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Abstract

We show that {0,1}% endowed with edit distance embeds into ¢; with distortion
90(Viogdloglogd) - e further show efficient implementations of the embedding that
yield solutions to various computational problems involving edit distance. These in-
clude sketching, communication complexity, nearest neighbor search. For all these
problems, we improve upon previous bounds.

1 Introduction

Given two metric spaces (Xi,d;) and (Xa,ds), an embedding ¢ : (Xi1,dy) — (Xa,ds) has
distortion c if and only if distances are preserved up to a factor of ¢ (and uniform scaling).
Easy to compute low distortion embeddings are extremely useful in computer science. Simply
put, in many applications, if we can embed with small distortion a metric space which we do
not understand well into some other metric space for which we do have efficient algorithms,
then such an embedding provides an efficient algorithm for the original metric space. On
a more fundamental level, studying embeddings of different metric spaces is a way to learn
about the structure of these metric spaces and it has numerous implications in combinatorial
optimization, discrete mathematics, functional analysis, and other areas.

In this paper we study the edit distance metric: Given two strings over a finite character
alphabet, the edit distance (also known as Levenshtein distance [12]) measures the minimum
number of character insertions, deletions, and substitutions needed to transform one string
into the other. Edit distance plays a central role in genomics, text processing, web appli-
cations, and other areas. In particular, fast estimation of edit distance and efficient search
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according to the edit distance and its variants are the most investigated and used algorithms
in computational biology. In this paper, we show that edit distance embeds in ¢; with rel-
atively small distortion. More specifically we show that {0,1}? endowed with edit distance

embeds into ¢; with distortion 90(VIgdloglogd)  Note that edit distance is well-defined even
on strings over a larger alphabet, as well as on strings of varying length. Our results trivially
extend to larger alphabet, and they can be applied to variable length strings using standard
padding arguments. We omit the discussion on these extensions from this paper.

Furthermore, we show that our embedding can in fact be made efficient, thus implying
improved algorithms for a number of problems, including sketching and approximate nearest
neighbor search.

Given two d-bit strings, the best known running time to compute the exact edit distance,
due to Masek and Paterson [13], is O(d?/logd) (there is an easy quadratic-time dynamic
programming algorithm). For approximating the edit distance, Batu et al. [3] show an
algorithm that runs in time O(d™**(®/2:22=1)) and can distinguish between edit distance O(d®)
and edit distance {)(d). The best approximation achieved by a (nearly) linear time algorithm
is the d*/7 result of Bar-Yossef et al. [2]. If the edit distance metric is modified to allow “block
operations” (i.e., swapping arbitrarily large blocks as a single operation), then the resulting
block edit metric can be embedded into ¢; with distortion O(logdlog®d) [6, 14, 5]). Andoni
et al. [1] showed that edit distance can not be embedded into ¢; with distortion less than 3/2.
This was the only lower bound known prior to the publication of the preliminary version
of our paper. Recently, Khot and Naor [9] showed a lower bound of nearly y/logd on the
distortion of embedding edit distance into ¢;. Their lower bound was improved to 2(log d)
by Krauthgamer and Rabani [10].

VIog d1ogTog d)

As mentioned above, we show an embedding into ¢; with distortion 20( .
(Notice that distortion d is trivial.) It is also worth pointing out that our paper provides a
theoretical foundation to the experimentally successful idea of Broder et al. [4] of estimating
similarity between documents or web pages by looking at sets of “shingles” (substrings)
covering the document. Our methods (as well as other constructions and results in [3, 7, 2])
can be considered as a refinement of the original approach of [4].

A notion related to embedding is the sketching model. In this model a probabilistic
algorithm s computes, for any string z, a sketch (i.e., a small “fingerprint”) s(x) which is far
shorter than z. Given two strings = and y, comparing their sketches s(z) and s(y) (computed
using the same coin tosses) estimates their distance with high probability. Sketching is related
to multi-scale dimension reduction methods and approximate nearest neighbor search [11, 8],
to streaming algorithms, and to communication complexity of document exchange [6]. The
sketching model is well understood for Hamming distance (and implicitly for ¢;), see [11].
For edit distance, Bar-Yossef et al. [2] show how to compute a constant size sketch that can
distinguish between edit distance at most k and edit distance at least (kd)?/? for any k < V/d.
Our embedding results can be used to produce constant size sketches that can distinguish
between edit distance at most & and edit distance at least 20(Vegdlel8d) 1 o1 a11 foasible
values of k.

