ABSTRACT

1993.

e.g. first, last fun init, final g parameter- dup dup

parameterp-strings

p-match and aubuvaxvu x, y z u, v x p-string.

tree O(n n P m T n T O(n +m O(n P T S O(n +r n r S dup dup

matches.

dup

$

$

$ abc

bc

c $

. Throughout, Σ Π i.e. Σ and Π are O Σ and Π Π

DEFINITION Σ ∪ Π )* or p-string. p-match x, y v a, b c S_1 =axaybxycbyand S_2 =ayavbyvcbv x and y of S_1 y and v, S_2.

length n O(Π

prev Σ ∪^{Ν)* Ν} u, v, x y a and b prev(abuvabuvu)= ab00ab442=prev(abxyabxyx).

Π prev Π

PROPOSITION Sand S _ prev(S)=prev(S _ ). DEFINITION ith p-suffix S=b_1 b_2 b_n psuffix(S,i) = prev(b_i b_{i +1} b_n prefix(S,i,j) = prev(b_i b_{i +1} b_j i ≤ j prefix(S,i,j j<i. prev(S psuffix(S,i i prev(S)=a0a2ab psuffix(S =a0ab prefix(S,i,j j− i + psuffix(S,i).

PROPOSITION P T P position i of T iff prev(P) = prefix(T,i,i +P− j psuffix(S,i j j+i − b of prev(S f f DEFINITION b ∪ Ν b j− 1, f(b,j)= f(b,j)=b.

f Σ S=a_1 a_2 a_n a_i i ≤ i ≤ n a_i a_n suffix a_n

Σ ∪^{N represent-}

S n

DEFINITION S Σ tree S S. S S

S S S S S S S S dren.

Example S= x and y b and $ prev(S)=0b014b2$ b014b2$, b010b2$ b2$ b2$ b2$, b0$ $ $ S DEFINITION v pathstring of v v v locus v pathlength of v.

prev(S v plen(v firstpos(v

arclen(v j k f(b,j b k prev(S f

n N Π O(n Σ+Π v Π Σ Π − v

0

b0 $

$ 0b2$ b

10b2$

014b2$ 2$

$ 10b2$

S= , and , .

string P prev(P prev(P T O(P

THEOREM P and T prev(T , where $ P T O(P O(T T P time O(P+k O(T k

P and T P T O(P+T O(T T P O(P+T+k) =O(P+T space O(T).

a,b and S,T * aS =bT S=T. aS =bT and aSc≠bTd a,b,c,d and S,T * Sc≠Td. suffix links aα a α α aα aα a α string α

LEMMA a,b∈Σ ∪ Π and S and T prev(aS) = prev(bT prev(S) = prev(T).

Proof. prev(S prev(aS prev(aS prev(T prev(bT prev(aS prev(bT strings.

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

S=xabxyabz , and ,y, prev(xabx)=0ab prev(yabz)=0ab0, ab prev(abx)=ab0=prev(abz ab

LEMMA prev(aS)=prev(bT prev(aSc)≠prev(bTd S and T k and a,b,c,d ∪ Π prev(Sc) = prev(Td prev(aSc), prev(bTd) is k+

Proof. Obviously, prev(aSc prev(bTd prev(Sc) = prev(Td Σ prev(aSc prev(bTd v prev(aSc prev(aS)v = prev(aT)v =prev(aTd prev(Sc prev(Td prev(aSc prev(bTd { k+1} k+ prev(aSc)≠prev(bTd).

i i i i = n Define head_i i S j S j<i i head_i symi hd_i i. aα a α α i − head_{i − 1} was aα a α head_i α i aα α aα α hd_i. i i rescanning α α hdi hd_i i scanning i hd_i i.

prev(aS prev(S conprev(aS of prev(S

DEFINITION (Σ ∪ Ν)* of α α α

evaluation, i.e.

