ABSTRACT

(p-strings (pmatches (p-match

tion.

eager O(n n n P P T P T O(T P,σ O(P σ eager

eager O tS+m(t,S)t > σ string S, m(t,S t that S σ dup m(t,S S t dup dup finds

dup are

copy_number(&pmin,&pmax,pfi->min_bounds.lbearing,
     pfi->max_bounds.lbearing);

copy_number(&pmin,&pmax,pfi->min_bounds.rbearing,
     pfi->max_bounds.rbearing);

copy_number(&pmin,&pmax,pfh->min_bounds.left,
     pfh->max_bounds.left);

copy_number(&pmin,&pmax,pfh->min_bounds.right,
     pfh->max_bounds.right);

parameterp-string Σ and

Π p-match

,y, ,b, S_1 =axaybxycby and S_2 =ayavbyvcbv x and y of S_1 y and v S_2. prev prev(P i string T iff prev(P prev(T_i T_i T i. (

prev k k−

aS S

i.e. Σ and Π O(n(Π logσ O(n n σ S S t can O(S+m(t,S O(S m(t,S reported.

eager i.e.

in O(n(Π +logσ O(n n σ

O(nlogn O(n n

T P O(T time O(Plog tocc tocc σ T O(T(Π +logσ O(P

O(T P,σ

O(Π n n eager S t m(t,S t within S m(t,S S t dup m(t,S Sunless t

eager S O tS+m(t,S)t > σ m(t,S

O(n n n

eager

DEFINITION Σ and Π Σ constants Π parameters Σ ∪ Π )* or p-string S and S _ p-match S into S _ g S S _ g

, and ,v,x, S=abuvabuvu and S _ =abxyabxyx g g(u)=xand g(v)=y. Σ Ν O Σ or Π O Σ+Π .

DEFINITION Ν prev Σ ∪ Π )*→ (Σ ∪ Ν)* to S=b_1 b_2 b_n, prev(S)=c_1 c_2 c_n c_i, 1≤i≤n b_i c_i =b_i b_i c_i = i S b_i c_i =i − k if k b_i c_i .

have prev(abuvabuvu) = ab ab = prev(abxyabxyx).

DEFINITION S=b_1 b_n psub(S,i,j)=prev(b_i b_j i≤ j psub(S,i,j j<i ≤ i ≤ n ith p-suffix of S psuffix(S,i)=psub(S,i,n).

S= abuvabuvu psub(S = ab psuffix(S = ab psuffix(S = ab psuffix(S = ab The prev S and S _ prev(S)=prev(S _ P T P i of T iff prev(P psuffix(T,i). S, prev(S O(S S Π O(S Π Π O prev(S O(S O(Π Π that Π S S to

j psuffix(S,i j ( j+i − prev(S f.

DEFINITION b ∪ Ν, f(b,j b j− wise, f(b,j)=b.

DEFINITION S S pfor S S.

0

b0 $ b0 $ b4 $ b $

b0 $ b $

S=ubvbubv prev(S)=0b0b4b

Example S=ubvbubv ,b } , S is b0b4b b0b0b b0b b0b etc.

DEFINITION v path(v v pathstring of v pathstr (v v pathlength for v pathlen(v pathstr (v). S S is S S. v i,j into v psub(S,i,j v i firstpos(v j− i + arclen(v f to prev(S b prev(S k f(b,k O

tex v Π Π

Σ+Π . O O σ

aS pathstring S propa,b,c,d S and T aS =bT but aSc≠bTd Sc≠Td string aS aSc and aSd, c≠d Scand Sd S.

prev(S)=0ab30ab x=0, ab, c = d = xα c =0ab3=psub(S xα d =0ab0=psub(S xα. However, psub(S =ab psub(S =ab α S v psub(S,i,j). SL(v psub(S,i + j), SL(v psub(S,i + j

psub(S,i + j

DEFINITION i,j> v is psub(S,i,j SL(v for v psub(S,i + j i.e. psub(S,i + j

Since psub(S,i,j i >j SL(v psuffix(S,i + SL(v) i,j v is psub(S,i,j

S and T a,b ∪ Π prev(aS)=prev(bT prev(S)=prev(T i j k i + j+ k− 1.

DEFINITION v psub(S,i − j SL(v string psub(S,i,j good bad.

S and T a,b,c,d ∪ Π prev(aS)=prev(bT prev(aSc)≠prev(bTd prev(Sc)≠prev(Td) prev(aSc), prev(bTd k k=aS=bT [Baker93a].