Another important problem is that of approximate nearest neighbor search algorithms.
Given a database of n points in an underlying metric space, we want to pre-process the



database and provide a search algorithm which, given a query point, finds a database point
which is close to the query point. There is a vast literature on this subject. We restrict
our attention to some of the theoretical work where the pre-processing cost is polynomial
in the input size (even for high dimensional data; for d-bit strings the input size is nd) and
the search cost is polynomial in the size of the query and in logn. Kushilevitz et al. [11]
and Indyk and Motwani [8] consider databases in ¢, {5, and the Hamming cube. Their
search algorithms retrieve a database point at distance at most 1 4 € times the minimum.
Muthukrishnan and Sahinalp [14] show how to extend this result to block edit distance.
Indyk [7] gives a solution for edit distance where the search can return a point at distance
at most d° times the minimum, for any € > 0. The Bar-Yossef et al. paper [2]| gives similar
bounds with a better pre-processing performance. Our embedding results imply a solution

(Viogdloglogd)

where the search returns a point at distance at most 2° times the minimum.

2 Preliminaries

We denote by [i, j] the set {i,7+1,...,j} and we denote by [j] the set [1,j]. (If j < i then
[i, 7] is the empty set.) Let x € {0,1}*. We denote by |z| the length of z. Notice that a string
x corresponds to a 0-1 vector in RI*l. We use  to denote both the string and the vector. For
i € [|z|] we denote by z; the i-th character in x (or, alternatively, the i-th coordinate of x).
For i,j € [|z|] we define z[i, j] = ;x;11%542 ... x;. (If j < then z[i, j] is the empty string.)
Let k € [|z|]. For I = (iy,ia,...,i) € [|z|]* we define x; = x;,x;, - - - 2;,. We abuse notation
and use {-} to denote a multiset of strings, i.e., multiple copies of the same string in the
listed elements are counted as different elements of the set. Thus, the simplified notation
{z', 22, ..., 2"} is used for the set

{(/k): jemnk={ielj-1: 2’ =2}|}.
For s € N, we put
shifts(z, s) = {z[1, |z| — s + 1], z[2, |z]| — s+ 2],..., z[s,|z]]}

Notice that this is a multiset containing exactly s elements. Let x,y € {0,1}*. We denote
by xy the concatenation of x followed by y. We denote by ed(z,y) the edit distance between
x and y, which is the minimum number of insert, delete, and substitute operations needed
to convert z to y (or vice versa). For z,y with |z| = |y|, we denote by H(x,y) the Hamming
distance between z and y (i.e., the number positions i such that x; # y;). For a set X and
s € N, we denote by (f) the set of subsets of X of cardinality s. Let x,y € {0,1}*. Consider
an optimal sequence of edit operations converting = into y. Any such sequence is equivalent
to a function f,, : [0, |z] + 1] — [0, |y| + 1] U {e} with the following properties.

L. foy(0)=0and f,,(lz] +1) = |y| + 1.
2. Vi€ [z]], fay(i) € [lyl] U{e}.
3. Vi,j € [|z|] such that i < j and f, (i), f2,(j) # €, it holds that f, (i) < foy(J)-



The interpretation of f,, as a sequence of edit operations is as follows. Having f,,(i) = ¢
corresponds to deleting ;. If there is no i such that f,,(i) = j that corresponds to inserting
yj. If j = fu,(@) € [|ly|] and z; # y; then that corresponds to substituting y; for x;. The
extension of f,, to 0 and |z|+ 1 is useful in some of the calculations below. Notice that for
7 € [0, |y| + 1] we may put

foall) = F220) = { i 30 €0 lo] +1], fuyi) =

- Jmy e otherwise.

The following facts are trivial.

Fact 1. ed(z,y) > ||lz| — |||
Fact 2. ed(v,y) > [{j: fou(j) =} + {7+ [,0) =<}
Fact 3. |[{j: foy(j) = e} =[] = Jyl.

Fact 4. Let i,i' € [|z|] and 7,/
Jay (@) = J; V" € [i 4+ 1,0'], fuy (i)

ed(z,y) = ed(z[1,4], y[1,57) + ed (=’ + 1, [z[], y[5' + 1, [yl]).

