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THE COMPUTATIONAL HARDNESS OF ESTIMATING EDIT
DISTANCE*

ALEXANDR ANDONIf AND ROBERT KRAUTHGAMER!

Abstract. We prove the first nontrivial communication complexity lower bound for the problem
of estimating the edit distance (aka Levenshtein distance) between two strings. To the best of our
knowledge, this is the first computational setting in which the complexity of estimating the edit
distance is provably larger than that of Hamming distance. Our lower bound exhibits a trade-off
between approximation and communication, asserting, for example, that protocols with O(1) bits of
communication can obtain only approximation a > Q(logd/ loglogd), where d is the length of the
input strings. This case of O(1) communication is of particular importance since it captures constant-
size sketches as well as embeddings into spaces like [; and squared-l2, two prevailing algorithmic
approaches for dealing with edit distance. Indeed, the known nontrivial communication upper bounds
are all derived from embeddings into /1. By excluding low-communication protocols for edit distance,
we rule out a strictly richer class of algorithms than previous results. Furthermore, our lower bound
holds not only for strings over a binary alphabet but also for strings that are permutations (aka
the Ulam metric). For this case, our bound nearly matches an upper bound known via embedding
the Ulam metric into /1. Our proof uses a new technique that relies on Fourier analysis in a rather
elementary way.
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1. Introduction. The edit distance (aka Levenshtein distance) between two
strings is the number of insertions, deletions, and substitutions needed to transform
one string into the other. This distance is of key importance in several fields, such as
computational biology and text processing, and consequently computational problems
involving the edit distance were studied quite extensively. The most basic problem
is that of computing the edit distance between two strings of length d over alpha-
bet ¥. The fastest algorithm known for the case of constant-size alphabet remains
the algorithm of Masek and Paterson [25] from 1980, which runs in time O(d?/log® d).
Unfortunately, such near-quadratic time is prohibitive when working on large datasets,
which is common in areas such as computational biology. A possible approach is to
trade accuracy for speed and employ faster algorithms that compute the edit distance
approximately (possibly as a preliminary filtering step). Currently, the best near-
linear time algorithm, due to Andoni and Onak [5], achieves an approximation factor
of 200VIogd) improving the earlier results of [8, 6, 9].

Another major algorithmic challenge is to design a scheme for nearest neighbor
search (NNS) under the edit distance. In this problem, we wish to design a data
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HARDNESS OF ESTIMATING EDIT DISTANCE 2399

structure that preprocesses a dataset of n strings of length d each, so that when a query
string is given, the query’s nearest neighbor (i.e., a dataset string with the smallest edit
distance to the query string) can be reported quickly. However, no efficient solutions
for this problem are known, even if one allows a small approximation. All known
algorithms with fast query time (polynomial in d and logn) either require large space
or have large approximation error—Indyk [19] achieves constant approximation using

n?™" space, and Ostrovsky and Rabani [29] obtain 20(Vlesdloglogd) 4phroximation
using space that is polynomial in d and n.

It is thus natural to ask the following: Is it really “hard” to design algorithms
for the edit distance? A natural benchmark is the Hamming distance, which is equal
to the number of positions where the two strings differ. Hamming distance can be
seen as edit distance where the only operation allowed is substitution. For Hamming
distance, much better algorithms are known: (i) the distance between two strings can
clearly be computed in O(d) time, and (ii) NNS schemes by Indyk and Motwani [20]
and by Kushilevitz, Ostrovsky, and Rabani [24] achieve 1 + € approximation using
space that is polynomial in d and in n'/ e, Empirically, edit distance appears to be
more difficult than Hamming distance, and the reason is quite clear—insertions and
deletions cause portions of the string to move and create an alignment problem—
but there is no rigorous evidence that supports this intuition. In particular, we are
not aware of a computational model in which the complexity of approximating edit
distance is provably larger than that of Hamming distance.!

We give the first rigorous evidence for the computational hardness of approximat-
ing the edit distance. In fact, we show a computational model in which the complexity
of estimating edit distance is significantly larger than that of Hamming distance, and
this is the first setting where such a separation is known. Our results hold for two
important metrics:

1. standard edit metric, i.e., edit distance on {0, 1}%;

2. the Ulam metric, which is the edit distance on permutations of length d.
Here and throughout, a permutation is a string consisting of distinct characters coming
from a large alphabet, |X| > d. This definition of permutations is nonstandard,
although our results also hold under the standard one, where |X| = d (see Fact 2.4
and the discussion preceding it). Our results immediately imply lower bounds for
sketching algorithms and for metric embeddings. These two algorithmic techniques
received a lot of attention lately as promising approaches to many metric problems.
We will discuss these implications in more detail after stating our main results.

1.1. Main results. Our main result is stated in terms of the communication
complexity of the distance threshold estimation problem (DTEP) and holds for both

'We are aware of only two results that come close. First, if the operations on the symbols
of the strings are restricted to tests of equality, then computing edit distance between two strings
over a large alphabet requires Q(d?) comparisons [34]. However, this lower bound holds only for
exact computation (or 1+ o(1) approximation) and for strings over a large alphabet (but not for
binary strings). In fact, the lower bound breaks down even in the comparison model (when we can

compare the relative order of two symbols); e.g., the algorithm of [10] runs in time O(d2l°lg02g%§d)
for computing edit distance between strings over an arbitrarily large alphabet.

Second, if we restrict our attention to sublinear time, i.e., algorithms that probe only a small part
of the two input strings, then there exists a simple separation in terms of query complexity. Specif-
ically, deciding whether the edit distance is Q(d) or O(d'~€) requires reading at least Q(d'/2—¢/2)
positions of the strings [8], while the same decision under Hamming distance is achieved easily by
sampling O(1) positions. This separation has limited computational implications since it essentially

shows that estimating edit distance requires reading “many” positions of the input strings.
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the edit metric over ¥ = {0, 1} and for the Ulam metric. In DTEP [32], for a threshold
R and an approximation o > 1 fixed as parameters, we are given inputs x, y and want
to decide whether ed(z,y) > R or ed(z,y) < R/a.

In the communication protocol setting, Alice and Bob, who have access to a com-
mon source of randomness, receive strings x and y, respectively, as their inputs, and
their goal is to solve DTEP by exchanging messages. The communication complexity
of the protocol is then defined as the minimum number of bits Alice and Bob need to
exchange in order to succeed with probability at least 2/3. When x,y come from the

standard edit metric, we denote the communication complexity by CCi?}%l}d. Simi-
larly, when z, y come from the Ulam metric, we denote the communication complexity
by CCS};md. Our main theorem provides a lower bound on the latter, exhibiting a
trade-off between communication and approximation.

THEOREM 1.1 (main theorem). There exists a constant ¢ > 0 such that, for every
string length d > 1, approzimation o > 1, and R satisfying d°! < R < d°49,

c- CCE};md + log(alog o) > loglogd.

We extend this result from the Ulam metric to the standard edit metric by reduc-
ing the latter to the former. The key idea, which may be of independent interest, is
that substituting every alphabet symbol independently with a random bit is likely to
preserve the edit distance, up to a constant factor, as stated in the following theorem.

THEOREM 1.2. Let P,Q € X% be two permutations, and let 7 : ¥ — {0,1} be a
random function. Then

e ed(m(P), 7(Q)) <ed(P,Q) for any choice of 7, and
o Pr; [ed(m(P),m(Q)) > Q(1)-ed(P,Q)] > 1 — 27 ed(PQ)),

Using our two theorems, we obtain the following.

COROLLARY 1.3. There exists a constant ¢ > 0 such that, for every string length
d > 1, approzimation o > 1, and R satisfying d*' < R < d*49,

i1y
c-CCL R’ +log(aloga) > loglogd.

The previously known lower bounds for CC(EB}%}d and CCg}%md are all obtained by
a straightforward reduction from the same problem on the Hamming metric. These
bounds assert that the communication complexity for o = 1+ € is 2(1/¢), and in the
case of sketching (aka simultaneous)? protocols is Q(1/€e?) [35] (see also [36, Chap-
ter 4]), and both are clearly uninformative for (say) o > 2. See also [30] for other
related results. )

The only nontrivial upper bounds currently known are (i) CC(EB}%} < O(1) for
suitable o = 20(VIegdloglogd); and (i) CCY%™ < O(1) for suitable a = O(logd);
and they both follow via embedding into ¢;. See section 1.2 and Table 1.1 for more
details.

