CAY HAU TO VA MOT SO ’'NG DUNG TRONG XU LY XAU

Lé Minh Hoang (PHSPHN)

Cay hau t6 12 mot ciu tric dit lidu biéu dién c4c hau td ctia mdt xau, dwoc trng dung
rong rii trong cac thuat toan xt ly xau b&i né cung nhiéu phép todn hiéu qua giup
1am gidm thoi gian thuc hién giai thuat. Mot ciu tric dit liéu dAn xuat 1a mang hau t8
tuy pham vi tng dung hep hon ciy hiu t6 nhwng lai rit don gian trong cai dat. Tan
dung nhitng wu diém ctia ca hai ciu tric dit liéu d6, rat nhiéu thuit toan hiéu qua da
dworc cdng bd trong nhirng nim gan diy. Chuyén dé nay gidi thiéu mot s6 thuit toan
x4y dung cdy hiu t6 va mang hiu td cing véi mot sd bai todn co ban ma thuit toan
gidi quyét ching la nhitng vi du dién hinh ctia viéc #ng dung hai ciu tric dit liéu nay.
Bén canh d6, chuyén dé ciing trinh bay mdt s6 md rong va thao luin vé kinh nghiém

cai dit trong cac ky thi 1ap trinh v&i thoi gian han ché.
1. Gidi thiéu
Cay hau to (suffix trees) 1a mot ciu tric dir liéu quan trong dwoc st dung trong rat
nhiéu thuat todn xt¥ Iy xau. Strc manh clia cAy hau t6 nim & kha ning biéu dién tit ca
cac hiu té ciia mot xau va cung cip nhiéu phép toan quan trong gitip ning cao tinh
hiéu qua ctia nhirng thuit todn. Chinh nh¢ nhirng tinh chat d6 ma ciy hiu t6 dwoc st
dung trong rat nhiéu linh vwc khac nhau nhw: x 1y van ban, trich chon va tim kiém
thong tin, phan tich dit liéu sinh hoc, d6i sanh mAau v.v...
Bén canh wu diém 1a mét ciu tric dir liéu manh, cic thuit toan truc ti€p xay dung
ciy hau t6 c6 nhwoc diém la phirc tap va tén bd nhé. Mang hiu té (suffix arrays) 1a
mot ciu tric dit liéu dan xudt tir cAy hau t6 va 1a mot sw thay thé hop ly cho cay hau
t6 trong mot s tng dung dic thi. Xét vé tinh nang, mang hau td khong hd tro nhiéu
phép toan nhw cay hau t6 nhung lai c6 thé cai dit kha dé dang.
Maic dit mang hau t6 1a cu tric dir liéu dan xuat va c6 thé xay dung tir cay hau t6
twong rng, da c6 rat nhiéu thuit toan c6 thé xdy dung mang hiu té6 mot cach truc
ti€p ma khong can dung dén ciy hiu t6. Nhitng thuit todn nhw viy cho phép don
gian héa rat nhiéu thao tac xtr ly xau, b&i trong truedmg hop cé thé st dung mang hiu
td dé giai quyét, ta khong cin biét vé khai niém cay hiu té nira.
Cling tir khi c6 nhirng thuat toan truc ti€p va hiéu qua xady dung mang hiu t6, rat
nhiéu nghién cttu da tim ra phwong phap xay dwng theo chiéu ngwoc lai: Duwng ciy

hiu t6 tr mang hiu t6. Nhitng phwong phap nay c¢6 wu diém la nhanh va tiét kiém bo



nh& hon so véi phép xay dung truc ti€p ciy hiu t6. Ngoai ra, nhirng phwong phap
nay con cung cap nhiéu ky thuat hay trong x ly dir liéu, c6 thé ké thira dé &ng dung
trong nhirng linh vuc khac.

Trong cac phan tiép theo cua chuyén dé, phan 2 gidi thiéu cac khai niém co s& veé trie
hiu t6, cdy hiu t6, mang hiu t6 va mang tién t6 chung dai nhit. Phan 3 trinh bay mot
s6 thuit toan xay dwng mang hiu t6é va ciy hiu t6. Phan 4 néu mét sé bai toan co
ban cho thiy hiéu qua cta viéc ®ng dung ciu tric dir liéu mang hiu td va ciy hiu té.

Cuo6i cung la két ludn va mét s6 mé rong cla cau tric dir liéu.
2. Mot s6 khai niém co so

Goi Z la mot tAp hitru han c6 th& tw goi la bang chi cai (alphabet), cic phan tr € X
duoc goi 1a ky tw. ©* 12 tAp cac xAu (string) gdm cac ky tw € Z. C6 thé coi mdi xau € X*
12 mot day hitu han cac ky tw € X. Ky hiéu € 1a xau rong, tAp cac xau khac réng duoc
goilaZ* =X — {e}.

Chiéu dai cia mét xau x, ky hiéu |x|, 1a s0 ky tw trong xiu x. Cac ky tw trong xiu x

dwoc danh so tir 0 ti x| — 1: x = xox1 ... X|y|—1.

Xau ndi ctia hai xu x va y, ky hiéu xy, c6 chiéu dai |x| + |y| va tao thanh bang cach

14y cac ky tw trong x sau dé néi ti€p vai cac ky tw trong y.

Ta goi xau w la tién to (prefix) ciia xau x, Ky hiéu w = x, néu ton tai xau y dé x = wy,

xdu w duwoc goi 1a hdu t6 (suffix) cia xau x, ky hiuw 3 x, néu tén tai xiuy dé

x = yw. D& thdy rang néu w 12 tién t6 hodc hiu td cha x thi [w| < |x|. M6t xau c6 thé

vira 1a tién t6 vira 13 hiu t6 cia mot xau khac. Vi du ABA vira 13 tién t6 vira 1a hiu t6

clia xau ABABA. XAu rdng € vira la tién t6, vira 1a hiu t6 cua tat ca cac xau.

Hai quan hé =, 2 ¢ tinh bic cau, tirc 1a:

® Néuxcyvayczthixcz

® Néuxadyvaydzthixaz

B0 dé 1 (veé tinh goi nhau ctia cac tién t6 va cac hiu td)

® NéEux vay cung la tién td cia mot xiu z thi x sé 1a tién td cia y néu |x| < |y|, vy
sé la tién to cia x néu |y| < |x|.

® NEux vay cung la hiu t6 cia mot xau z thi x sé 1a hiu té cta y néu |x| < |y|, vy
sé 12 hiu to clda x néu |y| < |x|.

Viéc chirng minh B6 dé 1 kha hién nhién: Hai tién t6 clia cing mot xu cé quan hé

tién t6 va hai hiu t6 cia cing mét xau c6 quan hé hiu to.



Cho T = tyt; ... t—q VA P = pyp; ... Pm—1 1a hai xau ky tw, ta n6i xau P xuit hién trong
xau T tai vi tri k néu P = ttyiq - tgym—1- Néu xau P xult hién trong xau T & mot vi
tri nao dé thi P la xau con (substring) cta T.

C6 thé coi xau con cua mot xau T la moét day cac ky tw lién tiép trong T. Mot cach

dinh nghia khac vé xau con cta T d6 la mot tién té cia mot hiu té cta T.

A|N|A|N|A| Hauts

A N A P: Tién t6 ciia moOt hiu td

Hinh 1. X4u con = tién td cia moét hiu td

Trong cac vi du cua chuyén dé nay, ta coi tap chir cai X 1a tip 26 ky tw hoa tiéng Anh:
tir ‘A’ dén ‘Z’ cong thém mot ky tw cdm canh ky hiéu ‘@’. Thir tw ctia cac ky tw giéng
nhw trong cac bang ma thong dung ANSI/ASCII/Unicode: Ky ty ‘@’ 1a ky tw dau tién
trong bang chir cai X, ti€p theo la cac ky tw tir ‘A’ dén ‘Z’.

2.1. Trie hau to

Cho S 1a mot tip gom n xau khac rong théa man: khéng xau nao 1a tién t6 clia mot

xau khéac. Trie* [3] clia tAp S 12 mot c4u tric dit liéu dang cay biéu dién cac xAu € S:

® Moi canh cta cAy c6 nhan 1a mot ky tw € Z. Cac canh di tir mot nit xudng cac nut
con cia né phai mang cac nhan hoan toan phan biét.

® Moi nut v trén trie cling mang mot nhan, nhan cta nat v, ky hiéu 7 1a xau tao
thanh bang cach ndi tiép cac ky tw nhan canh trén dudng di trir gdc xuéng nut v.
Chiéu dai cta xiu v: || dwgc goi 1a dé sdu cta nat v, Ky hiéu depth(v). Theo
ciu trdc cha trie, hai nat khac nhau phai cé xau nhan khac nhau.

® (o6 twong rng 1-1 gitra cac xau € S v&i cac nut 14 trén trie: trie c6 ding n 1a va
moi 14 c6 nhin 1a mot xau € S.

Hinh 2 12 trie biéu dién 8 xau: BEAR, BELL, BID, BULL, BUY, SELL, STOCK, STOP

*Trie la thuat ngir 14y tir retrieval, dwgc phat 4m 1a /'triz/ giéng nhw “tree” hodc /'trai/ giéng nhw “try”
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Hinh 2. Trie

Cac xiu trong tap S phai théa man tinh chat phi tién t6 (prefix-free): khong cé xau
nao 1a tién t6 ciia mot xau khac, khong thé xy dung dwoc trie biéu dién tip S néu
diéu kién nay bi vi pham. That vay, gid sit S = {ABC,AB}, néu ta xay dung trie biéu
dién dwoc xau ABC, tirc 12 c6 nit 14 mang nhan ABC. Trén dudng di tir gdc xudng 13,
ta sé di qua lan lwot cidc nat cé nhin la €, A, AB, ABC. C6 nit nhanh cuia trie mang
nhin AB, tirc 12 khdng thé cé nut 14 cia trie mang nhan AB dwoc nira (Hinh 3 a)).