€ [|y|] satisfy the following conditions: i < i'; j < j;
=g and Vj" € [j+ 1,7, f,,(j") = €. Then,

For z,y € {0,1}*, ed(z,y) can be estimated roughly by comparing substrings of = and
y, as the following two lemmas quantify. Lemma 5 states that the strings in shifts(x, b) and
shifts(y, b) can be matched so that no more than ed(z,y) matched pairs have edit distance
greater than 2ed(z,y). Lemma 6 applies this matching to a partition of x and y into equal
length substrings.

Lemma 5. Let z,y € {0,1}* such that |z| < |y|, and let b € N, b < |z|. Then, there exists
an injection
follef=b+1] = flyl b+ 1]
such that
{i € lle] = b+ 1] ed(zfi,i +b— 1], y[f (@), f(i) + b= 1]) > 2ed(z, y)}| < ed(z,y).
Proof: Let I ={i€[lz|-b+1]: fu,(7) €[y —b+1]}. Put
imax = max{i € [|z| —b+1]: Vj€[i], fo,(4) €llyl =0+ 1]V fo,(j) =¢}.
By Fact 4,
ed(z,y) = ed(z[1, tmax], y[1, [y[ — b+ 1]) + ed([imax + 1, [z[], ylly[ — b+ 2, [y]]).
We have that

{iellel=b+1]: fay(i) € llul —=b0+2,[yll} = i€ limax+1,|x| —0+1]: fo,(i) # e}
|z] — b+ 1 — ipax

|y|_b+1_imax

iellyl=b+1]: fr,0)=¢}],
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where the last inequality follows from Fact 3. Using Fact 2,

I = Hiellz|=b+1]: fou(@) #eH —{i €l —b+1]: fay(d) € [lyl —0+2,[y[]}]

| =b+1—{ie(lz]-b+1]: fo, (i) =c}[—[{i€llz]-0+1]: foy() € [ly] —0+2, [y}
o] =b+1— i€zl =b+1]: fo () =c} = {7 ellyl=b+1]: f,()=¢c}|

|z] — b+ 1 —ed(z[1, imax), y[1, ly| — b+ 1])

|| —b+1—ed(z,y).

AVARAVARLYS

For every i € I, put f(i) = f,,(i) and extend f arbitrarily to [|z| — b+ 1]. We show that for
every i € I, ed(x[i,i+b— 1],y[f(i), f(i) +b—1]) < 2ed(z,y). Let

9(1) = max{i + b — 1, max{s' € [i,[z[] : Ij € [f(@), f(I) +b—1], fa, (i) =3}},
and let
h(i) = max{f(i) + b — L max{j € [f(i),[y[] : ' € [i,i+b—1], fu,(i') =j}}.

Notice that either g(i) = i+b—1or h(i) = f(i)+b—1. Moreover, g(i) — (i+b—1) < ed(x, y)
and h(i) — (f(i) +b—1) <ed(z,y). Clearly, ed(x[i, g(i)], y[f (i), h(?)]) < ed(z,y). Therefore,

ed(xz[i,i +b— 1], y[f(@), f(i) + b — 1))
< ed(zli, g(0)], y[f (), h(D)]) + g(i) = (G +b—1) + (i) = (f()) +b—1)
< 2ed(z,y),

as required. O
Lemma 6. Let b,d,s € N with % € Nand s < b. For every z,y € {0,1}¢ there exists a
sequence ki, ka, ..., kqs satisfying

d/b

> ki < 2ed(,y),

i=1
such that for every i € [d/b] there exists a bijection
7; + shifts (z[(¢ — 1)b + 1,4b], s) — shifts (y[(: — 1)b+ 1,4b], s)
such that
|{z € shifts (z[(i — 1)b+ 1,4b], s) : ed(z,7;(2)) > k;}| < ed(x,y).

Proof: Let i€ [d/b]. Put

@ = max{(i = )b+ Lmax(j € [d+ 1] foy(j—1) € [0, (i — DB},

b = minib,minj € [d): fuy(j+1) > ib}},
a! = max{(i — 1)b+ 1, max{j € [d+ 1] : f;yl(j —1)€[0,(i—1)b]}},
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and
b! = min {ib,min {j € [d] : f,,(j+1)>ib}}.