Comparison with Hamming distance. The next proposition, proved (implicitly) by
Kushilevitz, Ostrovsky, and Rabani [24], upper bounds the communication complexity
of DTEP over the Hamming metric. Let H(z,y) be the Hamming distance between
x and y.

PROPOSITION 1.4 (see [24]). Letd > 1, R > 1, and € > 0. Then there ezists a
communication protocol (in fact, a sketching algorithm) that given inputs x,y € %%

2See the formal definition of sketching in section 1.2.
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distinguishes whether H(z,y) > R or H(z,y) < R/(1 + ¢), using O(1/€2) bits of
communication.

Observe that for approximation factor «, which is a constant (namely, indepen-
dent of d and R), the complexity of the Hamming metric is O(1), while that of the
edit metric is Q(loglogd). It thus follows that edit distance is indeed provably harder
to compute than Hamming distance in the context of communication protocols.

1.2. Implications and related work. Two promising approaches to design-
ing algorithms for the edit metrics are via metric embeddings and via sketching, and
our results preclude good approximation algorithms obtained via either of these ap-
proaches.

Embedding of edit distance into normed metrics. A current line of attack on edit
distance is by embedding it into a computationally easier metric, for which efficient
algorithms are known. An embedding is a mapping f from the strings into, say, an #;
metric such that, for all strings z, vy,

ed(z,y) < [|f(z) = f(y)lh < D-ed(z,y),

and D > 1 is called the embedding’s distortion (approximation factor). An embedding
with low distortion would have major consequences since it allows porting a host
of existing algorithms for an ¢; metric to the case of edit distance. For example,
an (efficiently computable) embedding with distortion D gives an efficient nearest
neighbor data structure for approximation (say) 2D by applying the embedding and
reverting to [20, 24].

Naturally, researchers were keen to find the least distortion for an embedding into
¢1—the problem is cited in Matousek’s list of open problems [26], as well as in Indyk’s
survey [18]. Table 1.1 summarizes the previously known upper and lower bounds, as
well as the implications of our theorems. The reader may find more background on
some variants of the edit distance in [31].

TABLE 1.1
Known bounds on distortion/approzimation of embedding variants of edit distance into 41,
squared-f2, and the approzimation for achieving O(1)-size sketch. Since €1 embeds isometrically
into squared-fo and the latter admits O(1)-size sketch for 2-approzimation, the upper bounds transfer
from left to right, and the lower bounds transfer from right to left (as suggested by the arrows). n/a
means no result is given (even implicitly).

Metric Reference Embedding into | Embedding O(1)-size
1 into squared-£2 sketch
[29] 20(Viog d) — —
Edit distance [22],[23] Q(log d) n/a n/a
on {0,1} [1] — >3/2 n/a
This paper | <+— — Q(log)ﬁ)zd)
Ulam metric 12 O(logd) — —
(edit distance 13 — >4/3 n/a
on permutations) This paper - - ( 101;[%; 2)
oo | |00 | =

It is readily seen from the table that the only previous superconstant distortion
lower bound is Q(logd) for embedding edit distance into ¢1, due to Krauthgamer
and Rabani [23], building on a technique of Khot and Naor [22], who gave a bound
of Q ((log d)l/z’o(l)). Although this lower bound is important, one can potentially
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overcome such a lower bound by, say, embedding edit distance into a richer space, such
as squared-/o, a real space with squared Fuclidean distance, with a possibly smaller
distortion—the major implications of an embedding into squared-£5 are precisely the
same as those of an embedding into ¢;. On this front, much weaker lower bounds
were known: the previous lower bound is only 3/2 [1]. To further stress how little was
known, we note that one can consider even richer metrics, such as any fixed power of
{5 (essentially equivalent to embedding a fixed root of edit distance into ¢2), which
also has an efficient nearest neighbor data structure. For a sufficiently high (but fixed)
power of /3, even the 3/2 bound of [1] gets weaker and becomes arbitrarily close to 1.

Our results rule out all such embeddings indirectly by targeting a richer class
of metrics—metrics for which the respective DTEP problem admits a protocol with
O(1) bits of communication and O(1) approximation. (Proposition 1.4 shows that this
class of metrics is indeed richer.) It follows from our communication lower bounds
that every embedding of edit distance (either on 0-1 strings or on permutations) into
a metric in that richer class must incur distortion D > Q(loiflgo ‘é ), without requiring
that the embedding be efficiently computable. For completeness, we state and prove
this distortion lower bound explicitly for metrics which are a fixed power of /5.

COROLLARY 1.5. For every fixred p > 1, embedding the standard edit metric or
the Ulam metric into ({2)P, the pth power of {a, requires distortion Q(%). The
same is true also for embedding into (1.

Proof. Suppose p > 1 is fixed and the edit metric ed (or similarly the Ulam met-
ric) embeds into (£2)? with distortion D > 1. In other words, the metric ed'/? (i.e.,
1/p-power of every distance) embeds into f5 with distortion D'/?. The DTEP prob-
lem for ¢5 metrics can be solved with (say) approximation 1 + % and communication

O(p?) using Proposition 1.4 (since finite 5 metrics embed isometrically into Hamming
space). Together, we obtain a protocol for the DTEP problem on the metric edl/p,
which achieves approximation D'/?(1 + 1) and communication O(p?). Observe that
the same protocol also solves DTEP on the edit metric ed, except that the threshold
now is R instead of R, and the approximation is (D'/?(1 + %))p < De. The com-
munication is the same O(p?), and thus Corollary 1.3 (or Theorem 1.1, respectively)
implies that Delog(De) > 2-0() logd. For fixed p this completes the proof. a

For the Ulam metric, this distortion lower bound of Q(lolg‘_“lgo ‘é ) is near-optimal,
since that metric embeds into ¢; with O(logd) distortion [12]. The previous distor-
tion lower bound was 4/3 [13]. Other upper and lower bounds for low-distortion
embeddings appear in Table 1.1.

Sketching of edit distance. The sketch of a string x is a (randomized) mapping of
2 into a short “fingerprint” sk(x) such that sketches of two strings, sk(z) and sk(y),
are sufficient to distinguish between the case where edit distance is ed(z,y) < R/a,
and the case where ed(z,y) > R, for fixed approximation factor o > 1 and parameter
R > 1. The main parameter of a sketching algorithm is its sketch size, the length of
sk(z).

The sketching model can also be described as a (randomized) simultaneous com-
munication protocol as follows. Alice receives x and computes sk(x), Bob receives y
and computes sk(y), and then they send their computed values to a “referee,” who
needs to decide whether z,y are close or far based only on the sketches. By letting
either Alice or Bob play the role of the referee in this simultaneous protocol, one easily
sees that the sketch size required by a sketching algorithm is always no smaller than
the number of communication bits required by a (general) protocol. The following
corollary thus follows immediately from our preceding communication lower bounds.
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COROLLARY 1.6. For everyd > 1 and d°! < R < d®*9, every O(1)-size sketching
algorithm of the standard edit metric or of the Ulam metric can achieve approximation
of only Q(logjfogd),

Sketching with constant sketch size can be viewed as a generalization of the “em-
beddings approach” presented above, by using Proposition 1.4, albeit with an arbitrar-
ily small constant factor loss in the approximation factor. An important observation
is that this more general approach suffices for the purpose of designing an NNS scheme
with efficient query time (assuming that computing the sketch can be done efficiently)
and with polynomial storage.® Indeed, the nearest neighbor data structure for the
Hamming metric of [24] could be viewed as an instantiation of the last step. In addi-
tion, sketching can be useful for the original goal of quickly estimating the distance
(e.g., as a filtering step).

The sketching model is also important as a basic computational notion for massive
data sets, and in recent years, an intensive research effort has led to several sketching
algorithms for DTEP over different metrics. Prior to our work, there were essentially
three metrics for which a sketch size’s lower bounds were known: ¢; [35] (equivalently,
for £,, p € (1,2]), s [32, 7] (implying lower bounds for £,, p > 2), and the Earth-
mover distance over {0,1}% [2].