Tinh chit phi tién t6 1a m6t diéu kién quyét dinh dé xiy dung trie, hiu hét nhitng
thult toan dwa trén trie déu phai rang budc tinh chit nay cda dir liéu (dién hinh la
thuit toan ma héa Huffman). M6t trong nhirng ky thuit d€ dam bao dir liéu c6 tinh
phi tién t6 1a b6 sung mot ky tw dirng dau bang chit cai £ lam Ky tw cAm canh ma ta
ky hiéu 1a @: mbi xau € S sé dwoc néi thém ky tw @ vao cudi xau dé dam bao khong
c6 xAu nao 1a tién t6 cia mot xau khac. Hinh 3 b) 12 vi du veé trie biéu dién tdp S gdm
hai xau: ABC@ va AB@. C6 thé thdy rang khi st dung ky tw cAm canh thi moi canh

trén trie ndi t&éi ndat 14 déu mang nhan @.
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Hinh 3. Vai tro cia ky tw cim canh @

Né&u S 12 tAp c4c hau t6 khac rong cila mot xau T € =7 thi trie biéu dién S duoc goi 1a
trie hiu to (suffix trie) cia T. P& théa man tinh chit phi tién t6 cha tip S, ta coi xauT
c6 mot ky tw cdm canh @ dirng cudi cing con moi ky tw khac trong T déu khong phai
ky tw @. Vi du néu T 1a xAu BANANA@, tap S cac hau t8 khac rong cia T gdm c6 7
Xau:

BANANAG
ANANAQ
NANAQ
ANAQ
NAQ

Ae

e

Trie hiu t6 cia xau BANANA@ c6 thé biéu dién nhw trong Hinh 4.
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Hinh 4. Trie hiu to

C6 thé ké ra mot vai vi du st dung trie hu t6 ctia xau T:

Dbé kiém tra xau Q = qyq; -.- §m—1 €6 phai la xau con ctia xau T hay khong, ta xét géc
trie va xét 1an lwot cac ky tw trong Q: Mdi khi xét qua ky tw g; thi ré sang nhanh con
theo canh c6 nhan 1a g;. Néu tai mét buéc nao do viéc chuyén xuéng nhanh con thit
bai do khong tim dwoc canh c¢6 nhan twong &ng thi Q khong la xau con ctia T, nguwoc
lai néu qua trinh di chuyén két thiic & mot nit u nao dé trén trie thi Q 1a xau con cia
T va so nut 14 trong nhanh trie goc u chinh 1a s6 lan xau Q xuit hién trong xau T. Vi
du néuT = BANANA@ va Q = AN, xét trie trong Hinh 4, tlir goc ta di chuyén theo
canh A roi sau dé theo canh N, dé dirng lai & mot nit nhanh. Trong nhanh con nay c6
2 nut 14 (ng v&i hai hiu t6) ANA@ va ANANA@ vi vy xau AN xuit hién trong xau
BANANA@ dung hai 1an. Tinh ding din cta thut toan cé thé suy ra mot cach truc
ti€p: xau con cua mot xau T 1a tién to cia mot hiu to cta T. Piéu dang chu y & day la
khi di c6 trie hau t6 biéu dién T, thoi gian thuc hién giai thuat kiém tra Q c6 phai xau
con cda T hay khong la O(|Q|), khéng phu thudc vao chiéu dai xau T. Diéu nay thuc
su hiru ich khi ta lién tuc phai tim kiém nhirng chi muc tir khac nhau trong mét van
ban T c6 thé rit dai.

Mot vi du khac st dung trie hiu t6 1a tim xiu con ldp dai nhat (xau con xuit hién
trong T nhiéu hon 1 lan), viéc nay dwoc thuc hién rit don gian trén trie: Tim nut v

sdu nhat ma nhanh ciy gbc v c6 it nhat 2 14, khi dé ¥ chinh la xiu con 1dp dai nhat.



Nhw vi du & Hinh 4, nit nhanh & sdu nhét chinh 1 nat c6 nhian ANA. C6 thé mé rong
tim x4u con 13p bic k dai nhit (xu con xuit hién trong T it nhat k 1an): Thuit toan
chi don gian 12 tim nat v sdu nhat ma nhanh ciy gdc v c6 it nhat k 14, chang han voi
xdu T = BANANA@ trong Hinh 4 thi xau ldp b4c 2 dai nhat 1a ANA, xiu lap bac 3 dai
nhitla A.

Maic du trie hiu t6 ho tro kha nhiéu phép toan hiéu qua trén xau, viéc xay dung trie
hu t6 t6 ra kha ton thoi gian va b nhé: Trong tredng hop xdu nhét, viéc xy dung
trie hdu t6 cta xau T can cip phat Q(|T|?) nat va mat thoi gian Q(|T|?) . C6 thé 18y vi
du vé trie hiu t6 cua xu T = A"B"@ (x4u gom n Ky tw A, ti€p theo lan ky tw B va
két thic béi ky tw cAm canh @), trie ndy c6 n? + 4n + 2 nit (Hinh 5).
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Hinh 5. Trie hau t8 ctiia xdu AABB@ c6 14 nit

2.2. Cay hau to

Cay hau té (suffix trees) ciing 1a mot cau truc dir liéu biéu dién cac hiu t6 cia mot
xau khac rong véi co ché twong tw nhu trie. Cay hau t8 dwoc tao thanh tir trie hiu td
bang cach chap cac ndt con don nhanh lién tiép lai thanh mot nit con duy nhit va
14y ddy cac nhin canh bi chap thanh m6t xau biéu dién nhan canh.

Chinh x4c hon, cy hu t6 cia mét xdu T € ¥, ky hiéu ST(T) 1a mét ciu tric dir liéu
dang ciy c6 cac tinh chit sau:

® MOoi canh cta ciy c6 nhidn 1a mét xau € X*. C4c canh di tir mot nlit xudng cac nit

con ctiia n6 phai mang nhin 1a cic xiu c6 Ky tw dau tién hoan toan phan biét.



® MOoi nut v trén cay hau t6 cling mang mot nhan, nhan cta nit v, ky hiéu 7 1a xau
tao thanh bang cach ndi ti€p cac nhin canh trén duwdong di trir gc xudng nut v.
Chiéu dai cda xau v: || dwgc goi la dé sdu cta nat v, Ky hiéu depth(v). Theo
ciu trdc ctia ciy hiu t6, hai nat khac nhau phai c6 xau nhan khac nhau.

® Ngoai trir nut goc, khong nit nao trén ciy hiu t6 cé 1 nut con.

® (o twong ing 1-1 gitra cAc hdu t6 cia T v&i cac nat 14 trén ST(T): ST(T) c6 ding

|T| 14 va moi 14 c6 nhdn 1a mot hau té cta T.
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Hinh 6. Ciy hiu td

Hinh 6 1a vi du vé ciy hiu t6 cia xdu BANANA@. B6 dé 2 chi ra chi phi bd nhé cta
mot ciy hau td khi biéu dién xau.

Bo deé 2

Cay hau to ciia mét xau do dai n cé khdong qua 2n nut

Chirng minh

Gia st cAy hau td c6 m nut nhanh tic 1 c6 tong cong m + n nut. Ta biét rang s6 canh
clia cay bang m + n — 1 va téng sd con cla tat ca cic nidt trén ciy ding bang sd canh
trén cdy. Cac nut 14 trén ciy c6 sd con bang 0, cadc nit nhanh ngoai trir ndt goc c6 s6
con > 2, nut goc c6 it nhat 1 con. Vi vAy tong s6 con ctia tit ca cac nut trén ciy khong
thé nho hon 2m — 1,trdétac62m — 1 <n+m — 1 hay m < n, tlec1a cdy hdu té c6
khong qua n ndt nhanh va téng cdng c6 khéng qua 2n nt.

Mic du cdy hiu té6 dwoc phat kién tir rat sém, nhirng nghién ctru trén ciy hiu t6 lai
dwoc xay dwng tir nhiéu nghién ctru doc lap trong nhirng linh vec khac nhau véi ciu
truc ciy c6 mot so khac biét. Khi tim ki€m nhitng tai liéu lién quan téi cdy hiu to, ta

” “

c6 thé bat gip nhiéu tén goi khac nhau nhu “suffix trees”, “compacted bi-trees”,

» « o«

“prefix trees”, “PAT trees”, “position trees”, “repetion finder”, “subword trees”,...



Cay hau to dwoc gidi thiéu lan dau tién béi Morrison véi tén goi cdy PATRICIA [14].
Tuy vy Weiner méi la nguoi chuin héa ciu truc ciy hiu t6 (dwdi tén goi compacted
bi-trees) va dwa ra thuit toan tuyén tinh xay dwng ciy [18], thuit toan nay sau dé
dwoc Donald Knuth binh chon la “thuét toan cda niam 1973”. Tiép theo nghién ctru
cta Weiner, cac thuit toan tuyén tinh xay dwng ciy hiu to lién tuc cai tién va don
gian hoa, ching han nhw thuit todn ctia McCreight nim 1976 [13], cta Slissenko
nam 1983 [16]. Nhitng thuit todn tuyén tinh dau tién c6 thé lam viéc truc tuyén
dwoc dé xuat béi Kosaraju nam 1994 [11] va Ukkonen ndm 1995 [17], cac thuit
todn nay c6 kha ning xay dung ciy hau t6 bang cach doc tirng ky tw trong xau ngudn
tir trdi qua phai, chinh vi viy né thich hgp khi muén xay dung ciy hau té bang cach
nhén tirng tin hiéu trén dwong truyén.
Bén canh viéc dé xuit cic thuit toan xay dwng ciy, cic nghién ctru ciing di dwa ra
thém rit nhiéu ng dung cta ciy hiu td, dic biét trong linh vuwc xtr Iy vin ban va dir
liéu sinh hoc. Tuy nhién, c6 hai nhwoc diém chung ctia cic phwong phap xay dung
ciy hiu to truc tiép, do la:
® (Cac thuit todn cé thé thuwc hién trong thoi gian tuyén tinh va st dung bé nhé
tuyén tinh, nhwng c6 mot hang sd 1on 4n trong ky phap O danh gia do phirc tap
tinh todn. Trén thuc té chwong trinh cai dat thuit toan xay dwng ciy hiu t6 kha
chim va tén bo nho.
® Maic du di c6 nhiéu c6 gdng dé don gian hda thuat todn nhwng cho téi nay, cac

mo hinh cai dit nhitng thuat todn trén van con rat phitc tap va dé nham lan.
2.3. Mang hiu to

Cho mot xau T = tyty ...t,—1 € X1, quy wéc c6 duy nhitt,_; = @. Mang hiu té

(suffix array) cia T, ky hiéu SA(T) la th tw tir dién cua tit cad cAc hduto cta T.