By Fact 4,

ed(z,y) = ed(z[l,af — 1],y[1,a? — 1]) + ed(z[a?, b7], y[a?, bY]) + ed(x[b] + 1,d], y[b! + 1,d]).

) Z”l

Moreover, by Fact 1,
ed(l‘[La? - 1]7y[1’a?@'} - 1]) > |a;v - a?l

and
ed(x[by +1,d],y[b} +1,d]) > |b; — b]|.

We assume without loss of generality that b7 — a? < b — a!. Notice that if z € shifts(x[(i —
1)b+ 1,ib],s) (or z € shifts(y[(: — 1)b + 1,4b],s)) then |z| = b — s+ 1. By Lemma 5, there
exists an injection f : [bf —af —b+ s+ 1] — [b) —a! — b+ s+ 1] such that the number of
indices j € [bf — a¥ — b+ s+ 1] for which

is at most ed(x[af, b7], y[a!,b!]). For every j € [bf —af — b+ s+ 1] set

(zlaf +j—1,af +j+b—s—1]) =yla! + f(j) — L,a! + f(j) +b— s —1]

and extend 7; to the rest of shifts (z[(i — 1)b + 1, ib], s) arbitrarily, and set k; = 2 ed(z[a?, b?], y[a?, b?]).
Now,

|{z € shifts (z[(: — 1)b+ 1,4b],s) : ed(z,7;(2)) > k;}|

< ed(z[af, b7], ylaf, ?])+maX{aw a;} — ((i = 1)b+ 1) +ib — min{bj, b
< ed(zlaf, 0], ylaf, b)) + ed(x[l, af — 1],y[1, af — 1]) +ed(z[b7 + 1, d], y[b] + 1, d])
= ed(z,y).
Moreover,
d/b d/b
ki < 2Zed (afaf, 7], ylaf, b}])
i=1
< Qed(x,y).
This completes the proof. O

3 The Embedding

In this section we prove our main result, the following upper bound on the distortion of
embedding edit distance into ¢;. The embedding given in this section ignores computational
efficiency. In the next section we present an efficient implementation of the embedding.



Theorem 7. There exists a universal constant ¢ > 0 such that for every d € N there exists
an embedding ¢ : ({0,1}9,ed) — ¢; with distortion at most 2¢viesdloslogd,

We first present an informal description of the embedding. Let x € {0,1}? be any string.
We partition z into 2vieedleslosd disjoint substrings of (approximately) the same length.
We refer to these substrings as blocks. Let z', 22, ... denote the blocks. We consider the
multisets shifts(z?,s) for s ranging over the non-negative integer powers of logd that are
below the block length. Given z,y € {0,1}%, define the distance between shifts(z?, s) and
shifts(y, s) to be the minimum cost perfect matching between the two multisets, where the
cost of an edge between two elements is the minimum of their edit distance and s. This is
a metric on multisets of strings that are much shorter than z. (In fact, it can be viewed
as a transportation metric on distributions of strings, where the frequency of a string is
proportional to the number of times it appears in the multiset.) Ideally, we would like to
embed this metric into ¢;. The edit distance-preserving embedding into ¢; would then consist
of concatenating the scaled embeddings of shifts(z’, s) for all blocks ¢ and all values of s.
However, a good embedding of shifts(z’, s) seems to be too strong an inductive hypothesis.
Therefore, we inductively embed the strings in shifts(z?, s) into ¢, and redefine the edge costs
for the matching to be the minimum of the ¢; distance between the embedded strings and
s. We embed this metric over sets of strings into ;. This embedding is not necessarily low
distortion. The following lemma, which may be of independent interest, states the properties
of this embedding.

Lemma 8. For every € > 0 and for every d, s,t € N that satisfy In(s/e) <t < d there is a
mapping v : ({O, l}d)s — {1 such that for every two s-element multisets A, B € ({O, l}d)s,

1
s

[(A) = (B)[ly < — - min {Z min{t, 2H(z, o (x)) ln(S/e)}}

o
T€A

(where the first minimum is taken over all bijections o : A — B), and furthermore if for all
r€ Aand y € B, H(z,y) > t, then

[9(A) = ¢ (B)]x = (1 = e)t.