Sketching of edit distance was studied in [8, 6, 29, 12], but the only lower bound
known for sketching of edit distance is trivial in the sense that it follows immediately
from Hamming distance (by a straightforward reduction). This lower bound on the
sketch size is Q(1/€?) for approximation o = 1 + € [35], which becomes uninformative
for even a 2-approximation. In fact, Bar-Yossef et al. [6] write that “The state of
affairs indicates that proving sketching lower bounds for edit distance may be quite
hard.”

1.3. Our techniques. Our proof of Theorem 1.1 consists of three steps. Gen-
erally speaking, we design two input distributions: fig over “far” pairs (z,y) (i.e.,
ed(z,y) > R) and fi; over “close” pairs (i.e., ed(z,y) < R/a). The goal then becomes
to show that these distributions are indistinguishable by protocols with low commu-
nication complexity. By Yao’s minimax principle, it suffices to consider deterministic
protocols.

The first step reduces the problem to proving that the two distributions fig, 11
are indistinguishable by boolean functions over Zg. Roughly speaking, we show
that if there is a protocol using at most [ bits of communication, then there ex-
ists a (deterministic) sketching protocol that uses sketch size of 1 bit and achieves
an advantage of at least ©(27!) in distinguishing between the two distributions. Let
HA HE - Zg — {—1,+1} be the boolean functions that Alice and Bob, respectively,
use as their sketch functions. We can then further restrict the sketching protocol
so that the referee decides by checking whether or not H4(z) = HZ(y) . This step
follows the approach employed earlier in [2], with some minor technical differences.

The second step’s main goal is to further characterize the advantage achieved
by HA,HP in terms of a carefully crafted measure of statistical distance between
the two input distributions fig, f11. For this approach to be effective, it is important

3In particular, one can first amplify the sketching’s probability of success to 1 —niQ(l), where n is

the number of points in the dataset, using sketch size O(logn). Then, the data structure preindexes
all possible sketches in the amplified protocol, using only 20(ogn) = pO1) gpace. For each possible
value of the amplified sketch, the data structure stores the answer that the sketching referee would
conclude from the sketch of the query and that of each dataset point. Note that, in fact, s-size
sketches imply nO($)_size nearest neighbor data structure.
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that the functions H4,H? depend only on a few coordinates of their inputs, and in
order to guarantee this (indirectly), we include in fig, i1 a noise component, which
effectively destroys any dependence of H4,H? on many coordinates. Specifically,
this step assumes that each distribution fi;, t € {0,1}, has the following structure:
choose z € Zg uniformly at random, and then generate y from z via a sequence
of two randomized operations. The first of the two is a noise operator with rate
p € (0,1); i.e., each coordinate is modified independently with probability 1 — p into
a randomly chosen value. The second operation permutes the coordinates according
to a permutation drawn from a distribution D;. Given this D;, consider the following
derived distribution: take a vector u € Zg with A nonzero positions (called a A-test)

and apply a random permutation m € Dy to it; let Agf ) be the resulting distribution
of vectors. (Note that the support of Aq(f A contains only vectors with precisely A
nonzero entries.) Our measure Ay, called \-test distinguishability, is the maximum,
over all such A-tests u, of the total variation distance between A7§07’\) and AS’A). It
pretty much captures the statistical advantage in distinguishing Dy from D; (and thus
fip from fi;) achievable by inspecting only A positions of, say, y (e.g., by tracing them
back to x). Altogether, our upper bound on the advantage achieved by H4, H? takes
roots in the following dichotomy. If H? essentially depends on many coordinates of
y (e.g., a linear function with many terms), then the advantage is bounded by p*
(i.e., the noise destroys almost all the information), and if H” essentially depends
on a few, say A, coordinates, then the advantage is bounded by the aforementioned
Ay. To prove this dichotomy, we rely on Fourier analysis which expands H4, #? into
linear functions at different levels .

In the third step, we complete the description of fig, f11 by detailing the construc-
tion of Dy, Dy and give an upper bound on the A-test distinguishability Ay for these
distributions. In a simplified view, each distribution D; is generated by a block rota-
tion operation, namely, choosing a random block of length L and applying to it €L
cyclic shifts. The difference between the two distributions is in the magnitude of the
rotation (namely, €;).

Our use of Fourier analysis is elementary and does not involve the KKL theo-
rem [21] or Bourgain’s noise sensitivity theorem [11], which were used in the previous
nonembeddability results for edit distance [22, 23]. We also note that our hard dis-
tribution is notably different from the distributions of [23] or [22], which do admit
efficient communication protocols.

To prove Theorem 1.2, we give a new characterization of the Ulam distance be-
tween two strings. In particular, building on the work of [30, 17], we prove that if two
strings (permutations) P, @ are at distance k = ed(P, @), then there exist ©(k) pairs
of characters in P, all characters at distinct positions, such that for each pair (a,b)
their order in P is opposite to that in @ (if they appear in @ at all). We then ex-
ploit this characterization by a careful counting of the number of the possible low-cost
alignments between P and @), tailored to the aforementioned (k) positions.

2. Preliminaries. We use the notation [d] = {1,2,...,d} andZ, = {0,1,...,p—
1}. For a vector u € Zg, define the weight of u, denoted wt(u), to be the number of
coordinates in u that are nonzero.

DEFINITION 2.1. For matrix A € My »(R) and p € [1,00], the p-norm of A is
defined by ||All, = max{||Av||, : v e C",|v|, =1}

2.1. Fourier analysis over Zg. We review basic Fourier analysis over Zg for a
prime p > 2.
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The collection of functions f : Z§ — C is a vector space of dimension p?, equipped
with an inner product given by (f,g) = E,cza[f(2) - g(2)]. For u € 7%, define a

27mi

character y,(z) = e » @

, where x - u is the scalar product of z,u € Zg. The set

of characters {x, | u € Z} forms an orthonormal basis, called the Fourier basis.

Thus every function f : Zg — C admits a Fourier expansion f =3 ;. fuxu, where
p

fu = (f,xu) is called the Fourier coefficient of f corresponding to u. Parseval’s
identity states that E,czq [f(z)g(x)] = Euezg SuGu-

We let N, stand for a noise vector over ZZ, namely, a vector where each coordinate
is set independently at random as follows: with probability p it is set to zero, and
with probability 1 — p it is set to a random value from Z,. We refer to p as the rate
of the noise.

The noise operator T, (also called Bonami-Beckner operator) operates on func-
tions f : Z¢ — R and is defined by (T,f)(z) = En, [f(z+ N,)]. The following
standard fact relates the Fourier coefficients of f with those of T}, f.

Fact 2.2. For every vector u € Zg, (/Tp?)u = fo, - p"i),
Proof. We can write (T, f)(x) = En, [f(z + N,)] as

]ENP Z fue2giu.(z+Np) _ Z fue2ziu.mENp [ez;m‘u.Np} _ Z fuPWt(u)Xu,

d d d
u€Zgd u€Zy u€Zy

where we used the fact that for every w € Z, \ {0} we have E,cz, [e%w”] =0. O
Note that, for p = 2, i.e., Fourier expansion over {0,1}¢, this is equivalent to
having (T,,f)g = fsp!S! for every S C [d].

2.2. Edit metric and Ulam metric. Let X be the alphabet; we mostly con-
sider ¥ = {0,1} or ¥ =Z, = {0,1,...,p — 1} for p € N (we will use p = 0(d?)).

For z € X%, we let z; denote the ith position in # whenever i € [d] and extend
the notation to ¢ ¢ [d] by defining z; = z;, where i = j (mod d) and j € [d].

DEFINITION 2.3 (edit metrics). Let d be a positive integer. The edit metric
over X is the space ¢ endowed with distance function ed(x,y), which is defined as
the minimum number of character substitutions/insertions/deletions to transform x
mnto y.

When || > d, let the Ulam metric be the space of permutations x € X%, where x
is called a permutation if no symbol ¢ € ¥ appears more than once in x. This space
is endowed with the same distance function ed(x,y).

We note that allowing alphabets X bigger than [d] does not make the Ulam
metric harder (at least in our communication complexity setting), and thus our main
theorem carries over to the Ulam metric over permutations with alphabet ¥ = [d] (i.e.,
the standard notion of permutations). In particular, one can perform the following
reduction from the former problem to the latter problem.

FACT 2.4. For any string length d and alphabet 3, |X| > d, there is a function
f 24 — I such that for every pair of permutations x,y € L% we have that
f(x), f(y) are permutations over ¥ and

ed(z,y) <ed(f(z), f(y)) < 3ed(z,y).

