)+

rule (seql [i—1],seq, [j— 1]) .
k2545 5 Radl 5372
&% 3. pairSeqAlign.

|[vari,j:integer; score:array(0..m,array(0..n, integer));

seq,, seq,:BioSeq(); 1|
{AQAAR}
begin:i=0++1Aj=0++1;
termination : i = mA j=n;
recur: 7. (3);
end
PL A A
ms = maxS core(seq;, seq,,m,n) = (MAX cs: cs =
align(seq,, seq,,m,n) : score(cs)) A0 <i<m),
ms = maxS core(seq;, seq,,m,n) = (MAX cs:cs =
align(seq,, seqy,m,n) : score(cs)) N(0< j<n).
P 151 8 90 G % T Rl 53 D OB 36 A5 2,
Al S Apla IR F LR . 3 — 253 i Isabelle &

For the following three sequences:

The max score is : =66

The process of multiple sequence alignment is shown below:

TAAAGAAAAAGGGAAAACTGTACTTGTGACGGAGAGCAAAGAGAGAGAGAGAGAGAGAATGAGTTGAGTG
AGAGACAGCACACTCTCTCTTCTATCTATCCCCTGAGTCCCTGACCTTCCCTTTCGAGCCATCGCATCGT
AAGATAAATGGCGCACCAATCACCTTGACTCAATTATGTTCACCACCTCACTCCTCAGCCACAAACATTT

#AAAGAAAA##AGGH#GAAA#ACTGTACTT#GTGAC#GGAGAG#C#AAAGAGAGAGAGAGAGAGAGAATGAGTTGAGTG
##GAGACAG####CACACTCTCTCTTCTATCTATCCCCTGAG#TCCCTGACCTTCCC#TTTCGAGCCATCGCATCGT#
A#GATAAATGG##CGCACCHAATCACCTT#GACTCH#AATTATGT#TCACCACCTCAC#TCCTCAGCCACAAACATTT#

[length:70]
[length:70]
[length:70]

Fig. 8 C++ program’s running result of three sequence alignment algorithm
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FRE B 28 56 0F, 411 65 1] PAR & R P4 RS
B[] Az B — A im0 XU 8 B, 5 NW A
2 A — 2, ICAS 40T s AT AN TR

ARSCER XA W B L ), TR A
PAR il 5 (1) (7] 2438 FH SR HE 2R 5. IAAE W) )5 97 L
X Al %, g i A Y Rad] IE AL ELZ, ARG 1k
5 5 45 — 1) 7 51 He X DP B8k 1 #4) 7 HE 42 seqAlign.
B AT 5B A seqAlign HEHE A2 1 T 455 1 7
1 L X Bl A BRI T, A R T BRI, &
Isabelle 5 HIE B &% A9 53 DL & PAR ¥ &5 C++1] $h4 5
FRA B A 1, A RCPRIE T T A iR I IR w0
T seqAlign 4t — K fif HE 22 B A R PE A0 52 .

ARSI FEETTERAT 3 5

DI HE S T — A58 — 11 )5 51 b xt [) K i
HEZE seqAlign, fift e T — 284 9 J5 91 Lb % ) A8 A 55
il G2 0[] RS FH R4 e, 28 T A 1R JE 2R 75 3
T — Bk B SR St 3o A G FR X TR SE 1 A1) Lk )
L, TR X R A BN )3 SR A 2R v, RS AR
AR B AT A5 ) B A B R Y, 7R R — SR R fE
R, ST X R R R, W R
1 T ST R R AT

)t T B A A A R WA R A e
BT 1 BT RE . 7R AR W A5 B2 T 5 4 B AR,
VF 2 [n) 80 B A AEBL M, AR SCRBIF 9 7 1k mT 9 e 3] 2
YA I 2 U At B3 12 1) B A s A 5 v

3) 3T PAR J5 ik 938 FH 7 51 Lb X [ 15K figf HE 42
(A I, AR T — 252 4 Im) B (%) S E AR A, 0 T
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