Proof: Put b= 2%/ Consider the function y : ({0,1}%)° — N@" swhich is defined
as follows. Let A = {z!,22,...,2°} € ({0,1}%)". To set x(A), we generate a coordinate for
every sequence I € [d]’ and for every string z € {0,1}°. Recall that 7 = z;, x4, - - - 7;,, where
I = (iy,i9,...,1). We set

XA ={jef{l,2,....s}: z::UJI}‘

For all A € ({0,1}%)° put ¥(A) = 3L x(A). (Notice that 1(A) is invariant to permuting
the elements of A.)
Let A, B € ({0,1}%)". Let 0 : A — B be a bijection that minimizes

> min{t, 2H(z, o(z)) In(s/e)}.

T€EA




Let Pr denote the uniform distribution on I € [d]’. We have that

[¥(A) —¥(B)[: = 2sdb Z Z IX(A)r: — x(B)r:|

I=(i1,i2,...,1p) €]d]? 2€{0,1}®

< ;Pr (w1 # 0(z)]

= é Ze; (1 —Pr [/i\1 {a;, = U(x)ij}D
S (o))

< é : ; (1 - e*%f@”)

= é : % (1 _ e—w>

< - ;min {1, 2H(, J<?) In(s/e) }
- é ' ;min{t, 2H(z,0(z)) In(s/e)}.

Now assume that min{H(z,y) : = € AAy € B} > t. Consider any z € A. We have that

Prix(B)rz, >0 < s- (1 - é>b
(

t dln(ts/e)
pu— . 1 —_—
5 d)
< s efln(s/e)
€.



Therefore,

[6(A) =B = 55 3 3 KA~ x(B)r

Ie[d]® z€{0,1}®

> S Pr[x(B)r.=0: 2=
€A
t
+%~2Pr[x(14)12 =0: z=ux
zeB
t
= 2—8-2(1—1%[;((3)12 >0: z=ay)
z€A
t
+£'Z(1—PT[X(A)IZ >0: z= )
zeB
> Lo
25 €
- (1 - E)ta
completing the proof. O

For given values d, s and fort = s, € = %, we denote by 1g s the embedding ¢ of Lemma 8.

Proof of Theorem 7. Let g : ({0,1}¢,ed) — ¢, denote the mapping (constructed below) for
strings of length d. Let ;' denote the inverse mapping of the image of {0,1}¢ under ¢g.
We show by induction on d a construction of ¢4 such that ||p4||Li, and [|¢;'||Lip are both at
most 2¢vicedloglogd for some absolute constant c. Here || f||Li, denotes the Lipschitz constant
of a mapping f: (X, D) — (X', D"); i.e.

[ fllip = sup
P z,yeX, r#y D(:B7 y)

As the distortion of ¢, is given by ||@allLip - [|¢; " ||Lip, this proves the theorem.

Clearly, the inductive hypothesis is true for d sufficiently small, using the identity map.
We therefore assume that the inductive hypothesis holds for all strings of length less than
d. Let z € {0,1}%. For j € Nlet s; = (logd)’. Put imax = 2V'edoeled and put jia =

min{j eN: s; > ¢}. For j € [0, jmax), put d; = ﬁ —s;+ 1. For i € [ipma] and

— imax-logd

7 €0, jmax], put A; j(z) = shifts(z[(i — 1)d/imax + 1,9d/imax], 5;), and put
Bij(x) = {¢q,(v) - y € Aij(2)}.
Finally, define the vector yq4(z) whose coordinates are indexed by I, z, 1, j as follows.
(@d(f))f,z,i,j = (@Z’dj,sj(Bz‘,j))I,z‘

(Notice that for simplicity we assume that iy,.y divides d, and we partition z into iy.x blocks
of length d/iyay each. The assumption can be removed by increasing the length of some of

9



the blocks by 1. The proof can be amended easily to handle blocks of two lengths varying
by 1.)

Consider two strings z, y € {0,1}%, x # y. By Lemma 6, there is a sequence ky, ky, . .., k
satisfying

Tmax

Tmax

3 ki < 2ed(,y), (1)

i=1
such that for every i € [imax] and for every j € [0, jmax] there exists a bijection 7 : A4; ;(x) —
A,; j(y) such that

{z € Aij(z) : ed(z,7(2)) > ki}| < ed(z,y). (2)
Now, if s; < ed(z,y) then, trivially, by Lemma 8,
1¥a;.5,(Bij(2)) = ta,,s;(Bij ()1 < 55 (3)

Otherwise, if s; > ed(z,y), then by Equation (2) and the induction hypothesis,
{2 € Bij(@) : H(z,7(2)) > g lluip - ki }| < ed(z,y).