Proof. For given z € %%, construct f(z) € Y=l by appending all the alphabet
symbols that are missing from z in an increasing order. Then, clearly ed(f(x), f(y)) >
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ed(z,y). Furthermore, we claim that ed(f(z), f(y)) < 3ed(x,y). Indeed, the edit
distance between the starting block of length d of f(x) and of f(y) is ed(x,y). Also,
if z <ed(zx,y) is the number of symbols that appear in z but not in y and vice versa,
then the edit distance between the ending block of length |X| — d of f(x) and f(y) is
2z. The total edit distance between f(z) and f(y) is at most 3ed(z,y). O

Note that when |X| = p = ©(d?), as is the case in our main theorem, log 3| =
O(logd), and thus the logarithmic lower bound carries over.

We will also use the following operation on strings, which is illustrated in Fig-
ure 2.1.

DEFINITION 2.5 (rotation operations). Fiz a positive integer d and an alphabet
Y. For s,L € [d], define the right rotation operation ﬁS,L : 24— 24 as follows.
When applied to a string x, it takes the substring of x of length L starting at position
s (with wraparound) and performs on it one cyclic shift to the right (by 1 position);
the rest of x remains unchanged. A left rotation R 1, is defined similarly. We call L
the length of the rotation operation.

R,p(x): a -

.
F1G. 2.1. The rotation operation Rg 1,(-). Here, o is the substring of length L — 1 starting at
position s in x, and a is the character at position s+ L — 1 in x.

Note that ﬁs, 1, works as a permutation (and thus is a bijection on the space
of strings). Also, for i € [L], (Rs )" is a rotation of the same block by i positions
to the right. Note that a rotation operation ﬁ& 1 can be simulated by at most two
deletions and two insertions (and only one of each when the rotation block does not
wrap around at the string’s boundary). Thus, ed(z, (ﬁsL)l(x)) = O(i) for every x
and 1.

3. Proof of main theorem. In this section we prove Theorem 1.1. Fix the
values of d and R, and let us use the alphabet ¥ = 7Z, for p sufficiently large so that a
random string from %7 is a permutation with high probability (e.g., it suffices to set
p to be the smallest prime greater than d?). For the rest of this section, we denote
our hard distribution by i = “O;”“ , where [ip will be a distribution over far pairs of
strings (z,y) and fi; will be a distribution over close pairs (z,y), i.e., ed(z,y) > R
and ed(z,y) < R/a, respectively.

We will follow the steps outlined in section 1.3 and eventually put all the pieces
together in section 3.3. Our general approach to proving the theorem uses just a few
simple properties of the hard distribution, which we will specify along the way. To
differentiate the underlying technique from the specifics of our hard distribution, we
describe the hard distribution and prove its required properties separately in section 4.

3.1. Reduction to boolean functions. Our first lemma says that if there is
an efficient communication protocol, then there are boolean functions with a nonneg-
ligible advantage in distinguishing the distribution fig from fi;. This lemma is based
on the ideas from [2], although the presented proof is simpler than in [2].

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



HARDNESS OF ESTIMATING EDIT DISTANCE 2407

LEMMA 3.1. Let fig and j11 be distributions over far and close pairs, respectively.
If CCE}?{md < I for some l > 1, then there exist boolean functions HA, HE : Zg —
{=1,+1} such that

Pr[MA (@) # HP ()] = Pr{i? (o) 2 HP(y)] = 527

Proof. The idea is to reduce the general communication protocol to a simulta-
neous (i.e., sketching) protocol where Alice and Bob each send a sketch of one bit
only, and the referee performs an equality test on these two bits. Then, using Yao’s
minimax principle, we easily obtain two deterministic boolean functions #* and H?
that complete the proof.

To accomplish the reduction, consider an actual [-bit (randomized) protocol II.
We construct a one-bit sketching protocol as follows: Alice and Bob make a random
guess of the entire transcript of an [-bit protocol using the public coins, uniform over
the space of all 2! protocols (the guess is independent of the actual inputs). Each of
them then checks whether the guessed transcript describes the messages they would
send in the actual protocol II, using the guessed transcript to simulate the other
party’s messages. For example, Alice starts the protocol II (that depends on her
input), but instead of sending the messages to Bob, she verifies that her messages are
exactly the same as the ones appearing in the guessed protocol. Alice also uses the
messages from the guessed protocol to simulate Bob’s answers.

If at any moment Alice (or Bob) spots an inconsistency, she (or he) sends a bit
chosen independently at random. Otherwise, Alice outputs 1, and Bob outputs the
outcome of the guessed transcript. Observe that if the guessed transcript is not equal
to the actual protocol they would have run, then at least one of the two players notices
an inconsistency, and one of the bits output by Alice or Bob is random.

Thus, if x and y are such that ed(x,y) < R/« (close pair), then Alice and Bob’s
bits are equal with probability at least 227!+ (1 —27")1 = 24+ 127! (where £ is the
probability that the original protocol II succeeds on (x,y)). Similarly, if x and y are
such that ed(z,y) > R (far pair), then Alice and Bob’s bits are equal with probability
at most % 27 (1-27h. % = % — %24. Using Yao’s minimax principle, we conclude
that, for given distributions fig and i1 over far and close pairs, respectively, there
exist some fixed boolean functions H*, H? that achieve a success probability at least
% + %2_1 on the distribution i = M, or, formally,
27t

S PHHAW) £ HE ()] + 5 P @) = HE ()] > 5 +

N | =

We conclude that Pry, [HA(2) # HE(y)] — Prp, [HA(z) # HP(y)) > 1270 O
The rest of the proof of Theorem 1.1 uses these boolean functions H4, HB.

3.2. From boolean functions to A-tests. Next we provide a method to lower
bound the advantage achieved by the boolean functions H4,H? by relating it to a
certain statistical property of the hard distribution fi. Our hard distribution g =
% will have a specific generic construction that we describe next. For each t €
{0, 1}, the distribution f is formed via a small modification of another distribution f,
which is easier to analyze (due to certain independencies) but might (rarely) produce
invalid inputs. Specifically, each fi; is the distribution u; conditioned on the fact that
the pair (z,y) € uq is valid in the sense that x and y are both permutations and the
pair (z,y) is, respectively, a far (when ¢ = 0) or a close (when ¢ = 1) pair. We analyze
below the distributions po and p; (specifically, in Lemma 3.4). For completeness, we
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mention that, in the next section, we show that this analysis extends to distributions
o and fi1 using the fact that jigp and ji; are statistically very close to distributions
1o and pg, respectively.

The distribution g consists of pairs (x,y) chosen as follows: = € Zg is chosen
uniformly at random, and y is constructed from x in two steps. In the first step,
let z 2 ¢ + N,, where N,, defined in the preliminaries, is noise of rate p € (0,1),
independent of ¢. In the second step, y is obtained from z by permuting the coordinates
of z according to a distribution D;. Formally, D, is a distribution over permutation
operations, where a permutation operation is a function 7 : Zg — Zg for which there
exists a permutation 7 : [d] — [d] such that 7(z) = (2#(1), ..., Tx(a)). We will require
that D; be symmetric in the sense that, for every =, the permutation operations
and 71 are equiprobable (in it). Notice that y has the same marginal distribution
as x, i.e., uniform over Z{.

We now quantify the “difference” between the distributions Dy, D from the per-
spective of what we call A-tests. For X € [d], we define a A-test to be a vector u € ZZ
with precisely A nonzero entries, i.e., wt(u) = . For a distribution D; and A € [d],
let the matrix A®*) be the transition matrix of a Markov chain whose states are all
the M\-tests and whose transitions are according to Dy; i.e., at a A-test u, the process
picks m € D, and moves to state m(u) (which is also a A-test). In other words, a row
corresponding to u in A®?) is a vector that has, for every A-test w, a coordinate of
value Prrep,[n(u) = w]. We denote this row by AN Note that the matrix AT
is symmetric (since D; is symmetric), and thus it is doubly stochastic.

DEFINITION 3.2. The M-test distinguishability of Dy, D1, denoted Ay, is the
mazimum, over all A-tests u, of the total variation distance between the distributions
ALY gng ALY,

We can also write Ay using matrix norms (as per Definition 2.1) and the easy fact
that || Bllec = maxieln] 3 e, | Bis| for all B € My »(R). Later (in Fact 3.8) we shall
use known inequalities between different matrix norms (in particular /o, and £3).

