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Abstract In molecular biology, DNA sequence searching is one of the most crucial operations.
Since DNA databases contain a huge volume of sequences, a fast indexing mechanism is essential for
efficient processing of DNA sequence searches. In this paper, we first identify the problems of the
suffix tree in aspects of the storage overhead, search performance, and integration with DBMSs. Then,
we propose a new index structure that solves those problems. The proposed index consists of two
parts: the primary part represents the trie as bit strings without any pointers, and the secondary part
helps fast accesses of the leaf nodes of the trie that need to be accessed for post processing. We also
suggest an efficient algorithm based on that index for DNA sequence searching. To verify the
superiority of the proposed approach, we conducted a performance evaluation via a series of
experiments. The results revealed that the proposed approach, which requires smaller storage space,
achieves 13 to 29 times performance improvement over the suffix tree.
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¥ 1 #HolA Hol&

#Page Top Bottom Node Addr

1 0 0 6 84
2 0 0 8 54
3 2 3 6 108
4 0 0 8 24
5 2 3 7 132
6 0 0 6 0

7 2 2 5 159
8 0 0 5 180
9 0 0 1 201

wHo)z] e o)d Ho|RNERRH Uzt A F £
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EhiH, Addr& 2 #o|Ae AA 7Y F4E vehd
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292 AR HE

#Page R/C #Seq Offset
9 00 S1 0
8 01 S2 0
8 02 St 1
7 01 S2 1
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5 02 S1 3
5 02 52 2
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E dFoMEe 92 HRE Ho Bg&FHoz AN
7] 98t A QJQY2E ol 8F Al2E g R
A wAg AREETh oA Ad2 3 M e
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dngFAes HolA o Egte] T2E upots}y)
Hste] 2w 2 409 WFE o)E3th 4, size
Hee 2 =2 g We == FF 93] 93td
ARREY, @A == FRIF 1U0]W e #ddAs
== 7} sh FUlele dWlE ARXEE, size WY

2 198 57713, =5 AR 00D BA =E
2 A2 2YEL YuBIEE size WY S 10E
22AZ last ¥4E 2 25 gAY evlxg =
29 AIE Jehly, o == el last W9
e A B9 last WG kol size WFY FHE
ol 98 4 Atk next HsE thE == A
44 Aol BES} HAE HNE FYsioo} e kT
£ AAsh= WFolxm, o e AV At oy
srch W& 2 WF2 ANS3th srch HgE dA
= File Ag x=ofH Fo HES fiXHE x
=9 §F HEZR] &8 BEE oA HE & 1Y F
£ Y3 &S dg goz JHAY, g == g =
= #& 7Ry 98-S @Rt wets o €Y
9] next W4 e @A A last W4 ol srch
He gE gt d& & Sloh

Search-Trie?] F234& heps] Aysid o83
2t} o7eA AA Eto] A92E p_Height 719
Holx HEE ¥ glos, z+ molA] HEe oA
n_Height 7§19 == #d& o]Foix Slotx 7HAjc
4, Egfo] Q2] HE HojAY A EE FE
=2 YehEE old) g 7 BiFE 273 v}
(Line 1). AH ¢nFL Z HolA #Hda == =g
of ti3 o]F9 For #FoE o]Folx itk 9% For
F(Line 2-14) W9 Line 3-59014e t}s #dzel ¥
°]A wA7} o]FojAE AFS Yebd g, IF
Page_Change( oA+ #Hlo}A AH PE FZ34(Top,
Bottom & ol&3te]) thy A tde HojXE F
olx o]E ¢lo] BTt the, Efle] H4E A7
A% 74 WE5y grel AEA dvk. WE For &(Line
6-142 == Hdd dig Az #FE Jehls Ao
2 o 497 FAHoz oA Utk XL 1GAHEA
Line 7-991ME next =2 AXMA] == JRE &3
Hog ¢jo] Eoly size #tF srch FE WHAAIL
o o 2979 Line 10-12814& next ==9 A9
HEE Hlm, Hshs B C2 Line 102 uixjof Asf
& A2 JeEZ, Line 11& 84 = wjjo]| 4F
P, F 2o vlEZ A wpxH HIEQ] AL
vepdich, Aol wlxgt HIEZA] wiX]o] FE
find_answers() 7t £EHO], 3T =9 AH E
glolo] EAts XE @8 RE2RE Al FHR(A)
A2 WMF, oZAE A Erk Line 1294 o