0bc 0a 3α

0bc 5β

0a 8γ

0 δ

v bc3α v k v k

LEMMA w S v_1 ,v_2 , ,v_k tices v_j SL(v_j )=w Π ver-

Proof. v w v pathlen(v) v i,j psub(S,i,i +t)=psub(S,j,j+t psub(S,i + i +t)=psub(S,j+ j+t

u and v w i,j,r,s u is psub(S,i,r v is psub(S,j,s k psub(S,i,i +k− = psub(S,j,j+k− psub(S,i,i +k) ≠ psub(S,j,j+k u and v psub(S,i + i +k) = psub(S,j+ j+k u or v u

graph, u u and v have

v w u v reached v pathlen(v u pathlen(u

v v v v w z below w w involved. w Π

w w.

i

DEFINITION S head_0 (S i ≥ head_i (S psuffix(S,i psuffix(S,j j<i. If S S head_i.

S head_{i − 1} =psub(S,i − r ≤ r head_i =psub(S,i,s s ≥ r [Baker93a].

i head_i i i − i − h_{i − 1} head_{i − 1} h_{i − 1} head_i

h_{i − 1}

head_i i

added,

i.e.

v min(v v into v v v v to v

Let S S i i ≤ i ≤ n i i psuffix(i head_i already i. i. i. i v v prev(S_i S_j SL(v prev(S_{i +1} S_j

v min(v v v eager P =prev(S oldhd oldchild i, i = n

SL(oldhd oldhd oldhd is head_{i − 1} =psub(S,i − s s ≥ i − SL(parent(oldhd eager

psub(S,i,s SL(oldhd

: eager oldhd SL(oldhd oldhd

f(b,p b prev(S p

t head_i =psub(S,i,t g

label. g g is head_i, so newhd g eager g to g newhd numbered i g newhd newhd is head_i update

g newhd min(newhd min(g newhd SL(oldhd), SL(oldhd newhd SL(oldhd oldhd g oldhd min(SL(oldhd oldhd min(SL(oldhd oldhd. newhd psub(S,t + n psub(S,i). : oldhd newhdand oldchild g.

update g newhd min(g min(newhd

oldhd i − g oldhd g oldchild i − 1, oldhd i − oldhd to oldchild update. update min(g min(newhd min(g min(g newhd, min(newhd min(g erwise, min(newhd min(g min(g newhd, update

i − oldchild newhd min(g newhd g

eager

Let prev(S)=b_1 b_2 b_n i,j,r, i <j<r, psub(S,i,r b_j, b_{j+1} b_r by f psuffix(S,i w b_{j− 1} Σ u string psub(S,i,j− v eager u b_{j− 1}, b_j, b_{j+1} b_r w Stage i + z w eager w z tex v u psub(S,i + j− b_{j− 1} Σ, v psub(S,i + j− i + b_{j− 1} b_{j− 1}, b_j, b_{j+1} b_r

eager f are eager algorithm.

THEOREM Σ and Π S n, eager Sin O(n(Π +logσ O(n

Proof.

Let T_i i i i, T_i oldhd head_i. i = i − 1. i i − head_i string head_i psuffix(S,i).

i SL(oldhd T_{i − 1} i − 1, eager SL(parent(oldhd

psub(S,i,s i − eager finds head_i in T_{i − 1} eager r

SL(oldhd psub(S,i,n eager head_i eager psuffix(S,i). i for oldhd SL(v

T_{i − 1} T_{i − 1} min(SL(oldhd j k p j− k− p − p p oldhd j<i and k<i i oldhd i − i − oldhd i − dren, oldchild oldhd SL(oldhd oldhd i − 1, SL(oldhd oldhd i − SL(oldhd oldhd oldhd if oldchild.

i g newhd min newhd, g SL(oldhd update min(g newhd min(newhd min(g oldhd if oldhd g min(g oldhd newhd min(SL(oldhd i. eager cases.

Constructing prev(S O(nlog Π O(n). O(n O σ O(nlog σ

head_{i − 1} =psub(S,i − s s + i s +

O σ scan O(nlogσ ). i Π Π i O(nΠ stage i SL(oldhd SL(parent(oldhd

O(n i rescanning P[k i P[k i q <s parent(oldhd psub(S,i − q), head_{i − 1} =psub(S,i − s q <k≤s P[k Stage j<i r >k, head_j =psub(S,j,r v psub(S,j,k− v j p <j, psub(S,p,p +k− j− =psub(S,j,k− psub(S,p,p +k− j)≠psub(S,j,k psub(S,i − k− = psub(S,p +i − 1− j,p +k− j− P[k] P[k f(P[k k− i + > psub(S,i − k) ≠ psub(S,p +i − 1− j,p +k− j i − z psub(S,i − k− head_{i − 1} =psub(S,i − s parent(oldhd psub(S,i − q q≤k− 1<s, z=parent(oldhd z P[k i O(n O O σ n O(n(Π +logσ update Π oldhd update O(Π n).