Therefore, by Lemma 8,

1 . )
Wy (Big2)) =y By < —-mind 3" min{s;, 2M(z.0(2) - In(2s,)}

J ZEBi’j($)
1

< —- Z min{s;, 2H(z,7(z)) - In(2s,)}
Sj zEBi,j(x)
1

< o (ed(z,y) - 55+ 55 - 2|l l|Lip - i - In(2s;))
j

< ed(z,y) + 2[|pa||Lip - ki - In(2s;). (4)

Summing Equations (3) and (4), over 4, j, and using Condition (1), we get

?max Jmax

lea(@) = ca@)lly, = DY |tay.s, (Bij(x) = ta,.s, (Biy )|,

i=1 j=0

S imax : Z Sj + imax ' (jmax + 1) . ed(x, y) +
J: sj<ed(z,y)
+(Jmax + 1) - 2]/ @ap luip - Y ki - In(2d)
i=1
. log d log®d
< | 2pax - ——— + 4 i ——— | red(z,y).
< (2 ol ) e
Thus, we obtain the recurrence relation
log®d log d
i <4 ip " T T 'max : )
leallLip < 4ll@a, llLip oglogd | 2ma " Toalog d

10



s0 ||¢allLip (as a function of d) satisfies the conditions of Lemma 14 (in the appendix), and
therefore the recurrence solves to ||@g||py, = 20(Vicedlosloed),

We now proceed to bound ||¢;'||Lip- Define a sequence ji, jo, . . ., ji,... as follows. For
i € [1,imax), if Z[(i — 1)d/imax + 1,7d/imax] = y[(i — 1)d/imax + 1,7d/imax] then put j; = —1,
otherwise put

ji = max{j € [0, ma] : V2 € Ajj(2)V2" € Aij(y),ed(2,2) > [log luip - 553

Put s, +1 = 4 Let I ={i €[1,ima]: ji > 0}. Clearly,

Tmax

ed(z,y) < (Il i +2) - i,

il

On the other hand, consider z € A; ;(z) and 2’ € A, ;(y). If ed(z, 2") > H(p;leLip -85, then by
the induction hypothesis H(¢(2), ¢(2')) > s;. Therefore, by Lemma 8,

lea(@) = ea@)lly = D [[ta, s (Bii(x)) = Ya; ;. (Big )

el
1
> ézsji
el
> oY
———— . 8
= 2logd < gitl
1
= ed($7y)

—1
2 (i, ip +2) log d
Thus we get the recurrence
lea v < 20y, luip - log d + 4log d,

which solves to || !||Li, = 20(VIeedloelosd) by [emma 14. O

4 Implementation and Applications

The embedding described in the previous section is computationally inefficient. An effi-
cient implementation of the embedding is derived from the following algorithmic version of
Lemma 8.

Lemma 9. There exists a probabilistic polynomial time algorithm ¢ that satisfies the
following properties.

1. For every 6 > 0, for every d,s € N that satisfy In(2s) < s < d, and for every A €
({0, 139", (A) = (A, d, 5,6) € €705/ always.

11



2. For A, B € ({0, 1}d)s, let ¥(A) and 1(B) be computed using the same random choices
for ¢p. Then, with probability at least 1 — § (over the coin tosses of 1), the following
two inequalities hold:

(a) [[¥(A) —¥(B)[l; < - min, {erA min{2s, 4H(z, o(x)) ln(4s)}} (where the first

minimum is taken over all bijections o : A — B);

(b) if for all x € Aand y € B, H(x,y) > s, then |[Y(A) —¢(B)|l1 > §.

Proof: Put b= C“HTMS). Let 7 be a positive integer to be specified later. Let I, I, ..., I,
be samples from the uniform distribution on [d]’. Also, let H be a distribution over
hash functions h : {0,1}* — {1,2,...,4s} such that for every z,2 € {0,1}" satisfy-

ing z # 2/, Pr[h(z) = h(z')] = £. Let hy, hy,... h, be samples from H. We require

that I, I5,..., I, hi, ho, ..., h, are mutually independent. The embedding v has one co-
ordinate for every u,v such that v € [r] and v € [4s]. Let I, = (i1,is,...,4), and let
A= (x',22, ... 2%). Then, the coordinate indexed by u,v is given by

1 . j
w<A)u,v:2_r' ’{] 6{1,2,...,8}: U:hU<$JIu)}}'
Let A, B € ({0,1}%)". Let 0 : A — B be a bijection that minimizes

> min {s,2H(x, o(x)) In(4s)} .