FaCT 3.3. Ay = [|AON — AN /2.

The following lemma bounds the advantage achieved by H*, H? in terms of the
A-test distinguishability Ay of distributions Dy and D; for any pair of distributions
Dy, D1. Note that we have not yet specified the distributions Dy and D; themselves.
We will specify the distributions Dy and D; in section 4, thus completing the definition
of the hard distribution fi.

LEMMA 3.4. Consider H*, HP : Zg — {—1,+1} and p € (0,1). If each p, for
t € {0,1}, is defined as above from a symmetric distribution D; over permutation
operations, then

Pr{p () £ 1P (y)] - Prii (z) # 1O ()] < max Ayp™

T €[d]

Proof. For t € {0,1}, define C® 2 E,, [HA(2)HE(y)] to be the correlation
between the two boolean functions. Note that

(t)
PHA(s) # 1O ()] = 1, [HA@) ~ P () = 1~ S

|~

Thus,

c — )

P (@) # M7 ()] — Pr{iA(x) # 7P ()] = ——
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We will show that CV) — C(©) < 2max,c(q Axp*. For this purpose, it is more
convenient to express each C®) in terms of the Fourier coefficients of H4 and HZ.
Recall that pi; is generated by picking a random x and constructing y from x by adding
to it the noise IV, and then applying a random permutation drawn from D;, namely,
y =m(x+ N,), where m € D;. Let p|x denote the distribution g conditioned on the
value of . Thus,

E#t [HA(:E)HB (y)] = Emelz [HA(x) ']Euth [HB(?J)]]
Define f)(z) £ E,, |, [HZ(y)]. Then
fOx) =Ey, [Erep, [HE(r(z + N,))]].

Since C® = E, [HA(z)f®)(z)], we can switch to the Fourier basis by applying Par-
seval’s identity and get

(3.1 C¥ = 37 (HA),(F0),.
u€Zd
where @u and @u are the Fourier coefficients of H4 and f®), respectively.
The next proposition, which we shall prove shortly, expresses the level A Fourier

coefficients of f(*) in terms of those of HZ. Let ((f(®)),)uwi(uy=x be the vector of the
Fourier coefficients of f(*) indexed by u’s of weight wt(u) = A. Define (HB) ) uswt(w)=r
similarly.

PROPOSITION 3.5. For all A € [d] and HP : Z — C,

—

(3.2) (Wu) = P AGN . ((HB)u

)u:wt(u):)\ '

wwt(u)=X

This proposition naturally leads us to break each C® into the terms correspond-
ing to each Fourier level \. Define the Ath correlation to be

(3.3) ce 3 (D), (FO),..

u€ZLwt(u)=X

Then, M — @ =34_ () — (V). We can now bound each C{") — C{” in terms
of Ay and p.

Let wy = H(@u)u:wt(u):)\HZ be the f3-weight of the level A Fourier coeffi-
cients of HA, and define w? similarly. By Parseval’s identity, Zizo(wff =
E,[HA(z) - HA(z)] = 1, and similarly 325_ (wB)2 = 1.

PROPOSITION 3.6. For all X € [d],

C’§\1) — C’§\O) < QAA,OA -wfwf.

We will prove the proposition shortly by a straightforward calculation. In addi-
tion, Cél) = Céo) because the Oth level Fourier coefficient of f(*) equals Ezezg [f(t)(x)}
=Eyezng [H”(y)], which does not depend on ¢ € {0,1}. Given the above proposition,
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we thus have

d d
eV —c® =% (c;1> - C§O>) <Y 2850 - wiwd
A=0 A=1
d A)2 B)?
a, (W) (@d)” :
g;mw 5 §21;§[L0>§Axp ;

where we used the geometric—arithmetic mean inequality. This finishes the proof of
Lemma 3.4. a

It remains to prove Propositions 3.5 and 3.6.

Proof of Proposition 3.5. Define a new function ¢ : Zg — R as

9(2) £ Exep, [H®(r(2))].
Then f®) = T,¢"), and thus (TGT)U = @u - p™t ) for all u € Z¢ (by Fact 2.2). It
remains to prove that

(3.4) ((99).,)

—

= A®N . ((HB)U)u;wt(u):)\'

wwt(u)=X

Similarly to the operator T, we define the operator O; as
(O:HP)(x) & Erep, [H (n(2))].

Since g = O,HB, we proceed to analyze how the operator O; works on the Fourier
coefficients of a function HZ.
Fact 3.7. For a permutation operation m, define P, to be an operator on func-

tions 1 Zg — R, given by (Px)(x) = ¢(n(x)). Then, mu = Y (u)-
Now, the operator O, defined earlier is simply a convex combination of several
Pr, where 7 is drawn from D,. Thus, with the above fact, for every u € Zg,

—

(3.5) (99), = (OHP), = Erep, [(HP) ()|

Consequently, the vector of level A Fourier coefficients of g(*) can be written as a
product of the matrix A®* and the vector of the (same) level A Fourier coefficients
of HB, which proves Proposition 3.5. d

We will need the following fact for the proof of Proposition 3.6. Recall that || A,
denotes the p-norm of such a matrix A, as per Definition 2.1.

Fact 3.8. Let B € M, »,(R) be a symmetric matriz. Then, ||Bll2 < ||B||sc-

Proof. Tt is known that

1Bl = max > |Bi| and ||Blloe = max 3 |Bijl.
iEn J€[n]

and since B is symmetric, these two norms are equal. By the Riesz—Thorin interpola-
tion theorem, || B2 < max{||B||1, ||Bl/cc} = [|[B|lco- (The Riesz-Thorin interpolation
theorem states that for every 1 < p < ¢ < r < oo and a real matrix A we have
[Allq < max{||Allp, [|All-}.) O
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Proof of Proposition 3.6. For every X, the matrix A®*) is symmetric, and so is
AN Z 40N Thyg,

—

-~ ¥ @, (T0),-(0),)

uGZg:wt(u):)\

wwt(u)=X||

= - |l (40 - 40 <(H/F)u>
wwt(u)=X||
ot a6
u:wit(u )= 2

S pA . wfwf . HA(L)‘) — A(()))‘)HOO
=2A, - p -wfwf,

where we used (3.3), Cauchy—Schwarz, Proposition 3.5, Definition 2.1, Fact 3.8, and
Fact 3.3, respectively. d

3.3. Putting it all together. We proceed to proving Theorem 1.1, using the
machinery just developed in sections 3.1 and 3.2. Recall that we still need to exhibit
a suitable hard distribution. We outlined the construction of our hard distribution
in section 3.2; the construction relies on two distributions Dy and D; which were not
specified. The next lemma asserts that the desired hard distribution exists. More
precisely, it asserts that it can be constructed to satisfy the required properties, such
as a small A\-test distinguishability.

LEMMA 3.9 (hard distribution). There exist constants 0, ¢y, ca,dg > 0 such that,

for alld > do, p > d®, 1 < a < O(%), and d°' < R < d°%, there exist

symmetric distributions Dy and D over permutation operations on Zg (as defined in
section 3.2) with the following guarantees.
(a) For all X > 1, the A-test distinguishability of Df and Dy is Ay < cl-/\llgi‘;‘ . %.
(b) Define each distribution p from D} as described in section 3.2, setting p =
1— GRT/O‘. Define the distribution [i; to be the restriction (i.e., conditioning)
of ut to the event that the sampled pair (z,y) € put be legal, in the sense that
T,y € Zg are permutations and are, respectively, a far pair (for t =0) or a
close pair (fort =1). Then for each t € {0,1}, the total variation distance
between fiy and py is at most d—2.
We prove this lemma separately in section 4, where we include a full description
of D§ and Dj. Here, we use the lemma to complete the proof of the main theorem.
Proof of Theorem 1.1. First, consider the hard distribution given by Lemma 3.9.