Mbi hau t6 t; ,_; c6 thé duwoc ddng nhat véi vi tri i, khi d6 mang hau t6 ctia xau T ¢

thé biéu dién nhw 12 mét hoan vi (ag, ay, ..., a,_) cta diy sé (0,1, ...,n — 1) sao cho:
tlag..n—1] <tla;..n—1] < <tlap_q..n —1]

(O day ta dung ky hiéu “<” cho thi tw tir dién cla cic xau, néu x < y tirc 13 xau x

phai dirng tredrc xau y theo thir tw tir dién)

Vi du véi xdu T = BANANA@, cac hiu t6 cta T va mang hau to (7,6,4,2,1,5,3) twong

trng dwoc chi ra trong Hinh 7.
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Mang hiu t6

Hinh 7. Mang hiu to

Mang hiu t6 SA(T) cua xau T d6 dai n c6 thé xdy dung truc tiép tir ciy hau té ST(T)

trong thoi gian O(n). Thuat toan c6 thé mo ta nhw sau:

® Quy dinh thi tw cic nut con cia mot nut: Theo th ty tir dién, nit con &ng véi
canh mang nhan nhé hon sé dirng trwéc nut con &ng véi canh mang nhan 1én
hon. Vi cac xau nhén cta cac canh di xuéng tlr mot nut phai cé ky tw dau tién
khac nhau, thir tw tir dién cla cic canh don gian la th& tw ting dan cta ky tw
dAu tién trong cic nhan canh.

® Duyét cdy bang DFS bat dau tir goc, khi thim téi mot nuat ta 1an lwot tham cac
nut con cua no theo thit tw da quy dinh. Khi d6 danh sach cac nut 14 theo thi tw

tham sé rng vé&i danh sach cac hiu té liét ké theo thir tw tir dién (Hinh 8).
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Hinh 8. C4y h4u t6 va mang hiu t6



Mang hiu té dwoc dé xuit béi Manber va Myer [12] nhw moét sw thay thé cho ciy

hiu t6 trong mot s6 bai todn x Iy xdu. Uu diém chinh cia mang hiu t6 1a tinh don

gian trong ciu tric va su tiét kiém bo nhé trong biéu dién. Manber va Mayer ciing dé

xuat thuit todn xay dwng mang hiu td truwc ti€ép ma khéng phai st dung ciy hiu to

goi 1a thuat todn nhén doi tién té (doubling prefix). Madc du thuét todn cé thoi gian

thwc hién Q(nlogn) trong treong hop xau nhat, trung binh thuit toan chi can thoi

gian O(n) dé xay dung mang hiu t6 ctia xau do dai n.

Cling da c6 rat nhiéu nd lwc tim ki€m thuit todn hiéu qua hon xay dwng mang hiu té.

Nam 2003, hai nghién cttu doc lap ctia Karkkainen [7] va Ko [10] da tim ra dwoc hai

thult toan tuyén tinh xdy dung mang hiu t6. Mot diém dang chu y trong cic thuit

toan ctia Karkkiinen va Ko la ching déu dwa trén nhitrng nhan dinh rit tinh té vé

tinh chat cda cac hiu t6 va moi quan hé gitra cac vi tri trong xiu. Viéc pha bé dwoc

rao can Q(nlogn) trong tredrng hop xau nhit di mé ra mét tiém nang maéi cho viéc

str dung mang hiu t6 ma cac nghién ctru tiép sau da st dung dé xy dung ciy hau to

tir mang hiu t6 ma khong lam tang do phic tap tinh toan cta giai thuit.

2.4. Mang tién to chung dai nhat

Tién t6 chung dai nhat (longest common prefix) clia hai xau x,y la xau z c6 do dai

1é6n nhét théa man: z vira la tién t6 cla x vira 1a tién t6 cda y. Vi du tién td chung dai

nhit ctia SUFFIXTRIE va SUFFIXTREE la xau SUFFIXTR.

Cho T = tyt; ... t,—1 € L%, SA(T) = (ay, ay, ..., Ap—1) 12 mang hlu té cta T. Mang tién

t6 chung dai nhat LCP(T) la day so nguyén (1, 4, ..., l,,_,) dinh nghia nhw sau:

® [,=0;

® Vi > 0:/;1a do dai tién t6 chung dai nhat gitra hdu t6 tai vi tri @; va hdu to tai vi
tria;_; trongxau T

Vi du véi xdu T = BANANA@, mang hiu té cua T 1a (7,6,4,2,1,5,3), ta co:

ly =0;

[, = 0 (do dai tién to chung dai nhit cia A@ va @)

[, = 1 (d6 dai tién t6 chung dai nhit cia ANA@ va A@)

l; = 3 (d6 dai tién to chung dai nhit cia ANANA@ va ANA@)

l, = 0 (d6 dai tién to chung dai nhit cia BANANA@ va ANANA@)

ls = 0 (d6 dai tién to chung dai nhit cia NA@ va BANANA@)

lg = 2 (d6 dai tién t6 chung dai nhit cia NANA@ va NA@)



Ban chit ciia mang tién té chung dai nhat c6 thé phén tich trén ciu tric cta ciy hau
td. Vé&i hai hdu té cua xau T (rng véi hai 14 trong ST(T), tién té chung dai nhat cda hai
hiu t6 l1a nhan cta nut tién béi chung thap nhit (lowest common ancestor-LCA) cua
hai nut 14 d6. Hinh 9 1a vi du vé tién t6 chung dai nhit cda hai hju t6 A@ va ANA@,

tién t6 nay &ng véi nit mang nhan A.

A NA.
BANANA@

R S

NA@

A@ i NA@

ANA@

Hinh 9. Tién t6 chung dai nhit gitra hai hiu t6 1a nhan cta nit tién boi chung thip nhit.

Trén ciy hau td, c6 rat nhiéu thuit toan LCA c6 thé 4p dung dé tim nut tién boi chung
gan nhit cda hai ndat, moi truy van LCA dugc thuc hién trong thoi gian 0(1) va vi thé
c6 thé xay dwng mang tién t6 chung dai nhit trong thoi gian O(n). Mic du vay, Kasai
[8] da dé xuit dwoc thuit toan tuyén tinh hét stirc don gidn va hiéu qua dé xay dung

mang tién td chung dai nhat tir mang hiu té.
3. Cac thuat toan xay dwng cau truc dir liéu

Cac thuat toan trong chuyén dé nay sé dwogc gi¢i thiéu theo thi ty sau: Trwdece tién la
nhirng thuit toan xay dung mang hiu t6 SA(T) tiép theo la thuit toan xay dwng
mang tién td chung dai nhat LCP(T), véi muc dich cudi cung 1a thuét toan xay dwng
ciy hau to ST(T) tir SA(T) va LCP(T).

3.1. Xay dwng mang hau to
Bai toan: Cho xau T = tyt; ...t,_; € 2T trong dé duy nhitt,_; = @. Cin xiy dung
mang hiu to SA(T) = (ay, ay, ..., Ap_1):

tlag..n—1] <tla;..n—1] < <tlap_1..n —1]
Mic di mang hiu t6 don gian 1a thir tw tir dién ctia cac hiu to, viéc dp dung cac thuit
toan sip xép duwa trén phép so sanh xau khong phai 12 mét phwong phap hay. Ly do

chinh 1a thoi gian thuce hién phép so sanh hai xau theo thi tw tir dién sé ti 1é thuin



v&i chiéu dai xiu trong treong hop x4u nhat. Hau hét cac thuit toan hiéu qua déu
phai thuc hién trén chi s6 va chi dung cac phép toan trén Ky tw. Trong chuyén dé
nay, ta ddong nhat moi hau td véi vi tri ky tw diu tién trong xau T, tic 1a néu
T =toty ...ty thihdutdilatit; 1 ... ty—q.

3.1.1. Thuit toan nhan doi tién to

Phuong phap c6 dién nhit dé xay dwng truc ti€ép mang hiu t6 ma khéng can dung

ciy hiu to c6 tén la thuit todn nhan doi tién t6, dwoc dé xuat bédi Manber va Myers

[12]. Thuit to4an nay cho dén nay vAn dwoc st dung phé bién trong cac ky thi 1ap

trinh bé&i hai ly do:

® Viéc cai dat thuat toan kha don gian, thich hop véi viéc 1ap trinh trong thoi gian
han ché.

® Maic du trong trweong hop x4u nhat, thuit toan cin thoi gian ©(nlogn) dé xay
dung mang hiu t6, nhwng trung binh thuit toan chi cAn mét thoi gian O(n) dé
thwc hién trong trwong hop dir liéu dwoc phan bé ngiu nhién trong mot bang
chir cai lon.