€A

Let Pr denote the product distribution of the uniform distribution on [d]’ and H. Let z € A.
Then,

Prih(zr) # ho(x)r)] < Prie; # o(x)]

_ (1_ | Hlo(@) )
< (16(%”%”“”; )

_ 2H(z,0(xz))In(4s)
e

< min {1, 2H(x, 0(x)) In(4s) }

S

1
= —-min{s, 2H(x,0(x))In(4s)}.
s
Let p, denote the last expression. Clearly, p, > % Let N, denote the number of u € [r]

such that h,(zr,) # hy(o(2)r,). If Pr[h(z;) # h(o(z)r)] = 0 then clearly Pr[N, > 2p,r] = 0.
Otherwise, notice that E[N,] < p,r. Using standard Chernoff bounds,

2 2r
Pr[N, > 2p,r| < e 2P < e ot
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Notice that |[1)(A) — ¥(B)[|; < +3,c4 N Therefore,

Pr | lw(A4) — o(B)|; > zsz] < se" s,

€A

On the other hand, consider any = € A. Assuming that min{H(z,y) : * € ANy € B} >
s, we have that

1
Pr[3y € B: h(yr) = h(z;)] < ZJFZPT[?/I:M]
yeB
1 s\
< Z _2
< 4+s<1 d)
1
< -,
- 2

Let N, denote the number of u € [r] such that for all y € B, hy,(yr,) # hu(zr,). As
E[N,] > %, standard Chernoff bounds give

Pr [Nx < ;l] < e s,

The same bound holds for N,, for every y € B, which is the number of u € [r] such that

for all € A, hu(wr,) # hu(ys,). Obviously, [¥(A) — B(B)s = £ Y,cu No + £ X,0p Ny,
Therefore,

S T
Pr [[l(4) — (B < 2] < 257,
To complete the proof, choose r = O(slog(s/d)). O

Lemma 9 implies the following algorithmic version of Theorem 7.

Theorem 10. There exists a polynomial time algorithm ¢ that for every § > 0, for every

d € N, and for every = € {0,1}¢ computes ¢(z) = ¢(z,d,5) € (28 guch that for
¥ ¥ 1

every z,y € {0,1}4, with probability at least 1 — 4,

9-O(VIogdloglogd) _ o ( | < 20Wloedloglogd) . o(y: 4)).

2.) < lp(x) = ()]

The proof of Theorem 10 follows closely the proof of Theorem 7, and is therefore omitted
from the paper. Notice that at the top level of the recursion we take a total of o(d) shingles
from both strings, each of length at most d/2v'°edloeloed Each scale s uses uniform length
shingles. There are o(logd) scales. For each scale, we use Theorem 10 inductively with
failure probability §/2d?. (In the base case we can afford complete enumeration and testing,
so the probability of failure is 0.) The shingles are embedded in dimension o(d log d), and the
probability that the embedding fails on any pair of shingles is at most §/2. Next we construct
for each scale s a mapping v as per Lemma 9. We need to apply v to 2viesdlogloed pairg of
sets of shingles, one pair for each block. Thus, the total number of pairs of sets of shingles
from all scales is d°. We use Lemma 9 with failure probability §/2d. The probability
that the construction fails on any pair of sets is at most §/2. For each scale s, each block
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generates O(slog(ds/d) coordinates. There are 2viesdlogloed hlocks and s < d/2Viesdloglosd
is a power of logd, hence the O(dlog(d/d)) bound on the dimension in Theorem 10.

Theorem 10 can be used to solve many data processing problems that involve edit dis-
tance, by first embedding the data into ¢;, and then applying previous results for ¢; data. It
is important in many applications that we can fix ¢ without knowing in advance the input
points that it will be applied to. We discuss several examples to illustrate the issue. Our
first example is a sketching algorithm, which is a basic building block for other tasks.