Next, by Lemma 3.1, there must exist functions H“, H? such that

lgs[IHA(ﬁ) 75 ’]—[B(y)] _ IZf[HA(x) 75 ’HB(y)] > % . 2—CCQ’R

Applying Lemma 3.4 to the distributions pg, ¢1 and using the fact that iy and fiq,
respectively, are statistically close to po and p; (Lemma 3.9(b)), we deduce that

Prii(z) # HP (y)] — Pr[H” () # HP (y)] < max Ayp* +d ™2,
fio i A€[d]
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Combining the two inequalities above and plugging in the upper bound on Ay and
the value of p from Lemma 3.9(a), we have

which concludes the proof of Theorem 1.1. a

4. Construction of the hard distribution. In this section we prove Lemma
3.9. We start by giving the detailed construction of our hard distribution i = %
Then, in sections 4.1 and 4.2 we prove, respectively, A-test indistinguishability (part
(a)) and statistical closeness (part (b)) properties of the hard distribution.

The hard distribution construction follows the outline given in section 3.2. We
first specify the distributions D, D} over permutation operators, which form the bulk
of the construction. Once these distributions are specified, we obtain the intermediary
distributions pg and p; as already described in section 3.2. We finalize the description
by constructing fi; from p, for each ¢ € {0, 1}, by conditioning on the pair (z,y) €
being a legal pair, namely, that =,y € Zg are permutations and are, respectively, a
far pair (for ¢ = 0) or a close pair (for t = 1).

Fix € £ 1/2, and select €, = O(2) as follows. Let g £ 1= = =2(1 —€1), and let

&1 £ [logy(Cra)], for a sufficiently large constant C; > 0 (in partlcular Ch = 805 will
suffice). Let €; be the solution to the equation (1 — ¢;) = € 3% satisfying e; < Cfa.
The existence of €¢; follows from the following claim, whose proof is deferred to the
end of the construction.

CLAIM 4. 1 Let o > 1 and Cy > 1 be sufficiently large. Then there exists €1 with
301& <e < ﬁ such that (1 —e1) = €1(2(1 — €1))%*, where & = [logy(C1a)].

We thus have, by construction,

(4.1) = (1—e)=1-e)f ' =eap2 "

For each ¢t € {0,1}, we define the distribution p; over (x,y) such that ed(x,y)
is almost surely ©(eR). Choose z € X4 = ZZ uniformly at random. Then set
z £ 1+ N,, where N, € ZZ is a noise of rate p = 1 — e; R/d (i.e., each position is
randomized with probability 1 — p = ¢; R/d). We shall obtain y from z by applying
a number of random rotation operations, each picked independently from a specific
distribution. We use the following notation:

e m = 0.01-loggd = O(logd) is the number of possible lengths of a rotation
operation;

o Ly = d%%! determines the minimum length of a rotation operation (modulo
a factor of B);

ow = (- — fm — is the number of rotation operations that we apply for a
sufficiently large constant Cy > 0 to be determined later (in section 4.2).

Generate a sequence (11,72, ..., T,) of w rotations by picking each r; independent
and identically distributed (i.i.d.) according to the following distribution D}°":

1. Pick l; € [m] randomly so that Pr[l; = ] = ﬂT_l for each I € [m], where

¢ =%, B! is the normalization constant.
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2. Pick a starting position s; € [d] uniformly at random, and rotate the block
that starts at position s; and has length (with wraparound) L; = BY Lin by
€;:L; positions, either to the right or to the left, at random. We choose r; at
random from the set {(Rs )" | s € [d],R € {ﬁ, ?}}

We note that (1:257%)“” is not well defined when €;L; or L; are not integers.

Overloading the notation, we define (ﬁs,Li)e‘Li for noninteger €;L;, L; as
follows. Let By be the block that starts at position s; and has length |(1 —
€:)L;], and let By be the block immediately following B; of length |e;L;],
ie.,

B = [S : S+|_(].—6t)LiJ—1], By = [S+|_(].—6t)LlJ : S+|_(1—6t)LiJ+|_€tLiJ—l].

F
Then, (ﬁ&Li)“Li swaps blocks By and Bs. We define (R 1,)" similarly.
To obtain y, we apply to z = x + IV, the sequence of rotations ri,...,ry, i.e.,

Y2 ru(rumi(c.r(2)..)) = (rwo om0 m)(@ + N,).

In the language of section 3.2, the distribution D} of permutation operations is simply
the distribution of # =7y, 07y _1 0---0ry, where r1,..., 7, are drawn independently
from Dj°t.

Intuitively, each rotation operation r;, or more precisely its distribution Di°t, is
designed to achieve the following goal. Consider a position j € [d], and assume for
simplicity j € [0.1d,0.9d]. Let the random variable Z;; € Z be the displacement
(change in position) of position j under a (random) rotation operation r; € Di°%; i.e.,
Z;j € Z is the unique value such that r;(e;) = ej;z,,, where e; denotes the kth
standard basis vector. By construction, Z; ; is symmetric around 0, ie., Pr[Z;; =
k| = Pr[Z; ; = —k], and its distribution does not depend on j; i.e., Z; ; and Z; j» have
the same distribution (but they are correlated). Moreover, its support, i.e., values
k > 0 with probability Pr[Z; ; = k] > 0, forms a geometric sequence (because the
block length L has a geometric distribution). Let us now condition on the event that
position j be included in the rotation block, i.e., Z; ; # 0. Then the distribution of
Zy,; is almost uniform over the support—this follows from the distribution of L and
of s and by (4.1). Furthermore, the distributions of Zy ; and Z; ; (when we condition
on them being nonzero) are almost identical, because their supports differ only at the
boundaries, i.e., at the smallest and largest displacements, again due to (4.1), and
they are both almost uniform. We repeat the rotation operation many times in order
to obtain a high concentration in the distance between y and z.

To finalize the construction, it remains to define fi; for ¢t € {0,1}. We note that
we cannot set fi; to be exactly p; because the latter may sometimes generate pairs
(z,y) that are not far or close, respectively, or are not even permutations altogether.
(z and y are not always permutations since each of the two strings is uniformly at
random and may have a multiple occurrence of the same symbol.) We thus define
fip to be the distribution g restricted to (i.e., conditioned on) pairs of permutations
(z,y) with ed(z,y) > R, and similarly i is the distribution p; restricted to pairs of
permutations with ed(z,y) < R/a.

It remains only to prove Claim 4.1, namely, that the desired €; exists.

Proof of Claim 4.1. Define function f(z) : [0,1] — Ras f(z) = z-(1—x)%~ 125 1.
Note that €; is the solution to the equation f(z) = 0. For x = 1/(3C1a), f(x) <

ﬁ( - 301104)5171 - log(Cra)tl 1 < 0. Similarly, for x = %, f(z) > ﬁ(l -

2(2—1;1)) - loga(Cra) 1 > 9(1 — %ﬂf‘)_l)) —1 >0, provided C is a sufficiently
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large constant. By the continuity of f(z), there exists some z € [BCla, - a] satisfying
f(z)=0. a

In the rest of this section we prove the two properties required from our hard
distribution, stated in Lemma 3.9: that Dy and D] have small A-test distinguisha-
bility (Lemma 3.9(a)), and that each [, is very close to py, for both ¢ € {0,1}
(Lemma 3.9(b)).

Here and throughout the big O(:) notation may hide dependence on constants
used in the construction of the hard distribution, namely C; and C5. Furthermore,
although the parameters 8 and ( are not constants (they depend on «), we can bound
1.5 < B < 2, which guarantees that — B — < O(1) and % < B <O(1).

4.1. A-test indistinguishability. We prove Lemma 3.9(a) via the following
lemma.

LEMMA 4.2. Let Ay be the A-test distinguishability of Df and Di. Then for all
A > 1 we have Ay < O(/\ll‘;iz .

Proof. Fix a \-test u € Zp and let

() = max Prir® (u) € T] = Pr[r)(u) € T]

be the total variation distance between the distributions () (u) and (! (u), where
r®) € Dt for t € {0,1}. The heart of this lemma is the following bound, which we
shall prove below:

(4.2) Sx(u) <O (/\loga : L%) .

We shall also prove shortly the claim that Ay < w - max, dx(u). The lemma
then follows immediately from (4. 2) and this claim, by plugging the former into the
latter and recalling w = Cs - W, is the number of rotation operations. Since

)\1122‘; &> 1 for A > d9, it actually suffices to prove (4.2) only for A < d°-9.