m rE Ay o

9 HIEE o] Eol2 A size @ srch gE |

AA7E AL vepdoh o2, 3942 Line 13414

E last =5 AA7A =28 £Hog ¢lo] Eoy

size & WHAAZIZ Utk vlA 2 4949 Line 149

Ae 84 == gdo] Al Holxe nixg k= g

Wo| oiletd the =t #HHW YL 93t next,

srch, last ¥ & ARz o)

Algorithm Search_Trie

Input : Trie index T, Query Q, Page Info P

Output : set of answers

1. srch = 0, next := 0, size := 1, last = 0;

2. For (pagelevel := 0; pagelLevel < p_Height;
pageLevel++) do

3. if (pageLevel > () then {

4 Page_Change(),

5. reset size, last, next, srch } ;

6. For (nodeLevel := 0; nodelLevel < n_Height;

nodeLevel++) do

7. while (isBefore(next)) do {

8. increment srch,

9. update size } ;

10. if (!match(node(next), query_bit)) return(’No
Match’) ;

11. if (isLast(query_bit)) return(find_answers()) ;

12. get(query_bit), increment srch, update size ;

13. while (isBefore(last)) do { update size } ;

14. if (nodeLevel < n_Height - 1) then { reset

next, srch, last } ;

d1neFe 1 78 WAL Holr] 3 A 3
oA Az AREE Hulo] Efte} A2y 8 F
)5 ol 8% A AlEA Ty AN AFE dF =4
et vehlE oe3 Z2e3d 10). &, 9ridAe
9 e FAS A3t ® 20 B 7hRd @i 3
B HolETHE st A9E Bl

A AFEX ‘T’ 03 HEd ‘10I's A=, 14

1 sje]=)]
position bitPair query  srch next size last
0 0 1
0 11 1 20 2 2 2
1 11 2 3
2 10 0 3,0 5 3 5
3 01 1 3
4 n 3 4
5 01 1 4,0 9 4 9
33 HelA= A 0 1 2 1
0 01
1 10
2 10
3 10
4 01
5 10

2% 10 29 A=) A4 o
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5.1 48 &4

£ A¥dMe GenBank[33]2%H T o2 human
chromosome 18, 19, 2198 A|E&E o]&3itt AYd e
Al MY A2 o2 =7)9 human chromosome 18 Al
HA2(1.07Mbp, 2.16Mbp, 4.22Mbp)$}, 43.3Mbp2] human
chromosome 21 A}@2, 72.3Mbp% human chro-
mosome 19 Al#29] oAl 71A HoEl HEE AlMS3
. A9 AE2E AY vlelet2HE AY w2
o3le] oo} ZHolof Aeo] NFLE FETA AMEEITL

Add A" o] E DNA Alfzde 7|EHog
2 ={A C G T Wl B/ B4t 29%H, 24
Rz7t &4 & N, S, Y 59 9= 7= At
ZH3ch AFd AHEE ZH DNA Al@Z0l= Hd) 770
9o Mz e At €852 Ytk geta B A
Ae ME OB Huo] AlE2 TEE 8t AMRH
= A XY g7FA BRE A ez
=3
A% Hrke ohe vl 7Y M2 gE JEE i
2 @t} Trie-Rtreet £ =&A A3 Eg)e]
g2 A4 vy osy vl =& ZAME fElo ¥
o gk AY2E ALgsle Wit kgl U4
2 A AE2 dolghuo]2 HopdlA g AM-F
I 9 R-E[34]E AHedld AF3ch A1e4" R-
EZE Maryland Wigte] Faloutsos T oA 7@
3 R'-tree Version 2.0& AH&3t0, B AddAe &
2 FARE 2314 dolelz EAI AR AT H
A 71Ee JYPoeEA &3 HY B
Seqscan, Fvlo] EBE &3 A WA Suffix, ¥
T @ == A4 7HE AEIA e Efte] 9
g2 A A9l Trie-Naived] Al7FA] #)-& A3
o). Suffixelrde Fx EF [35]914 A incre-
mental disk-based Avle] E&] A4 4 AM3MH,
A48 Hulo] Edle 7 =& @ o PulclEE H
82 gt