Q Y twéng ctia thuat toan nhw sau:

Khéi tao: S3p xEp cac hau t6 cta T theo thir tw ting dan cua ky tw dAu tién. Diéu nay
twong dwong véi viéc sap x€p cac ky tw trong T theo thit tw ting dan. Sau dé ta gan
cho mdi hau t6 (mdi vi tri) mot khoa s6 nguyén € [0,n — 1] théa man: Hai hau t& c6
ky tw dau bang nhau phai mang khoa bang nhau, hai hiu t8 c6 ky tw dau khac nhau
phai mang hai khéa khac nhau va hiu t6 nao cé ky tw ddu nho hon phai mang khoéa
nhd hon. Viéc gan khda s6 mit thoi gian O(n). Khoa sé 1a dai dién cho ky tw ding
dau ctia cac hiu to, tirc 1a day cac hdu td xép theo thi tw ting dan ctia khéa so cling
la day cac hiu to theo thir tw ting dan cua ky tw dau tién.
Phin chinh cua thuat todn dwoc thwe hién Idp qua nhiéu pha, tai mét pha, gia thiét la
da c6 day cac hiu t6 xép theo thi tw ting dan cta k ky tw dau cung cac khéa so
twong ng vdi thir tw sdp x€p, thult todn sé xay dung diy cac hiu td x&p theo thir tw
tang dan cua 2k ky tw dau va day khéda s6 méi twong ing:
® Goi cac khoa dang gan cho cac hau t6 1a cac khéa so cap (primary keys), mdi hau
td sé dwoc bd sung mot khoa niva goi la khoa thi cap (secondary keys). Khéa thi
cap ctia mdt hu td tai vi tri i chinh bang khda so cip ctia hau t6 dirng sau né k vi
tri (i + k) hodcbang-1néui+ k > n.



® Sip x&p lai cAc hau tb theo quy tic: Trwdc tién x€p ting dan theo khoa so cip,
néu hai hu t6 c6 khda so cAp bang nhau thi hiu t6 nao c6 khéa thir cAp nhoé hon
sé duwoc x€p trde. Theo gia thiét vé day khda so cap va cach xay dung day khoa
thi cap, ta sé thu dwoc day cac hiu td xép theo thir tw ting dan cta 2k ky tw dau
sau khi sap x€p (khi hai hiu td c6 k ky tw dau khép nhau thi k ky tu sau sé dwoc
dung dé quyét dinh hiu t6 nay ding truwéec).
® Vi cac hu td da sap xép, moi hiu td sé duwgc gan khoéa s6 méi: Hau t6 ding dau
ddy dwoc danh s6 0. Bit dau tir hiu t8 thi hai tré di trong ddy, néu né cé ca
khoéa so cip va thir cip giéng v&i hau t6 lién trude thi khéa s méi cia nd bang
khda s6 méi ctia hau t6 lién truéc, néu khong thi khoa s6 méi clia né bang khéa
s6 mé&i ciia hiu to lién trwdc cong thém 1. Thao tac gan khéa s6 méi mit thoi
gian O(n).
Nhw vay cac buéc lap lan lwot xdy dung dwoc thir tw ctia cic hdu t6 xép theo 2, 4, 8,
16, 32, ... ky tw diu tién. Mang hiu t6 sé thu dwoc sau bwéce 1ap thir [Ign]. Thuit todn
c6 thé dirng sém tai mét buwde 1dp nao dé ma tat ca cac khda gan cho cac hdu to la cac
s6 nguyén hoan toan phan biét tir 0 t&i n — 1 (cac budce ldp sau chac chan khong con
thay déi thi tw sip x€p nita).
Thoi gian thwce hién gidi thuat phu thudc vao thuit toan sip xép theo hai diy khéa s6
tai mdi budc. Co thé dung cac thuit toan sdp xé&p so sanh, ching han nhw QuickSort.
Tuy nhién vi tip cac gia tri khda 1a cac s6 nguyén nam trong pham vi tir 1 t&in, ta c6
thé 4p dung cac thut toan sip xép co s6 (Radix Sort) hodc d€m phan phdéi (Counting
Sort) dé dat tdc dd cao hon véi thoi gian thwe hién giai thuat sip xép 1a 0(n). Tir do
thuit todn nhén doi tién t6 c6 thé thwce hién trong thoi gian O(nlogn).
U Cai dat
Dé cai dit thuit toan nhan doi tién to dwoc don gian va hiéu qua, ta cAn dwa ra mot
vai nhan xét dé€ c6 phwong phap td chirc dir liéu hop ly.
Xét hoan vi vong quanh t;t;,; ...t,_1t; ...t;_; cla xau T tai vi trii. Hoan vi vong
quanh nay l1a ghép cia hduté t; ,_, v&itién to t, ;_4. Co thé coi hoan vi vong quanh
duoc tao thanh bang cach viét cac ky tw trong T quanh mdt vong tron theo chiéu kim
dong ho roi 14y n ky tw lién tiép theo chiéu da dinh bat dau tir vi trii. Véi viéc st
dung ky tw cAm canh @, thi ty tir dién cta cac hiu to cda T cling la th& tw tir dién
cda cac hoan vi vong quanh twong rng. Piéu nay co6 thé suy ra dwoc vi ky tw @ 1a ky
tw nhé nhat trong bang chir cai va ky tw nay chi xuit hién mot IAn & cudi xau T. Bang

dwéi day 1a thir tir dién cia cac hiu td cling nhw hoan vi vong quanh tai cting vi tri.



° Hau to Hoan vi vong quanh

OhdON Aesaan
A AQBANAN

ANAG ANAGBAN

ANANAQ ANANA(@B

BANANAQ BANANAQ

NAQ NAGBANA

G ° NANAG NANAGBA

Bang viéc str dung hoan vi vong quanh, khai niém vi tri dirng trwéc/sau k budc so

v&i vi tri i ludn ton tai trén vong tron nén ta khéng can phai xtr Iy treong hop riéng
khi mt vi tri khéng ton tai trong day.

DPong nhit mdi hoan vi vong quanh véi vi tri cia ky tw ding dau. Gid st dau mdi pha
lap, ta c6 day (ay, a4, ..., a,—1) la diy cac hoan vi vong quanh x€p theo thi tw tir dién
clia k ky tw dau tién. Goi k ky tw dau tién ciia moi hoan vi vong quanh 12 doan so
cap va k Ky tu tiép theo doan so cip la doan thir cip.

Xay dwng day B = (by, by, ..., b,_1) nhw sau: b; 1a vi tri dirng trwdc k buwéc so véi a;
trén vong tron. DAy chinh 1a diy hoan vi vong quanh xép theo thi tw tir dién cla
doan thr cip.

Tiép theo, ta sip x&p lai day (b, by, ..., b,_1) theo thi tw ting din cta khoa s twong
rng bang mot thuat toan sap xép 6n dinh (ching han nhu thuit toan dém phan
phéi) d€ dwoc day (ay, ay, ..., a,_1) méi. Trong thult toan sip x&p 6n dinh, hai hoan
vi vong quanh cé doan so cip giong nhau thi hoan vi nao dang dirng truwdc (c6 doan
tht cdp nhé hon) van sé ding trudc. Tir d6 suy ra day (ag,ay, ..., a,—;) méi thu
dwoc diy chinh la thi tw tir dién ctia cac hoan vi vong quanh theo 2k ky tw dau tién.
bé tién lgi cho viéc gan khoa s0, ta c6 thém mang boolean mark[0 ...n — 1] dé danh
d4u. Sau moéi pha lap, mark[i] sé dwoc dit bang True néu a; phadi mang khoa s khac
véi a;_4. Néu truwedre pha lap mark([i] = True tic 12 a; c6 khéa so cip khac voi a;_; thi
sau bwéc 13p do a; vAn mang khda so cip khéc a;_4, ta chi dit thém mark[i] = True
néu sau pha lap a; mang khoéa th cip khac v&i a;_q;

Duwéi day la doan chwong trinh tinh mang hiu té theo thuit toan nhan déi tién to
Input:

Dong 1: Do daixau T (n < 10°%)

Dong 2: Xau T (c6 Ky tw cAm canh @ dirng cudi)

Output

Mang hjuté caa T



Sample Input | Sample Output
7 6531042
BANANA(@

SUFFIXARRAY.PASY' Tinh mang hiu t6

{SMODE OBJFPC}
program SuffixArrayConstruction;

const

maxN = 100000;
type

TAlphabet = '@'..'Z";
var

T: array [0..maxN - 1] of TAlphabet;

n: Integer;

key, head, a, b: array [0..maxN - 1] of Integer;
mark: array [0..maxN - 1] of Boolean;

procedure Init; //Khditao
var
i: Integer;
c: TAlphabet;
ccount: array[TAlphabet] of Integer;
str: AnsiString;
begin
ReadLn(n) ;
for i := 0 ton - 1 do Read(T[i]);
//Thudt todn dém phén phdi, tao ddy a[0...n-1] la cdc hodn vi vong quanh xép theo chik cdi ddu
FillChar(ccount, SizeOf (ccount), 0);
for i := 0 ton - 1 do Inc(ccount[T[i]]);
for ¢ := Succ(Low(TAlphabet)) to High(TAlphabet) do
Inc(ccount[c], ccount[pred(c)]);
for i :=n - 1 downto 0 do

begin
c := T[i];
Dec(ccount[c]); a[ccount[c]] := i;
end;
//Khéi tao mdng mark[1..n]
mark[0] := True;

for i :=1ton-1do
mark[i] := T[a[i]] <> T[a[i - 1]];
end;

procedure SuffixArray; //Thudt todn nhdn déi tién t6
var
i, j, nkeys, kv: Integer;
k: Integer;
begin
k :=1;
while k < n do
begin
//Truéc méi pha lidp dé c6 af0...n-1] la ddy cdc HVVQ xép theo doan so cdp gom k ky tu déiu
//Dwa vao mdng mark tinh cdc gid tri khda so cdp va tao b[0...n-1] la déy cdc HVVQ xép theo doan thik cdp



nkeys := 0;
fori :=0ton-1do
begin

if mark[i] then Inc(nkeys);
key[a[i]] := nkeys - 1;
b[i] := (a[i] - k + n) mod n; //bfi] = hvwq diing trudc vi tri afi] diing k budc
end;
if nkeys = n then Break; //Néucdckhdaso cdp hoan hodn phdn biét thi xong
//Thudt todn dém phdn phdi xép on dinh ddy b[0...n-1] theo khéa so cdp dé thu dwoc af0...n-1] méi
FillDWord (head, nkeys, 0);
for i := 0 to n - 1 do Inc(head[key[b[i]]]);
for kv := 1 to nkeys - 1 do
Inc(head[kv], head[Pred(kv)]);
for i := n - 1 downto 0 do
begin
kv := key[b[i]];
Dec (head[kv]); a[head[kv]] := b[i];

end;
//a[0..n-1] gicr la déy hvvq xép theo 2k ky tw ddu, cdp nhdt lai mdng mark
kv := -1;
for i :=0ton-1do

begin

j := (a[i] + k) mod n; //jdingsau afi] ding k bwdc, key[j] la khéa thit cdp ciia ai]
if key[j] <> kv then //khdathitcdp ciia afi] khdc véi khda thit cdp clia afi-1]

begin
mark([i] := True; //Ditmark déddnh ddu
kv := keyl[jl;
end;
end;
end;

end;

procedure PrintResult; //Inkétqud

var
i: Integer;

begin
for i := 0 ton -1 do Write(a[i], ' ");
Writeln;

end;

begin
Init;
SuffixArray;
PrintResult;
end.