We now prove the above claim, that Ay < w - max, 0,(u), by induction. Let
vl = r(t)( l(t)l(...rgt)(u)...)) for t € {0,1} and ¢ € [w]. We prove that, for any
T C Z%, we have | Pr[v) € T]—Pr[v; € T]| < i-max, dx(v). The base case i = 1 holds
by the definition of §y, and so we turn to the inductive step:

r? € T) = ZPrv?l—v Pr[r (0)(U)ET]

< ZPr [v) | =v (Pr[rgl)(v) eT)+ 5)\(1)))
<max5>\ —|—ZPr = 7] Pr[r(v)_;) € T
<max5)\ —l—ZPr (1)—7"] (Pr[ (v} )ET]—i—(i—l)-mvfix&)\(v))
=1- Hlf}lX(SA(’U) + Prjv} € T7.
Proving the same inequality with the roles of ¢ = 0 and ¢ = 1 reversed, we obtain
that Ay = maxpczg | Pr[v? € T| — Pr[v}, € T]| < w - max, 6 (u).

In the rest of the proof of Lemma 4.2, we prove the bound (4.2). The proof
consists of two parts. The first part proves the bound for A = 1 and contains the
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main intuition why our distribution is hard. The second part builds on the first one
to show the bound for general .

Part 1: A = 1. We prove that & (u) < O(log - L2 ) next. In this part, we shall
assume that L and €L are integers, deferring the full treatment of this technicality
to the second part.

Since A = 1, we have only one nonzero entry in u, say, at position j. For ¢t € {0,1},
let j; be the random variable denoting the position of the symbol u; in the vector
) (u) obtained by applying the random rotation r®) ¢ Di°t on u. Also, let Z; be
the displacement of j; with respect to j on the cycle Z,, and namely Z; = (j: —
j+d/2)(mod d) — d/2 (where the addition/subtraction of d/2 is for the purpose of
accounting for string boundaries). It is not hard to see that the distribution of Z;
does not depend on the value of j.

The total variation distance between the distributions of (%) (u) and of (M) (u)
equals to the total variation distance between Zy and Z;. We compute the latter via
its complement, i.e., the probability mass that is “common” to the two distributions,
which is, formally, Zze[fd)d] minse 0,1y Pr,.o [Z: = 2].

First, we can compute the probability that Z; = 0, i.e., the symbol u; remains at
position j, as follows:

irrespective of the value of ¢ € {0,1}.

Next, consider the case when Z; # 0, and note that Pr,«)[Zy # 0] = Pr,)[Z1 #
0)=m- LLd‘“ We show that, conditioned on Z; # 0, the variable Z; is uniform over
most of its support, denoted S;. Moreover Sy and S; have almost the same size and
almost completely overlap. Formally, we prove the following claim.

CrAaM 4.3. There exists a set S C Z\ {0} satisfying the following:

e There is v > 0 such that for each t € {0,1} and z € S we have Pr.«[Z, =
zl=v.
e For each t € {0,1} we have Pr,w[Z, € S| > m;fl -Pr,w[Z: #0].

We first show how Claim 4.3 lets us prove that &;(u) < O(log o - L), Indeed,
one can observe that d1(u) is bounded by the probability that Pr,.«)[Zy & SU{0}] =
Pr,o)[Z1 ¢ S U{0}], which we can bound as

d(u) <1—-Pr[Z,=0]-Pr[Z, € 5] < &

r(t) r(t) m

Lmin
- Pr(Z# 0] = Ologa) - “221.

Proof of Claim 4.3. We show the claim for

S = {:l:(l—el)ﬁlein |l: 1,...,m—§1}

and v = 1 - Lch

Let us consider the case that Z; # 0. Then, the magnitude of the displacement,
|Z4|, must be either €, L or (1—e¢;)L, where L = 3! Ly, for some I € [m]. In particular,
Zy # 0 iff the position j falls inside the rotation block of the operation (!) and either
(i) j falls into the bigger part of size (1 —¢€;)L (that does not wrap around) and hence
|Z:| = €.L; or (ii) j falls into the smaller part of size e,L (that does wrap around),
and hence |Z;| = L —¢,L = (1 — ¢;) L. Moreover, conditioned on the magnitude of Z;,
the sign of Z; is equiprobable to be either positive or negative (depending on whether

the rotation block rotates to the right or left).
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When ¢ = 0, we can compute the probability that |Zg| = %L = % B' Ly for some
I € [m] as follows. We have Z; = L/2 when we choose block length L = B'Lyp,
which happens with probability 37!/¢, and additionally either (i) position j is inside
the “bigger” part of the block, of size (1 —€p)L = L/2, and the block moves to right,
or (ii) position j is inside the “smaller” part of the block, of size ¢gL = L/2, and the
block moves to left. Formally,

_ L] _ — L _ﬂ_l (1_5 )5lein 1 ﬂ_l 6ﬂlein 1 _ Luyin, 1 _
Pr(Z=§] =Pr[Zy=—5] = F— e g4 O bgmis ) = S5 =y,

Note that z = 33" Liin may be written as z = (1 — €1)"" ' Lin (using (4.1)), and
thus z € S whenever [ € {2,...,m — & + 1}.

Now let + = 1. When |Z)] = 17 Liyin = (1 —€1) - B'Lmin € S for [ €
{1,...,m — &} (the equality here is by (4.1)), we again have that

l -8 (1-e)B L 1 - "Lmin = 1 _ Lmin
}()S[leﬁlﬁJrfl]:B C = 1)Bd '§+—ﬂ< 'Elﬁd”m'i_ ’
T

Finally, note that Pr,.«[Z; € S] =) g
Pr,) [Z: # 0]. This concludes the proof of Claim 4.3. O

Part 2 : X > 2. When we have A\ > 2 nonzero entries in u, the intuition is to
group these nonzero entries into one or more “atomic intervals” and then reduce to
the case A = 1 with the role of “symbol u;” being replaced by an atomic interval. For
example, when there are A\ = 2 nonzero entries in u, most of the block lengths L fall
into two categories:

e [ is much larger than the distance between the positions of the two nonzero
entries—in this case, the two nonzero symbols from u move jointly (atom-
ically) most of the time, and thus the interval connecting the two symbols
behaves roughly as the “symbol «;” in the A = 1 scenario;

e [ is much smaller than the distance between the two positions—in this case,
each of the two nonzero entries can be treated independently as in A = 1 case,
and we lose only a factor of A (by “union bound”).

Furthermore, we can bound the number of values of L that do not satisfy one of the
above properties. A relatively straightforward bound is O(A\?) (all pairwise distances
between the nonzero entries) times O(&;) (the same extra factor as in the A = 1 case).
This analysis would give a bound of 6y(u) < O(\3loga - %) In what follows we
obtain a stronger bound, with only a linear dependence on A, using a more careful
analysis. (For the impact of a weaker bound see the calculation in section 3.3.)

More generally, we partition the nonzero entries of u such that each part consists
of “nearby” entries, while the parts are “far” amongst themselves. We then view each
part as a contiguous A-interval (stands for atomic interval). Once we manage such
an approximation, we have several A-intervals (at most ), and we expect each one to
move atomically: all nonzero entries from the same A-interval will move in the same
direction by the same displacement most of the time. The main challenge lies in the
fact that the notion of nearby entries depends on the length L of the rotation block,
and we say two nonzero entries are nearby if their positions differ by at most L. Thus,
for each possible block length L, we have a possibly different partition of entries into
A-intervals (partitions are progressively coarser with bigger L). The main technical
work is to analyze the structure of these A-intervals over all lengths L.

We proceed with a complete proof below. For a block length L = 'Ly, we
define the graph Gy as follows. G is an undirected graph on A\ vertices, where

Prr(t)[Zt = z] = Z(m_fl) = m=&

m
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each vertex corresponds to a nonzero entry in u. For convenience, we use the term
“entry” when we refer to the position of a nonzero entry of v and equivalently a
vertex of G, (in contrast, we will use the term “node” for another graph structure
defined later). We connect two entries i,j € [d] if |i — j|* < L, where |i — j|* =
min{|i — j|,d— |i — j|} computes distance on the d-cycle. For a graph G, we focus on
its connected components, which may be viewed as intervals in Z4. Specifically, to each
connected component C C V' we assign the interval I(C), an interval defined as the
minimal interval (with wraparound) on Z,4 that contains all entries in C. Overloading
the notation, we write an interval I(C') = [i, j] to mean that I(C) = {i,i +1,...,j}
ifi<jand I(C)={i,i+1,...,d,1,2,...5} if j < i. The length of interval I = [i, j]
islen(I) = |I| = (j — i+ 1)(mod d). Note that, for every connected component C,
every two consecutive entries in I(C) are at distance at most L; thus, the length of
any interval I(C) can be at most L -\ < d%%; also if I(C) = [i, j], then both i and j
are nonzero entries of w.