oo

2 |o

nE

doleho] A A 31 A A 6 Z04I)

L= g

5.2 &8 20 3 24

AL e ASE Ul 98t A9ay 2
71 2 A9 A AE 71E B AP Fio H
A EAg)

HA AY 1oMe B =FoA A|AF Trie-Rirees]
el =7 it Suffix®t Trie-NaiveE H|Z, 3
71 & 3] "l o] A 7EA Z1el st <1
g9 3718 P4 84¥E B, AT 498 HQ
. B d¥dMe Ho)r ZVE 4KE JHEIAth
Suffix9) Q2 Td Qdx FZRIZA YR ==9
92 2 pAHEL) Trie-Naived] dE2E oz
nlo] Egle] 2dxgl #Ho)x gHeld, @ AR HeolE
2 749 Folx HolEe Ede] ¢gie] Fo]x
9 2L Hojet F&5E KEE 1 I} 18 A
A FA, 9 AR HolEe ¢¥ AEL dHolelg]
BE FHujo] AE2e] Jiet 2 Holgt gEE 7R
B2 1 377} viw3d =th 39, Trie-Rtreed] ¢4
22 Trie-Naive$t TYg ©]7 Hvlo} Egfo] Qe
9 #HolA HolEZ FARY, 9T FR HAE 3
BT R-Eg Jd2g o= )

g 129] o] E o) diste] dolg} =)o W3}
o] W& QYo 37] WiglE w3} HME Helch
A9 Az2RE Suffix, Trie-Naive, Trie-Rtreeg] Al
W X dlojele] =] Agel wel Ao M¥Fo=m
Q2 =77} BlEEe] Fo4Ee € 4 gloh g,
A 2718 ¥la & A9 Trie-Naivet Suffixd] Bl
o F 48%2 AF FT A4 BHE Yem glow,
Trie-Riree= Suffixe] ¥I1sko] oF 24%74xe] AA F
7t #4598 JeElE AR eyt

A 20Me B =84 Agtd 71 A9 A
AIZHE vla e Al ZEA A el gohgoh &
40 wlsm diAkel o] ZEA F1Eo) diale] el xF A
e 233 A7 Bk 2F deolglEE 43.3Mbp

APES AT st=do] ZTPEFCEE Windows 2000

Serverg

SFAAR AHE-8kAL, 1GB F719

A,

40GB Y£3=E Zte Pentium IV 2GHz9] PCE AH%:

9] human chromosome 21 A|RAAE Al&dRow, &
9] Zo] W¥zle w2v A9 A AIZHE Hiud Ay

otk =7

¥ 3 9= 37] vim

AREe Fol7 Aol diste] Ao} AW

Data Size Trie-Rtree Trie-Naive Suffix
trie_idx page_tbl R_tree trie_idx page_tbl leaf_tbl
1.07Mbp 15.9M 80.3K 305M 15.9M 80.3K 12.7™M 54.5M
2.16Mbp 31M 155K 59.6M 31M 155K 25.6M 108M
4.22Mbp 59.9M 300K 1165M 59.9M 300K 49.7M 209M
43.3Mbp 577TM 2.82M 1,132M 577TM 2.832M 517M 207G
72.3Mbp 878M 4.29M 1,637TM 878M 4.29M 858M 3.31G
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; @Trie-Nalve Tﬂfrié-'i;g;ng Déuifﬁ)r]