3.1.2. Thuat toan chia de€ tri
Mot trong nhirng ky thuit quan trong dwoc dung trong thuét toan nhan doi tién t6
dé la thay thé viéc so sanh xau b&i phép so sanh s6 nguyén. Ky thuat nay goi la ma

héa (encoding) bang khéa s6.



bé xiy duwng mang hiu to, con c6 hai thuét toan khac dwgc phat trién doc 14p nhwng
déu dva trén ky thuat chia dé tri va co ch€ ma hoa bang khoéa sd. Tuy cach tiép cin
c6 khac nhau nhwng chiing déu la cac thuit todn tuyén tinh (ca vé thoi gian va bo
nh&). Ngoai viéc 1ap day khoang tréng ly thuyét’, nhitng thi nghiém trén dir liéu
thwc té cling cho thiy wu diém ré rét cia nhitng phwong phap nay so véi thuit toan
nhan doi tién to khi xi ly dir liéu 16n.

Thuat todn cta Kirkkiinen va Sanders (2003) [7]: Tai mdi buédc, hai phan ba sé hau
t6 sé dwoc ma hoa theo 3 ky tw dau va duoc sap xép bang dé quy, mot phan ba con
lai dwoc sap dwa vao thir tw tir dién ciia s6 hau t6 da sdp sau do tron két qua lai. Kich
thwéc dir liéu gidm xudng con 2/3 sau mdi budc lap. Thoi gian thuce hién giai thuat 1a

T(n) =T (2?”) +0(n) = 0(n).

Thuat todn ctia Ko va Aluru (2003) [10]: Tai mdi buérc, cac hau td dwoc phan lam hai
loai: Loai S 1a cic hu t6 tai vi tri i ma nhé hon hiu to tai vi trii + 1 va loai L 1a cac
hAu t6 tai vi tri i ma 1ém hon hiu t8 tai vi tri i + 1. Cac tAc gid chirng minh dwoc rang
chi cin sdp x€p dwoc mot trong hai loai thi chi cAn mot thuat toan tuyén tinh 1a cé

thé tron cac hau t6 con lai vao thanh toan bé mang hau t6. Tir d6 bai toan sap xép n

hau t6 quy vé bai toan sip xép t6i da EJ hiu t6. Thoi gian thwe hién giai thuat la

T(n) =T (Ej) +0(n) = 0(n).

Khuon khé cta chuyén dé khong cho phép ching t6i trinh bay toan b chitrng minh
va ma nguon cda hai thuit toan nay. Ban doc c6 thé tham khao bai bdo gbc vé chi tiét
ctia ching. Chung ta thira nhin da c6 thuit todn xy dwng mang hiu té trong thoi

gian va bo nhé tuyén tinh.
3.2. Xay dwng mang tién t6 chung dai nhat.

Bai toan: Cho xau T = tyt; ...t,_; € Z* trong d6 duy nhitt,_, = @ clung v&i mang
hiu t6 twong &ng SA(T) = (ay, ay, ..., Ap—1)- Can phai xay dung mang tién t6 chung
dai nhat LCP(T) = (ly, 1y, -, Ly—q):

® [,=0,

® Vi>0,Ilcp; Ao dai tién to chung dai nhat gitta hiu t6 a; va hdu to a;_;.

*Vi thuat todn dwng cay hiu td truc tiép 12 thuat todn tuyén tinh nhung kha phirc tap, nguwdi ta da tim dwoc thuit
toan tuyén tinh don gian hon nhung cin dung ciy hiu t6 mot cach gidn ti€p qua mang hiu td. Tuy vay diéu nay

sé khong con y nghia ly thuyét néu nhw thuit todn xay dwng mang hiu td khong phai la thuit toan tuyén tinh.



3.2.1. Thuat toan

Thuét toan phé bién nhit dé xdy dung mang LCP(T) dwgc dé xuit bdi Kasai [8]. Sau
day ta trinh bay thuat toan dé.
Trwéc hét ta tinh mang rank, ,,_; trong dé rank; 1a vi tri ctia hiu té i trong mang
hiu to. Tirc la:

rank; = j © sa; =i
Mang (ly, 14, ..., l,—1) sé dwoc xdy dung theo th tw: l[rank,], l[rank,], ..., [[rank,,],
trong dé va l[rank;,,] sé dwoc tinh dwa vao [[rank;].
V&i mdi gia tri i, goi q = l[rank;], va j = a[rank; — 1] 12 hdu t6 ding lién truéc hau
td i trong mang hiu t6. Theo dinh nghia vé mang LCP(T) ta c6 g la d6 dai tién tb
chung dai nhat gitra hai hiu t6 i va j. Loai bo ky tw dau tién cla ca hai hiu té nay, ta
co: tién t6 chung dai nhat gitta hai hdut6i+ 1vaj+ 1c6 ddo daig — 1 néug = 1va
bang 0 trong trudng hop ngwoc lai.
Néugq =1, ta cé t; = t;. Mdt khac, hau t6 j dirng lién trudc hau to i trong mang hau
td nén néu loai bd ky tw dau giong nhau tlr hai hiu t6é nay thi thu dwoc hai hju té
méii+ 1vaj+ 1trong d6 hiu t6j + 1van nhdé hon va ding trwéc hiu toi+
1 trong mang hiu t6. Xét trén th tw tir dién, hu toj + 1 c6 thé khong dirng lién
truwedc hju to i + 1 nhwng béi tién t6 chung dai nhat cia ching cé d dai g — 1, moi
hau t6 nam giita chung theo thi tw tir dién déu phai c6 g — 1 ky tw dau tring véi hu
t6 j + 1 cling nhw v&i hau t8 i + 1. Diéu nay chi ra rang hdu t6 i + 1 ¢6 it nhdtq — 1
ky tw ddu trung véi hiu té dirng lién trwede né theo thi tw tir diém hay l[rank;,,] =
q — 1. D1 nhién b4t dang thirc nay ding ca v&i treomg hop g = 0. Tir d6 ta c6 bd dé
sau:
Bo dé 3
V6ivi:0 <i<n-—1,tacél[rank;;,] = l[rank;] — 1.
Bd& dé 3 cho phép ta cai dit thuat todn tinh mang tién td chung dai nhit bang mot

thuat toan rit ngan gon:



1[0] := 0;
q:=0;
for i :=0ton-2do
begin //Ii] > q. Chii y rank[i] luén > 0 do rank|n - 1] luén bing 0 (hdu t& @)
j := a[rank[i] - 1]; //jlahdu td ditng lién trwéc i trong mdng hdu t6
while t[i + q] = t[j + q] do q := q + 1; //Tdngqnéuky tw thir q+1 ciia hdu t3 i va hdu t6 j khép nhau
l[rank[i]] := q; //Dokytwthitq+1 cla hdutdiva hdu tdjkhdc nhau
q :=q - 1; //Gidmqchudn bi cho bwéc sau
if ¢ < 0 then q := 0;
end;

ViT c6 duy nhat mot ky tw cdm canh & cu6i nhé hon moi ky tw khac, hu ton — 1
cta T chac chin ding dau th tw tir dién trong cac hiu td va nhw vay l[rank,_,] =
[[0] = 0 va ta khéng can tinh [[rank,_,] nita. Mdi bwédc 13p, thuat toan tinh [[rank;]
v&i mot diéu kién chic chan 1 [[rank;] = q. Goij 1a hiu t8 ding lién trwdc hiu td i
trong th tw tir dién clia mang hiu t6, khi dé hai hdu t6 nay c6 it nhat g ky tw dau
tién trung nhau. Tang q lén dén khi ky tw thitr ¢ + 1 ctia hai hu t6 i va j khong khérp,
ta co l[rank;] = q. Viéc cudi cung la giam q di 1 don vi dé chuin bi cho bwéc sau
(tinh [[rank;,4]).

Thoi gian thyce hién giai thuit cé thé danh gid qua s6 lan gia tri q ting hodc giam baéi
hai 1énh q := ¢ — 1 va q := q + 1. Gi4 tri cia q dwoc khéi tao bang 0. Vong lap while
chic chan tim dwoc gid tri ¢ ma ky tw thit ¢ + 1 ctia hai hau t6 t; va t; khéng khép
nhau (t[i + q] # t[j + q]), do d6 nhitng 1énh g := q + 1 khong thé lam cho q vuot
qua n — 1. Ngoai ra c6 t8i dan — 1 Ian q bi gidm sau mdi bwéc lip, suy ra lénh ting g
(g = q + 1) c6 s6 lan thwc hién khong vwot qua 2n — 2. S6 1énh gidam q (q :==q — 1)
c6 s6 1an thuc hién ddng bang n — 1. Vay thuat todn Kasai c6 thé dung dwoc mang
LCP(T) trong thoi gian O(n).

3.2.2. Cai dat

Input:

® Dong1:P6daixauT (n < 10°)

® Dong2: Xau T (c6 ky tw cAm canh @ ding cudi).