Π

v v SL(w)=v w v O n w O n update newhd v O n v newhd

pathstring psuffix(i psuffix(i +

O(nlog n n.

m insert, link, cut expose in O(mlog k k Insert Link(w,c) makes c w. Cut(a,b a,b expose

O(mlogk m k O k) k O(k

expose

expose operation; expose(v v oldhd become SL(oldhd oldhd oldhd v expose(v SL(oldhd)

a,b T_{i − 1} r cut(a,b), link(a,r link(r,b v r link(v,r tree. O(n O(n O(nlog n O n O(nlog n

THEOREM Σ and Π length n O(n O(nlog n).

oldhd oldhd expose

P string T T O(T P in O(Plog tocc tocc P P P and O(P)

P (technically, P P T T of T T

P O(TlogΣ O Σ T P prev(T prev(T O(T O(Π O(P prev(T function f

P f(b,j)= b≥ j b≥Pin prev(T prev(T) ≥P P P O(P O(T P Π P P or T psub(T,i,q) = psub(P,j,j+q − i psub(T,i + q)=psub(P,j+ j+q − i psub(T,i,q P psub(T,i + q P T.

≤ i ≤T i T S ith i = v=root len = i, v i − 1+len psub(T,i,i +len − v parent(v v v

psub(T,i,i +len − len − j=len

j j i T j j f(prev(T i +j− j f P (not j i T is P w jth i v=SL(w i j= len =j len =j− i.

THEOREM Σ and Π P P T O(T(Π +logσ O(P

T Π expose O(TlogP). Π in O(P O

O c c

i i +1.

w q w T q =w q T q =w w u =SL(q

u

THEOREM Σ and Π T P P with T O(T P,σ Proof. T and S j−

u

correctly. O(P O O(P P,σ O(n P,σ O O P,Π O P,σ T T O(T P,σ O(P O(P) [HT84,SV88].

eager pdup

eager.

Σ Σ n Σ and p Π n p

Σ= Π = eager pdup

pdup

IRIX). Π n n O(n(Π +logσ eager n n nΠ eager n

eager

eager S=b_1 b_2 b_n b_i b_{i +1} b_{i +k} and b_j b_{j+1} b_{j+k} if b_i b_{i +1} b_{i +k} and b_j b_{j+1} b_{j+k} i.e.

psub(S,i − i +k)≠psub(S,j− j+k psub(S,i,i +k+ ≠psub(S,j,j+k+ i,j,k+ ( j,i,k+

S t m(t,S t within S m(t,S S t dup m(t,S Sunless t eager S t and m(t,S

THEOREM Σ and Π S n, eager S O tn +m(t,S)t > σ σ

Proof. Let t O(nlog σ O tn +m(t,S σ O(tn +m(t,S

O(tn +m(t,S O σ

i s ≥ i − oldhd is psub(S,i − s r ≤ s parent(oldhd psub(S,i − r Stage i SL(parent(oldhd psub(S,i,p some p r≤p≤s psub(S,i,s v p − i +1<pathlen(v)<s − i + v L k<i L is psuffix(S,k v is psub(S,k,k− 1+pathlen(v (k,i,pathlen(v psub(S,k,k+pathlen(v ≠psub(S,i,i +pathlen(v L i.e.

psub(S,k− k+pathlen(v =psub(S,i − i +pathlen(v imply psub(S,k,k+pathlen(v =psub(S,i,i +pathlen(v L i.e.

psub(S,k− k− 1+pathlen(v =psub(S,i − i − 1+pathlen(v pathlen(v)+ oldhd pathlen(parent(oldhd =r − i +2≤ p − i + p − i +2<pathlen(v)+1<s − i + v s − i +2=pathlen(oldhd k,i,pathlen(v i i and k<i t than t O(tn +m(t,S O tn +m(t,S σ ). update O(tn +m(t,S at O

newhd i v _ oldhd of oldhd v _ v′ L v′ j<i − L is psuffix(S,j i,j+ head_i if v′ v _ or oldhd.

Since SL(v′ newhd i psuffix(S,j+ newhd psuffix(S,i newhd i,j+ head_i v _ and v′ head_i+ psuffix(S,i − psuffix(S,j v _ and v′, v _ and v′ v′and v _ head i head i i and j+ i,j+ head_i j oldhd v′ t t O(tn +m(t,S O O(tn +m(t,S

m(t,S S m(t,S)<S t dup m(t,S n. Dup

eager and pdup

t =1, m(t,S S dup eager and pdup t m(t,S n m(t,S)<Sfor t≥20.

eager (using

0 100000 200000 300000 0

100000

200000

300000

p_1 ,p_2 p_1 +k,p_2 +k k+ p_1 and p_2 p_1, p_2 k

m(t,S S:

eager pdup dup

prev

O(n m,Π n m

tocc d O(Tlog tocc O(dlogσ O T+tocc log d p O(p log^2 d p O(p log d

Acknowledgements. work. References

search, Algorithms

,

time, 124.

402-411.

, Lecture