1000000
- 4=+ Suffix

5 100000 -=+X¢ -+ Segscan
2 —+— Trig-Navie
£ ~-&— Trie-Riree
@ 10000
E
=
g |
17
@
Q
o
2 10
a
=y
S o
(]

6 8 10 15 0 [:]
Query Length

2% 12 wlejel 27] Wgle] wE A9 A7) Hla

283 AHL9 WHEY oI ghe WEE= FA7F
S Yuisiy, oA BF ¢ke] ;L FHE AlE
vebdoh Fx8 Alztel@ A9 A #AF F vl
E(EL o] FHulo] EgoDY 7 == NelA &
o] AlE27t A4 g T == N g k=
ARE 7lAeed dEes AME Auidd. 48 Fn
2RE Suffix®] T A2 " Aot Fulgel
wal s, ol Fx Ao} ojie] =HW HA A9
AE Azt A9 9FE nAA E5S ¢ & Aok F
#, Trie-Naive$} Trie-Rtree®] 3%, @9 Zo|7} &
o9 FXE Azke] AA A A7 Al uiREE
A8, Trie-Naivedl e 53] FX8 Alzte] oj-¢
o] AYL ¢ F Atk 2Y 13L& A9 Zo] W3l
wae Ao My AKEFANDE vng s =
2 EEE otk YEHES 22 =AY FHol Jdon,
&4 29E msecelth

A AFo] 9sE Trie-Naivelr 29 Zol7} e
Ag, @ == HAE A% Efe] AdE H A7
o] Z7istel AA A4 Are] Wi o] AA A
9] o7t 21 B, A9 A Azle] @A FAFE
E F Aot ¥hde| Trie-Rtrees A2 Zolo T3}
A w9 22 AN 8L Holm gow, Suffixd] ul
sheod oF 13wl A 29ui7tA9] A% Ad &S e
1, Segscandl Bt ¢F 54ufolA 145u71A]2] A%

a9 13 Ao o] wige] wg de| A7 A3t Hiw

10000
......... X
yx.”.
2 -+
D wo b e -
& .
E st
I . 7
E X
= PRR -’
2 o0 s e *
a | 7 - +7
g T e e
2
a
g 10 —-4=--Suffix
5 --+X%-- Seqscan
—o— Trie-Rtree
1
107 216 422 433 723
Data Size(Mbp}

% 14 dlolel 2] #stel ©E Ff A A3t wim
(29 Zo] 109 7A%)

AR G318 Yehlle Ao Vet

A3 39Me diojg} =27]9 wWsle) wE He 7
AlZke] Wale Wiw, HrREith 18 14 oleolet A7)
Z7tel mze 29 X AZHFAHE vlag A4E
azg BJF Aotk Y&EL 21 2AYY Hol 9
o0, &% A= msecolth. A7ldAEe Ao ZAoE
1022 AT 4¥ A7}E HBolv), Trie-Naived] 3%,
A Zol7t &L BY FAHE A AY Aol B
o] A85EZ v tigelM Aelstacht A Z3te
2l3h Seqscan ulole} Zv)ol| wiElate] L Az A
o] AYPHeg Frln S-S ¥ + Utk Suffix

B 4 A9 A AR ¥lm

Query Processing Time(msec)
| Query Length Trie - Rtree Trie-Naive Suffix Seqscan
6 68.1(62.1) 230,423.5(230,417.5) 919.2(256.2) 3702.7
8 37.3(24.2) 13,612.4(13,599.3) 741.3(14.5) 3701.9
10 33(19.2) 1,152.4(1,138.6) 717,8(1.7) 3681.1
15 25.1(9.4) 104.9(89.2) 726.8(0.1) 3643.6
30 34.7(81) 79.4(52.8) 729.8(0) 3761.6
60 43.7(8.2) 67.5(32) 823.4(0) 36775
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Al wlojgt 77 FUbgel weh A9 A7 AJzke]
ZF7beta glen}, Trie-Rtreex dHlolel =] Wzl
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