DEFINITION S and i ≥ head_i (S psuffix(S,i psuffix(S,j j<i head_0

LEMMA head_{i − 1} (S)=prefix(S,i − s i − 1≤ s head_i (S)=prefix(S,i,t some t ≥ s.

Proof. head_{i − 1} j<i − head_{i − 1} (S psuffix(S,j psuffix(S,i − head_{i − 1} (S)=s − i + s − i +1 psuffix(S,j+ psuffix(S,i head.

plen, firstpos arclen v CSL(v v parent parent(v

Let S S ends Σ and P =prev(S lazy prescan, rescan scan lazy The i lazy i i

CSL(root)=root oldhd =root

i, i ≥ 1. i, CSL(v v oldhd head_{i − 1}; CSL(root root v CSL(v v is prefix(S,j,k), where j≤ k, CSL(v prefix(S,j+ t t, j≤ t ≤ k. i i p-suffixes. i CSL(oldhd hd head_i psuffix(S,i parent(oldhd i. If oldhd CSL(oldhd

scan

oldhd s =plen(oldhd)+i − 2, head_{i − 1} =prefix(S,i − s). CSL(oldhd prefix(S,i,s prefix(S,i,s

head_{i − 1} Initially, lazy start prefix(S,i,s CSL(oldhd CSL(oldhd start lazy CSL(parent(oldhd sets start prescan(parent(oldhd i) prefix(S,i,r r <s.

If parent(oldhd prescan(parent(oldhd i prefix(S,i,s CSL(parent(oldhd prefix(S,i,r) prefix(S,i,s into prev(S)

   oldhd=root;
   CSL(oldhd)=root;

         else

prefix(S,i,s) */ prefix(S,i,s) */

prev(S)

   d=child(c,f(plen(c),index(i,plen(c)+1)));

     }

     }
   }
}

psuffix(i) */

      oldhd=hd;
   }
}

plen(parent(oldhd − 1. Once start lazy c of prefix(S,i,s rescan(start ,pgoal,i pgoal =plen(oldhd)− rescan from start prefix(S,i,s prescan, rescan prefix(S,i,s prefix(S,i,s pgoal short prefix(S,i,s short≥0.

While c prefix(S,i,s head_i t ≥ s, head_i =prefix(S,i,t t c prefix(S,i,s short > t =s short > t =s short + from c d. short > t =s locus hd of head_i and CSL(oldhd CSL(oldhd c hd scan(c,d,short,i +pgoal,i).

Scan(c,d,short,j,i short d c if short = j psuffix(S,i scan head_i hd of head_i =prefix(S,i,t psuffix(S,i). i CSL(oldhd prefix(S,i,s oldhd parent(oldhd

i >1, i − head_i i by lazy because short > t =s scan head_i i. i =n S S. Analysis

THEOREM Σ and Π S ∈ (Σ ∪ Π )* Σ S O(n space O(n n S.

Proof.

Π O(Π n Π n Π is O O(n scan is Σand Π are

O good v to v _ v _ v bad

Let BAD(y v y i y y after y y BAD(y). i BAD(y

BAD(y i BAD(y BAD(y w_b and w_c z prev, z b and c b and c b≠c c z u b and c of z c u struction), w_c u u c BAD(y w_c points y i y y after y y u c u+ y is c w_b b w_b in BAD(y w_b and w_c v BAD(y

BAD(y prev. Π , BAD(y Π ver- y Π y y y for y n n y Π n Σ and Π are O O O(n).

CSL(oldhd O(Π n)=O(n CSL(oldhd k prev(S i k>i (the k i. prefix(S,i,k− Σ k− i k≤ s oldhd prefix(S,i − s k prev(S j j k f j i j k prev(S) q, prefix(S,j,k− = prefix(S,q,q +k− j− prefix(S,j,k) ≠ prefix(S,q,q +k− j prefix(S,j,k Σ k− i <k− j

prefix(S,j+ k− = prefix(S,q + q +k− j− j+ prefix(S,i − k− i − k− 1≤ r <s parent(oldhd prefix(S,i − r prefix(S,i,r prefix(S,i,k− k prev(S i.