® Dong 3: Cacgiatri ag, aq, ..., ay—1 ng véi mang hiu té SA(T)

Output

Mang tién t6 chung dai nhat LCP(T)



Sample Input | Sample Output
7 0013002

BANANA(
6531042

LCPARRAY.PASY' Tinh mang tién t6 chung dai nhit

{ $MODE OBJFPC}
program LCPArrayConstruction;

const

maxN = 100000,
type

TAlphabet = '@'..'Z";
var

t: array[0..maxN - 1] of TAlphabet;
a, rank, 1: array[0..maxN - 1] of Integer;
n: Integer;

procedure Enter; //Nhdp diligu
var
i: Integer;
begin
ReadLn(n) ;
for i := 0 ton - 1 do Read(t[i]);
Readln;
for i := 0 ton - 1 do Read(a[i]);
end;

procedure LCPArray; //Tinhmdng tién td chung dai nhdt

var
i, j, q: Integer;
begin
for i := 0 ton - 1 do rank[a[i]] := i;//Tinhhang cia méihduté
1[0] := 0;
q:=0;
for i :=0ton-2do
begin
j := al[rank[i] - 1]; //jlahdutd ding lién trwdc i trong thi tw tir dién clia mdng hdu t6
while t[i + q] = t[j + q] do Inc(q); //Tdngqnéuky tw thitq+1 ciia hdu tdi va hdu td j khép nhau
1[rank[i]] := q; //Dokytwthitq+1 ciia hdu tdiva hdu td j khdc nhau
Dec(q) ; //Gidm q chudn bi cho bwdc sau: tinh I[rank[i +1]]
if g < 0 then q := 0;
end;
end;

procedure PrintResult;

var
i: Integer;

begin
for i ;=0 ton -1 do Write(1[i], ' ');
Writeln;

end;



begin
Enter;
LCPArray;
PrintResult;
end.

3.3. Xay dwng cay hiu to

Bai toan: Cho xauT = tyt; ...t,,_; € 2% trong d6 c6 duy nhitt,_; = @. Cho mang
hdu t6 SA(T) = (aqy, a4, ..., ap—1) va mang tién td chung dai nhit LCP(T) =
Iy, 11, v, Ly—q) cia T. Can x4y dwng ciy hdu t6 cua T: ST(T).

3.3.1. Thuat toan

Y twdng ctia thuat toan 1a chén Ian lwot cac hau t§ trong mang hau t8 vao cay. Bit

diu tir mét ciy chi gobm nut goc, thult toan Ian lwot xét cac hdu td theo thir tw tir

dién. Mdi khi chén mét hau t6, c6 thé c6 mdt niit nhanh va mot nut 14 dwoc bé sung

vao ciy, trong dé nit 14 c6 nhan 1a hiu t6 vira cheén.

Cu thé hon, ta bat dau tir mot ciy chi gdm nut géc va nut 14 cwe phai x dwoc dit bang

gdc. Vi tri nut x sé dwoc cap nhat bang 14 méi dwoc chén vao cy tai moi budce. Xét

IAn lwot cac hiu td trong mang hau t6. Moi khi xét téi hau té a;, ta di tir 14 cuc phai x

1én phia g6c cho t&i khi gdp mot nat u ¢6 do sau depth(u) < l;. Goi v 1a nit con cua u

di qua trong qué trinh di chuyén tir x 1én u.

Truwong hop 1: Néu depth(u) = [;, ta chi can tao mo6t niat 1a méi y lam con ctia u va

dat nhan canh (u, y) sao cho nhan canh nay noéi véi @ chinh 1a hiu té a; (nhdn canh

nay bang t[a; + depth(u) ..n — 1]). Hinh 10 a) 1a vi du vé cdy vira dwoc chén

ABCABEF@ va sau d6 chen thém ABEF@, trong vi du nay ta tim dwgc ndtu céd

7 = ABla tién t6 chung dai nhit cia ABCABEF@ va ABEF@

Truwong hop 2: Néu depth(u) < lcp;:

® Thém nutw lam con u va cha v dé€ tach canh (u, v) 1am hai canh (u, w) va (w, v).
Nhan canh (u, v) ciing dwoc tach ra hai phan: [; — depth(u) ky tw dau dwogc lay
lam nhan canh (u, w), cic Ky tw sau dwoc 1y lam nhan canh (w, v)

® Nutw cé do sau dung bang lcp;, dit u :== w, viéc chén quy vé truomg hop 1.

Hinh 10 b) la ciing 1a vi du vé ciy vira dwgc chén ABCABCD@ va sau do6 chen thém

ABCD@, qua trinh di ngwoec tir 14 x 1én dirng & nat u nhung & = AB chwa phai la tién

t6 chung dai nhit cia ABCDE@ va ABCFG@ (bang ABC). Ta can “chia” canh (u, v) ra

lam hai phan béi nit méi w sao cho w = ABC sau d6 bo sung nut 14 y 1am con w v&i

nhan canh (w,y) 1a D@ d€ c6 dwoc y = ABCD@.
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Hinh 10. Chén ABCGH®@ vao ciy hiu té

Khong kho6 khan dé chirng minh giai thuit duwng ciy hiu t6 tir mang hiu t6 va mang

tién t6 chung dai nhat nhw trén c6 thé thuc hién trong thoi gian O(n) vi d6 don

thuén l1a phép duyét cac canh trén ciy:

Méi canh dugc duyét qua t6i da mot 1an trong phép di chuyén tir 14 1én géc (canh
di qua cudi cung c6 thé bi x6a va thay bang 2 canh mé1i)
Mbi phép chén hiu t6 vao ciy 1am ting sb canh 1én nhiéu nhat 1a 2.

3.3.2. Cai dat

Input:

® Dong 1: Do daixau T(n < 10°)

® Dong2: Xau T (c6 Ky tw cdm canh @ ding cu6i).

® Dong 3: Cacgiatri ag, aq, ..., ay—q ng véi mang hiu té SA(T)

® Dong 3: Cacgia tri ly, Iy, ... l,,_; wng v&i mang tién to chung dai nhat LCP(T)
Output

Cay hau to ST(T)



Sample Input | Sample Output
7 --ROOT

BANANA
653
001

42
02

@
1
3

5 0
0 0

Trong chwong trinh cai dat dwéi day, ta té chirc cac nut cda ciy hiu t6 trong mot

mang nodes. Moi nit 1a mot ban ghi gdm céc treong:

® indexL,indexH: Nhan cla canh noi tir nit cha la xau t[indexL ... indexH — 1]

® depth: PO sdu cua nut

® parent: Chisd nut cha

® child['@' ..."Z"]: child[c] 1a chi s6 nut con &ng v&i cac nhdn canh c6 ky tw dau la

C.

SUFFIXTREECONSTRUCTION.PASY Dwng ciy hau t6

{SMODE OBJFPC}
program SuffixTreeConstruction;
const
maxN = 100000;
type
TAlphabet = 'Q'..'Z";
TNode = record //Cdu tric niit
indexL, indexH: Integer; //Nhdncanh nditirnitcha la tfindexL..indexH - 1]
depth: Integer; //Pjsdu
parent: Integer; //Chisdniitcha
child: array[TAlphabet] of Integer; //Chisd cdcniitcon
end;
var
T: array[0..maxN - 1] of TAlphabet;
a, 1: array[0..maxN - 1] of Integer;
nodes: array[l..2 * maxN] of TNode;
n: Integer;
x, nodeptr: Integer;



procedure Enter; //Nhdp diligu
var
i: Integer;
begin
ReadLn(n) ;
for i := 0 ton - 1 do Read(t[i]);

Readln;

for i := 0 ton - 1 do Read(a[i]);

ReadLn;

for i := 0 ton - 1 do Read(1[i]);
end;

function NewNode: Integer; //Taoniit mdicd chisé nodeptr

begin
Inc(nodeptr) ;
FillChar (nodes[nodeptr], SizeOf (nodes[nodeptr]), 0);
Result := nodeptr;

end;

procedure Init; //Taocdy chigdm niitgdc chisd 1

begin
nodeptr := 0;
x := NewNode;
end;

procedure SetLink(u, v: Integer); //Chovlam con ctiau
var
ch: TAlphabet;
begin
ch := T[nodes[v].indexL]; //Pocky twddunhdan canh
nodes[v] .parent := u;
nodes[u] .child[ch] := v;
end;

//Thi tuc chinh: Chén hdu td suffindex vao cdy, biét dg dai tién td chung dai nhdt ctia hdu t6 nay véi hdu t6 vira chén la Icpvalue
procedure InsertSuffix(suffindex, lcpvalue: Integer);
var

u, v, w, y: Integer;

k, p: Integer;

begin
u = X
while nodes[u] .depth > lcpvalue do //bitirldxIén gdc, tim niitu cé do sdu < Icpvalue
begin
v = u;
u := nodes|[v].parent;
end;
if nodes[u] .depth < lcpvalue then //Néuucd dj sdu < lcpvalue
begin
//Tao niit w ¢ dd sdu Icpvalue chén vao gitka canh (u, v), nhdn (u, w) néi véi nhén (w, v) = nhdn (u, v) ci
w := NewNode;
k := nodes[v].indexL;
p := lcpvalue - nodes[u].depth;

nodes[w] .indexL := k;
nodes[w].indexH := k + p;



nodes[w] .depth := lcpvalue;
nodes[v].indexL := k + p;
SetLink (u, w);
setLink(w, v);
u = w;
end;
//u c6 dd sau béng lcpvalue, tao Id y lam con ctia u
y := NewNode;
with nodes[y] do
begin
indexL := suffindex + lcpvalue;
indexH := n;
depth := n - suffindex; //D¢sdu ciiay bing chiéu dai hdu t&
end;
Setlink(u, y);
X :=y,; //Cdpnhdtldcucphdiméi
end;

procedure SuffixTree;
var
i: Integer;
begin
for i ;=0 ton-14do
InsertSuffix(a[i], 1[i]); //Chénldn lwotcdc hdu td theo thi tw tir dién vao cdy
end;

//Cdc thi tuc trinh bay output, khéng quan trong
procedure WriteBlank(nb: Integer);

var
i: Integer;
begin
for i := 1 to nb do Write(' ");
end;

procedure Visit(i: Integer; indent: Integer);

var
ch: TAlphabet;
j: Integer;

begin
if i = 0 then Exit;
WriteBlank (indent) ;
Write('--");
if i = 1 then Write('ROOT')
else

with nodes[i] do
for j := indexL to indexH - 1 do Write(t[j]);
Writeln;
if nodes[i].indexH <> n then
begin
WriteBlank (indent + 2); WriteLn('{');
for ch := Low(TAlphabet) to High(TAlphabet) do
Visit (nodes[i] .child[ch], indent + 4);
WriteBlank (indent + 2); WriteLn('}');
end;



end;

procedure PrintResult;
begin

Visit(1l, 0);
end;

begin
Enter;
Init;
SuffixTree;
PrintResult;
end.