Theorem 11. There are universal constants ¢, «a, 5 > 0, a < [, such that the following
holds. There is a probabilistic polynomial time algorithm s that for every ¢ > 0, for every
d,t € N, and for every x € {0, 1} computes a sketch s(z) = s(z,d,t,) € {0,1}°00s(1/9) guch
that for every x,y € {0, 1}¢ with probability at least 1 —§ the following holds. If ed(z,y) <t
then H(s(z),s(y)) < alog(1/d), and if ed(x,y) > 2¢vicsdloeloed . ¢ then H(s(z),s(y)) >
Alog(1/6).!

Proof:  To compute s(z), use Theorem 10 to embed x in ¢, then use the ¢; sketching
algorithm implied in [11]. O

Corollary 12. There is ¢ > 0 such that for every 0 > 0, for every n,t € N, there is
a a one-round public-coin probabilistic two-party communication protocol that on input
x,y € {0,1}" exchanges O(log(1/d)) bits and with probability at least 1 — § outputs 1 if
ed(z,y) <t and 0 if ed(z,y) > 2¢Vicsnlogloen . ¢

Proof:  Suppose Alice gets = and Bob gets y. Alice computes s(x), Bob computes s(y)
(on the same random string), then they exchange these bits. They output 1 if and only if
H(s(x),s(y)) < alog(1/d). By Theorem 11, the protocol succeeds with probability at least
1—0. O

Another obvious application is approximate nearest neighbor search. This is a data
structure problem that is defined as follows. The data set X consists of n points in an ambient
distance space. A pre-processing algorithm can be used to generate a data structure D that
represents in the input data set. The data structure D is then used by a search algorithm
to answer nearest neighbor queries. (The query sequence is unknown to the pre-processing
algorithm.) A nearest neighbor query ¢ is just another point in the ambient space. A search
algorithm gets D and ¢, and must return a point in X that closest to ¢q. In the approximation
version, the search algorithm may return a point in X at distance somewhat larger than the
minimum. Using approximate nearest neighbor algorithms for points in ¢, [11, 8], we get
the following theorem.

Theorem 13. There is a probabilistic pre-processing algorithm D and a search algorithm
N that satisfy the following conditions with high probability. On any input X C {0,1},
the pre-processing algorithm D computes in time polynomial in | X| and d a pre-processed
database D(X). Using D(X), on any input ¢ € {0,1}¢, the search algorithm N finds in

!The comparison of s(z) and s(y) is done using the same outcome of the algorithm’s coin tosses in both
cases.
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time polynomial in d and log |X| a database point N(q) € X such that for every z € X,
ed(q, N(q)) < 20Wlesdleglogd) . oq(q ). (Notice that with high probability the pre-processing
algorithm D outputs a database D(X) such that the search algorithm succeeds on all possible
queries.)

Proof:  Let ¢ be the algorithm from Theorem 10, taking § < 272¢. (So, ¢ embeds
({O, 1}, ed) into Elo(dQ).) To pre-process the database X, apply the ¢; pre-processing algo-
rithm of [11] to the database {¢(x) : = € X}. To search a query ¢, apply the ¢; search
algorithm of [11] to ¢(q). O
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Appendix

Lemma 14. Consider a non-negative function f : N — R that satisfies the following.
There exist ng € N and constants «, 8 > 0 such that for every n > ny

n _ a | oByIognloglogn
$0) < 1 (gummmemes)  (logn)" +2 '

Then, there exists a constant ¢ > 0 such that for every n € N, f(n) < 2¢Vlcgnloglogn,

Proof:  The proof is by induction on n. For the base case, if we take a sufficiently large
constants ¢ and n; > ng, then for all n < ny, f(n) < 2¢vieenloslosn and for all n > ny,

20\/(10gn—x/lognloglogn) loglogn (log n)a > 2,8\/lognloglogn'

So, let n > n; and assume that the claim holds for all n’ < n. We have

log f(n)

n [e% ognloglogn
< 108 (f (G ) - (o) + 27VEsmoaien)
< log <2c\/<logn—¢m> loglogn . (1o ) 4 QWW>
< log (2 . 9¢y/(logn—y/Tognloglog ) loglog 1. (log n)a>
= \/(logn — y/lognloglogn)loglogn + aloglogn + 1
log log n log logn 1
= lognlog logn - +
log n logn cv/lognloglogn
<

log log n log log n
lognloglogn

logn logn c 1ognloglogn
< cy/lognloglogn,

provided that ¢ and n; are sufficiently large. O
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