Π Π + n Π and Σare O O(Π n)= O(n O O(n). O(n lazy O(n

DEFINITION S S_i i ≤ i ≤S S_{i,j} =S_i S_j, ≤ i ≤ j≤S. Let S n S_{i,i +k} and S_{j,j+k} ≤ k<n and 1≤i,j≤n − k i,j,k+ j,i,k+ i.e. S_{n +1} $ S S_0 S S_0 ≠$.

DEFINITION S_{i,i +k} and S_{j,j+k} ≤ i ≤ i +k≤ n ≤ j≤ j+k≤ n. left-extensibleif S_{i − i +k} and S_{j− j+k} right-extensible if S_{i,i +k+1} and S_{j,j+k+1} n maximalp-match.

LEMMA i,j,k i.e. r,s ≥ r,s

(i − r,j− r,r +k+s

Proof.

adbdadb d d d

complicated.

Suppose S_{i,i +k} and S_{j,j+k} S_{i − 1} and S_{j− 1} Π of prev(S_{i − i +k} prev(S_{j− j+k} S_{i − i +k} and S_{j− j+k} r ≤ k r prev(S_{i,i +k}) and prev(S_{j,j+k} S_{i +r − 1} S_{i − 1} S_{j+r − 1} S_{j− 1} S_{i − i +k} and S_{j,j+k} S_{i − i +k} =xabcx and S_{j− j+k} =yabcz x, y z prev(abcx)=abc0=prev(abcz prev(xabcx)=0abc prev(yabcz)=0abc

A=(prev(S^{r r} superscript r A A Sby scanning prev(S A_0 =S_0

LEMMA i,j,k> i≠ j i,j,k f(A_{i − 1} ,k+ = f(A_{j− 1} ,k+

Proof. A_{i − 1} and A_{j− 1} Σ

i,j,k i − j− k+ S_{i − 1} S_{i,i +k− 1} iff S_{j− 1} S_{j,j+k− 1} f(A_{i − 1} ,k+ = f(A_{j− 1} ,k+ > f(A_{i − 1} ,k+ = f(A_{j− 1} ,k+ =0. i,j,k f(A_{i − 1} ,k+ = f(A_{j− 1} ,k+ =r r =

r > r symi,j,k i − j− k+ i,j,k

DEFINITION plist clist i i v v A. L

v p_1, p_2 p_k σ by σ :p_1 ,p_2 , ,p_k v a b c a c b c a,b,c v a b c

c v v t: pdup, concatz pcombine pdup pdup calls pcombine concatz

O

≠ f(LCA(pl2),len+1)) p_1 p_2 p_1,p_2,len);

      }

}
                                      pl pl),len+1)=0
}

start(v);

}

pdup DEFINITION L L is start (L)= firstpos(L)+arclen(L)− plen(L i LCA(i A_{i − 1} plist pl LCA(pl A_{i − 1} pl is i . v, f(LCA(pl plen(v)+ pl v. THEOREM S n Σ and Π t, t in S O(n +r O(n r

Proof. T for $ S, pdup(root(T t pdup v, v v;

pcombine and concatz pcombine same-work different-work

v n.

m.

lazy and pdup Σ and Π

Σ Σ Π Σ and Π

lazy pdup

pdup

Σ Π lazy

lazy lazy

Σ Π lazy,

Π Π n n

of Π n lazy pdup lazy pdup

ning pdup pdup

pdup

pdup

pdup

Afrom prev(S S in pdup S S is O(n +r n r lazy n O(nΠ O Σ+Π lazyconstructs O(n(Π Σ+Π

S n O(nlogn O(n Σ and Π

abc)^4

are c c starting

c(c − /

Acknowledgements.

lazy.

References

Algorithms

Proc.

Applications, gence

nal

23,2

260.

(Oct