4. Bai tap vidu
4.1. Mat ma 4n (ACM 2003)

Cho x4u d6 dai n < 10°, tim hoan vi vong quanh c6 thit tw tir dién nhé nhat. Vi du véi
xau “ALABALA” thi hoan vi vong quanh nhé nhat la “AALABAL”

Thuat toan:

Mac du c6 thuét todn O(n) cai dat don gian hon, viéc ap dung cac thuit toan dung
mang hiu t6 ciing la mot giai phap khéng mit nhiéu cdng strc suy nghi. Chi y la viéc
khoéng dugc st dung ky tw cAm canh c6 thé dan tdi vai stra d6i nhé trong cai dait

thuat toan
4.2. SO xau con phan biét (I0I training camp 2003)

Ban dwoc cho xau T d6 dai khong qua 10>, cho biét c6 bao nhiéu xau con khac nhau
va khacrong cta T.

Thuat toan

Bai toan don thuin la dém s6 nut trén trie hau to ngoai trir nit goc, twong dwong véi
viéc dém so canh trén trie. Vin dé té6n kém bd nhé va thoi gian khi xay dung trie c6
thé dwgc khic phuc bang ciy hiu td véi mot sd stra d6i nho. Tuy nhién cach hay nhat
la duing mang tién t6 chung dai nhit.

Gid st ta c6 mang hiu tb (ay aq,..,a,—1) va mang tién t0 chung dai nhat
Iy, 14, ..., Ly). Chén lan lwot cac hdu t6 vao trie theo thi tw tir dién, phan tich qua
trinh hiu to a; (d6 dai n — q;) dwoc chén vao trie, [; ky tw ddu dwgc duyét qua ma
khong c6 su bé sung nit va canh. Nhirng ky tw sau, moi ky tw sé b6 sung 1 canh va 1

nut trén trie. Suy ra dap so6 la:



z(n Ca 1) = n(n +1) Z lep,

(Do X155 (n — ap) = "2

4.3. Xau con (Training Camp 2003)

Cho xau T gobm n ky tw (n < 10%) va mot s6 k < n, tim xau con dai nhit xuit hién
trong xau T it nhit k lan.

Thuat toan:

Ta da trinh bay phwong phdp dung trie hu t6, trén ciy hiu té ciing cé thé dung
phwong phap twong tw. Tuy nhién bai todn nay c6 thé gidi mot cAch don gian bang
mang hiu t6 va mang tién t6 chung gin nhat. Goi y: Diéu kién dé c6 mot xau dé dai g

xudt hién k 1an trong xau T 1a trong mang LCP(T) ton tai k — 1 s6 lién tiép = q.
4.4, Xau con doi xirng dai nhat (USACO training gate)

Cho xau S d6 dai n < 105, tim xau con d&i xirng dai nhat.

Thuat toan:

Goi S 12 xau dao nguwoc clia xau S, nhan xét rang mot xau déi xirng do dai 1é cia S c6

ky tw dirng gitra 1a s; sé phai c6 dang As; A trong d6 A 1a mot xau con clia S bt dau tir

vi tri i + 1 va ciing 12 xau con ctia S’ bat dau tai vitrin —i — 1. DungxauT =S + S

va mang hiu td SA(T), khi do:

® Moi x4u con cta S bat dau tir vi tri i phaila tién t6 cia hdu té thr i cta T.

® Moi xau con ciia S bat dau tir vi tri n — i phai 1 tién t6 cia hdu t6 tht2n — 1 — i
caaT

Véin dé quy vé tim tién t6 chung dai nhat gitta hai hiu té ciua T. Trén mang hiu t6

SA(T) = (ag, ay, ..., Azp—1) va mang LCP(T) = (1o, 14, ..., l3p—1). Tién td6 chung dai

nhat gitta hau toa;va hau tda; (i <j) la gid tri nhé nhat trong cic gia tri

lepli + 1 ...5], truy van gia tri nho nhat trong mot khoang lién tiép (range-minimum

query) c6 thé dugc thuc hién trong thoi gian O(logn) bang cau tric dir liéu segment

trees hodc thwc hién trong thoi gian O(1) bang phép quy din LCA hay Bucket

Pointers. Khi xét trén moi vi tri i, thuit toan tim xau con d6i xirng dai nhit do dai 1é

mat thoi gian O(nlogn) hodc 0(n) tuy theo ciu tric dir liéu dwoc lwa chon.

Van dé twong tu trong viéc tim xau con d6i xirng dai nhat do dai chan.



4.5. Mau ghép (Polish Olympiad in Informatics 2004)

Cho x4u X do dai n < 105, tim xau Y ngin nhit sao cho moi ky tw trong X déu ton tai
mot xau con nao d6 cua X dung bang Y chita vi tri ky tw d6. Hay noi cach khac, X 1a
mot phép ghép goi cia mot loat cac xau Y

ababbababbababbabaababbaba (X)
ababbaba (Y)
ababbaba
ababbaba
ababbaba

Thuat toan

Cach gidi 1a str dung mang hiu to SA(X) = (ag, a4, ..., a,—1) K€t hop véi mot ciu tric
dir liéu truy vAn pham vi. Bt ddu vdi Y = X,. Nhitng hiu t8 c6 ky tw dau bang X, sé
nam trong mot khodng lién tiép trong mang hau td (tir vi tri L téi vi tri H). Vi tri ban
diu cta cac hiu t6 nay trong xau sé dwoc danh diu béi s 1, nhirng vi tri khac dwoc
danh diu béi sé 0.

Lan lwot thém cac ky tw X, X5, ..., X,,_; vao Y. Moi khi Y dai thém mot ky tu, sé c6
thém nhitng hu t6 cia X khong con nhin Y 1am tién t6 nira, ta co ngin pham vi hoat
dong [L, H] lai va danh du vi tri trong x4u cla cac hiu t6 nam ngoai pham vi hoat
déng bdi s6 0. Thuit toan sé dirng ngay khi t&i mot bwdc ma dé dai xau Y > day
nhiéu s6 0 lién tiép nhit. Viéc do d6 dai diy gdbm nhiéu sé 0 lién ti€p nhat cé thé thuc
hién trong thoi gian O(logn) bang mot ciu truc dir liéu truy vdn pham vi nhw

segment trees. Toan bd thuit toan cé do phirc tap O(nlogn).

4.6. Lién két hau to6 (suffix links)

Thuc ra trong cau tric cda ciy hiu to, con c6 mot thanh phan nira goi la cac lién két
hau t8 (suffix links). Moi nut nhanh u cia cAy hiu t6 chira mot con tré téi mot nit v
khac sao cho néu & = aS thi v = S (& day a 1a mot Ky tw con S 1a mot xau)

Tat ca cac thuat todn tuyén tinh dwng ciy hau to truwc ti€p theo tbi biét déu phai st
dung lién két hiu t6. Tuy nhién néu ta dung ciy hiu t6 tir mang hiu t6 va mang tién
td chung dai nhat, cac lién két hiu t6 bi bo qua.

Cac lién két hiu t6 doi khi rat quan trong trong mét sé thuit todn x ly xau. Vi vay ta
dat vin dé: cho ciy hiu to ST(T) cua mdt xau T dd dai n, cAn phai xay dung toan bo
cac lién két hiu t6.

Giai phap:



Gan cho moi nit nhanh u cta ciy hiu t6 mot cap (i, ) théa man: i, j 1a hai hdu t6 &ng
vGi hai 14 ndm & hai nhanh con khic nhau ctia u. Viéc gan cap (i, j) cho tit ca cac nut
nhanh c6 thé thuc hién trong thoi gian 0(n) bing thuat toan duyét ciy tir dudi 1én:
DE& gan cap hau t6 cho nut u, ta gan cdp hau td cho tit ca cac con clia u trwedc bang dé
quy. Sau d6 chon uy, u, 1a hai con bat ky cta u, gia st cap hau t6 gan cho u, 1a (i, j;)
va cdp hiu té gan cho u, 1a (i,, j,), khi do6 ta c6 thé 14y cip (i, i) lam cdp 14 &ng véi
u.

V&i cap hau t6 (i, ) cda nat u, chiung (ng v&i hai 14 ndm & hai nhanh con khac nhau
ma u 1a tién boi chung thap nhit cua cha hai 14 d6, vdy nén tién té chung dai nhat cla
hai hdu t6 i va j chinh 1a % ma ta ky hiéu la aS. Cling tir d6, tién t6 chung dai nhit cia
hai hdu t6 i+ 1vaj+ 1phdi IaS. Xac dinh hai 14 chita hdu t6 i+ 1vaj+1vavla
tién béi chung thip nhat cda hai 14 nay. Ta c6 ¥ = S tirc 1a con tro lién két tir u phai
tré toi v.

C6 rat nhiéu thuét toan tim tién boi chung thip nhét cda hai nut trong thoi gian
0(1), chdang han c4c thuit todn dé xuit b&i Tarjan [6] hay Fisher [2]. Vi cAy hu t6 c6
O(n) nut, viéc thiét 1ap toan bd cac lién két hau t6 cé thé thuc hién trong thoi gian
O(n). Ban doc c6 thé tham khao thém trong cac tai liéu vé hai bai toan LCA va RMQ
va moi lién hé gitra ching.

4.7. Xau con chung dai nhat

Bai toan tim xdu con chung dai nhat (longest common substring) la mot bai toan
quan trong trong xtr ly xau. Tén cua bai todn da néu l1én noi dung cia nd: Cho hai xau
X,Y, cAn tim x4u Z d6 dai l&n nhit vira 1a xau con cta X, vira 1a xu con cua Y.

Thuat toan 1

Giasr X = x1x3 .. xpvaY =y1y, ..V

Dung ciy hiu t6 ctia Y. Bat dau tir gdc, ta duyét cac ky tw trong X va ré xudng nhanh
con twong rng trén ciy hiu t6. Néu tai mot nut u nao d6 khong c6 nhanh con twong
trng dé ré xudng, ta ghi nhan lai nit u cing véi do sdu cta no (& 1a xau con dai nhit
cia X khép véi doan diu xau Y), ti€p theo ta nhay theo lién két hju to tir u sang nit
v (U xult hién trong Y tai vi tri y,) va di tiép theo cach nhw vay.

Sau khi duyét hét xau Y, nat c6 d6 sau 1én nhat ghi nhan dwoc sé c6 nhan la xau con
chung dai nhat cn tim.

b0 phirc tap tinh toan: O(m + n).

Thuat toan 2



B0 sung thém ky tw cAm canh $. Xét xau X@Y'$, nhirng hiu t6 cé vi tri ding sau vi tri
@ dworc goi la hiu t6é xanh (hiu t6 cua Y$) va nhirng hiu t6 khac dwoc goi la hiu to
dd. Dung ciy hdu t6 X@Y'$ trong d6 cac 14 cling dwgc td cing mau véi hiu to twong
ng.

Bai todn tré thanh tim nit x su nhat ma nhanh ciy géc x chira ca 1a xanh va 14 do.
Do phirc tap tinh toan: O(m + n). C6 thé mé réng dé tim LCS ctia nhiéu xau.

Thuat toan 3

T6 mau hiu to twong tw nhw thuét todn 2. Dung mang hiu t6 va mang tién té chung
dai nhit cia X@Y$. Trén mang hiu t6, tim vi tri i sao cho hiu t6 a; va hiu t6 ding
lién trude (a;_,) khac mau, chon vi tri i c6 lcp; 1én nhat.

Do phirc tap tinh toan: O(m + n).
5. Két luan

Cay hiu t6, mang hiu t6 va mang tién t6 chung dai nhat la nhirng ciu tric dir liéu cé
méi lién hé chit ché. Ngoai viéc cung cdp nhiéu phép toadn quan trong trong xi ly
xau, nhirng ky thuit hay dwoc ap dung trong qua trinh xiy dung ciu tric dir liéu
cling rat dang cha y.

Mot trong nhirng hwdéng nghién ctru dwoc quan tim la st dung ciy hiu to dé xi ly
dir liéu thudc mot bang chir cai 1on. Ciu tric nut cta ciy cé thé tré nén rat cong
kénh néu bang chir céi X 1én. Nhw vi du trong chuyén dé nay, moi nut phai chira mot
mang cac con tré lién két tdi cac nit con. Kich thwéc cia mang con tré nay ding
bang |Z|.

Khi kich thwéc bang chir cai 16n, mang con tré cé thé dwoc thay thé bang danh sach
moc ndi hay ciy nhi phan tim kiém tw can bang dé tiét kiém bd nhé hon, tuy nhién
diéu do6 c6 thé lam db phirc tap tinh todn cua thuit todn bi phu thudc vao |Z|. Bang
dwdi day tom tat vé anh hwdng clia ciu tric nidt 1én thao tac ré nhanh (tir mot nut di

sang nut con theo canh mang nhin c6 ky tw dau € )



Cau truc Ré nhanh Bo nhé

Mang con tro 0(1) o(n|Z])
Cay nhi phén tim kiém O(log|Z]) 0(n)
tw can bang

Danh sach méc néi o(zh 0(n)
Danh sach dong dwoc O(log|Z]) 0(n)
sdp xép

Khac véi cdy hdu t6, mang hiu té cling nhw cac thuit toan xay dwng mang hiu t6 lai

khong gap khé khan gi khi bang chir cai £ 1én. Tuy vy, c6 rat nhiéu thao tic quan

trong trén ciy hiu t6 khéng thé dung mang hiu té dé thay thé dwoec.

Nam 2004, nh6ém nghién cttu ciia Abouelhoda sau khi phan tich cac rng dung da cé

clia ciy hu td da chi ra rang: moi ky thuét xtr 1y trén ciy hiu td trong cac rng dung

da biét c6 thé quy vé ba thao tac co ban [1]:

® Duyét ciy tir dwdi 1én, tong hop thong tin tir cac nit con 1én nut cha (bottom-up)

® Duyét ciy tlr trén xudng, di tir nit cha xuéng nit con theo moét nhin cho trwéc
(top-down)

® T mot niat di sang mot nat khac theo lién két hju té.

T d6, cac tac gia da dé xuit thém nhirng thuit toan xiy dwng ciu truc di liéu bo

sung. Nhirng ciu tric dir liéu nay sé két hop véi mang hau t6 dé moé phong ba thao

tac co ban trén. Ciu truc dir liéu maéi nay cé tén la mang hiu té ting cwong

(enhanced suffix arrays), dwoc chirng minh rang c6 thé thay thé cho ciy hau té trong

tAt ca cac ing dung da biét". K&t qua nay da kéo theo nhiéu nghién ctru nham nang

cao tinh hiéu qua cda thuit toan xy duwng mang hiu té. Cho t&i ndm 2007, trong bai

tdng quan cda Puglisi trén tap chi ACM Computing Survey [15], da c6 t&i 20 thuit

toan xay duwng mang hiu t6 dwoc danh gia, ching dwa trén nhirng cach tiép can khac

nhau, c6 nhitng wu/nhwoc diém khac nhau tuy thudc vao dang dir liéu.

Tuy nhién, viéc sit dung mang hau td dé mé phong ciy hiu t6 doi khi lam mat di tinh

truc quan va giy khé khan trong thiét ké thuét toan. Ciing trong nghién cru vé mang

*Nguyén van “every algorithm that uses a suffix tree as data structure can systematically be replaced with an

algorithm that uses an enhanced suffix array and solves the same problem in the same time complexity”.



hiu t6 tang cuong, cac tac gid con dé xudt mot stira d6i ctia cdy hiu t6 thanh mot ciu
trac di liéu méi goi 1a cay Icp-interval (Icp-interval trees) [9] véi day du cac tinh
ning cda ciy hiu td cling nhw mang hiu t8. C4u tric dir liéu nay kha dé cai dat, tiét
kiém bd nhé va quan trong nhit 12 van giit nguyén dwoc cu truc cay. Nam 2008,
nhom nghién ciru ctia Kim [9] con tim ra nhiéu tinh chit quan trong cua ciy lcp-
interval so v&i ciy hiu t6 truyén thong, dwa ra phwong phap cai dat trong trudong
hop bang chit cai 16n va dac biét la dwa ra dwoc thuit toan tinh cac lién két hiu to
mot cach don gidn va truc tiép, khong can théng qua truy van LCA hay RMQ.
Trong cac ky thi lp trinh cé sw han ché thoi gian, ngoai tiéu chi vé tinh hiéu qua
trong viéc lwa chon thuit toan, ludn phai quan tim téi tinh don gian. Nhirng ciu tric
dir liéu trong chuyén dé nay khong dé cai dat, chinh vi vay thi sinh khong nén lam
dung ching trong phong thi. Vi du: thay vi mit ~100 dong 1énh dé cai dit mang hiu
td6 (hodc hon véi ciy hiu td) chi dé giai quyét bai toan xac dinh xau con, thi sinh c6
thé cai dat thuat toAn KMP véi chwa téi 20 dong 1énh nhwng lai dat hiéu qua cao hon
rat nhiéu.
Néu thi sinh da biét vé ciy/mang hiu t6 va gdp mot bai toan c6 thé gidi quyét triét
dé bang cac ciu truc dir liéu nay, thi sinh it nhiéu sé c6 loi thé vé tAm ly b&i viéc con
lai chi la vin dé thoi gian. Tuy nhién lgi thé nay sé nhanh chéng tao ra bat loi néu:
® Rang budc dir liéu va yéu ciu ctia bai toan cho phép thiét ké thuit toan don gian
va hiéu qua hon nhiéu. Néu khong phéan tich kj dé bai, thi sinh sé mit co hoi tim
ra thuit todn tot va bi thiét vé thoi gian. N6i chung néu doc dé au hodc khong
phan tich ky dé bai thi cang biét nhiéu sé cang bat loi.
® Kha ning cai dit cta thi sinh khong tot, quy trinh kiém thi cda thi sinh khéng
cin than, hoic thi sinh khéng du thoi gian dé kiém thir. Cau tric dir liéu hiéu qua
nhung cai dat sai c6 thé mat nhiéu diém hon cad nhitng chwong trinh cai dit
thuit toan tim thwong.
Pé st dung cac thuit toan hay ciu tric dir liéu phic tap mot cach hiéu qua (néi
riéng v&i cdy/mang hiu td), thi sinh phai phan tich kj rang budc va yéu ciu bai toan
va cd gang tim thuat todn don gian. Trong tredng hop bat budc phai st dung giai
phép phirc tap, cAn lwdong truede thoi gian 1ap trinh, g& réi va kiém thir. Ngoai ra, viéc
cai dat thuit toan tAm thwong cling 1a cin thiét dé ddi sdnh két qua va trdnh mat

diém qua nhiéu néu khong kip thoi gian hoan thién.

Tai liéu tham Khao
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