An A-interval is then an interval I(C) that corresponds to some connected com-
ponent C'. Each block length L induces a potentially different graph G, which in turn
induces a different set of A-intervals. The following observation relates A-intervals
induced by different G1,’s.

OBSERVATION 4.4. If two entries are in the same A-interval (equivalently, con-
nected component) in G, for some L, then they are also in the same A-interval in
Gy for any L' > L.

We use this observation to define a forest on all the A-intervals as follows. The
forest consists of m levels, where nodes at level [ € [m] correspond to the A-intervals
for L = B'Lin (i.e., the connected components in Gp). For a forest node v at
level | we write I(v) for the corresponding A-interval. The edges in the forest are
defined as follows: for two forest nodes vy, v2 on two consecutive levels, [ and [ + 1,
respectively, we connect vy to vy iff I(vy) C I(v2). This construction is well defined
due to Observation 4.4. Nodes at level 1 will be called leaves. Notice that every forest
node at level [ > 1 indeed has at least one edge to a node at level [ — 1; i.e., nonleaf
nodes have at least one child. Let n; € [A] be the number of nodes at level .

We now wish to bound the error incurred by considering an A-interval to be an
atomic object. Specifically, a too long A-interval is likely to move not atomically, in
the sense that the interval is “cut” by the rotation block. We bound the error of
our “approximation” using the probability that a random position s € [d] (one of the
two block boundaries) falls inside these A-intervals at a random level I. The latter
probability is proportional to the expected sum of lengths of the A-intervals of G,
when we choose the block length L randomly according to the distribution Dj°*.

CLAIM 4.5. Let s € [d] be chosen uniformly at random, and let | € [m] be chosen
randomly with probability =1 /C. Then,

133{ [s is inside one of the A-intervals at level I] < O <)\Lzm> .

Proof. Consider any two consecutive nonzero entries of u, and let J be the interval
between them (with wraparound), including one of the endpoints, say the left one.
We compute next the probability that s is contained in this interval J and interval J
is contained in an A-interval I(v) for a forest node v at level I. Note that summing
this probability over all A intervals J gives the final quantity we want.

By definition, an interval .J is inside an A-interval at level [ iff |.J| < ! Ly, Thus,
for a fixed J, the probability that both s € J and J is contained in an A-interval at
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level [ is at most

il P L Lot
1€[m): |J|<B'Linin ¢ ¢l 1=

We have exactly A such intervals J; thus the total contribution is O(A 2zt ). 0

We now continue with computing the total variation distance dx(u) between
7O (u) and 7 (u), where 7(©) € Dyt and (1) € Di°t. As in Part 1 (A = 1), we
will bound the total variation distance between them by estimating the probability
mass “common” to the two distributions.

First we compute the probability that all nonzero entries of u stay put (as in
Part 1).

CramM 4.6. For each t € {0,1}, we have that

(t) o - Lmin - m . Lmin
f(’tl;[r (u)=u]>1 O<)\ d) ;nl cd
Proof. The complement event is that at least one nonzero entry of w is displaced.
Whenever it occurs, at least one of the following holds:
e the left or right endpoint of the rotation block belongs to an A-interval in-
duced by G; or else
e the rotation block contains inside it an entire A-interval induced by G .
The probability of the first event is bounded by, using Claim 4.5,

Lmin
2 Pi[s is inside one of the A-intervals at level [] < O (/\ 1 ) .

The probability of the second event can be bounded by the probability that the
rotation block includes the leftmost endpoint of some A-interval at level [:

S

Z B% Pr [left endpoint of I(v) is inside [s,s + L — 1]}

ﬁ_l nl'L_m Lmin
SZT' d _;nl d -

The claim follows from the last two inequalities by applying a union and then consid-
ering the complement event. O

We now prove a claim that should be seen as the analogue of Claim 4.3 from
Part 1, which characterizes the common weight of the distributions of () (u) and
79 (u) when some entries (more precisely, A-intervals) move. In contrast to Part 1,
here we have to also consider the case when an A-interval does not behave atomically,
i.e., when the rotation block intersects the A-interval of some node v at a level [ € [m].
This will contribute some additional error term that depends on the length of the
interval I(v) and which we will bound using Claim 4.5.

Let us define the random variable Z;(I), for an interval I = I(v) corresponding to
a forest node v, and t € {0,1}. Z,(I) denotes the (position) displacement of the entries
from the interval T under rotation r(!) € Di°* when the interval I moves atomically
and no entry outside I moves. We set Z;(I) = L if the interval I does not move
atomically and/or some other entry outside I moves as well under r®,

CLAIM 4.7. There exists a set S C 7\ {0} satisfying the following:
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e For each interval I = I(v) corresponding to a forest node v at level I* €
{& +1,...,m}, and for each t € {0,1} and z € S,

1 Lmin o 2len(I)
— > — — 1" =€) | .
Priz) =223 ¢d p ¢d

e Call two intervals I(v) and I(v") distinct if they have at least one distinct
endpoint; then

. uk Lmin Lmin
2 2 té?éﬁ}{i‘?[ztm:z]}> 2 M _O(A d )

z€S distinct I=1(v) I=&1+1

Proof. We show the claim for S = {:I: L(l — 61)ﬁleinJ [l=1,...,m— fl}.

Fix an interval I = I(v) for a node at level I* > & +1. Consider the displacement
z = {elﬁl*LminJ = L(l — el)ﬂl*’fleinJ € S (the equality again is by (4.1)). We
now bound Pr[Z;(I) = z|, namely the probability that all the entries in I(v) are
moved (atomically) z positions to the right (and all the other entries stay put), under
the distribution Di°*. We have Pr[Z;(I) = z] when either (i) I = [*, interval I is
completely inside the “bigger” part of the block, of size |(1 — €1)3"Liin|, and the
block moves to right, or (ii) I = I* — &, interval I is completely inside the “smaller”
part of the block, of size Lelﬁl*&LminJ, and the block moves to left. Note that in
both cases all entries outside I stay put as they are at (position) distance at least
BY Linin + 1 from I and thus cannot be inside the rotation block. Formally,

Pr [Z.(]) = 2] = Pr (D) == 1=1", R=T]
r(l) T(l) ( )611‘ L= ﬂlem
. pr (21D =2 1=1" -4, R:ﬂ
rW=(Re.)1%, L= Linin

> " . 1 . (1- 61)5l*Lmin —1—len(I)

¢ 2 d
+6—<l"—fl> 1 @B Ly — 1 —len(I)
¢ 2 d
(4.3) > Lomin  p707€0 2len(l)
=327¢d ¢ d

Similarly, we can give the exact same lower bound for each of the following four
events: Z1(I) =tz and Zyp(I) = +=z.

We can now bound the probability mass that is common to the two distributions
7O (u) and ) (u) for the event that there is a distinct interval I such that Z;(I) = 2
for some z € S

>y fuin {Tf(’g 1Z,(I) = Z]}

z€S distinct I=1(v)

(4.4) > i Pr[Zy(I(v)) € {% [€15' Lunin] }]

1=¢14+1 v at level [

because, for each node v at level [* > & + 1, we can consider the interval I = I(v)
and the displacement of z = z(v) = Lelﬁl*LminJ € S. Then all the events Z;(I(v)) =
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+2(v) are mutually exclusive (over the choice of such v), and hence we obtain the
sum from (4.4). Furthermore, using (4.3), we obtain

> > {mmm-a)

z€S distinct I=1(v)
" 1 Ly B8 2len(I(v))
> —. — .
> > 2 > (2 cd ¢ d

I*=&1+1 v at level [*

Ui Loin ua ﬁ_l* len(I(v
(45) > > wimogy y Lt

I*=£1+1 I*=1v at level I*

where we recall that n; is the number of nodes at level [*. The last inequality follows
from the fact that, for each interval I = I(v) of a node v at level I* > & + 1, we can
charge len(I(v)) to lengths of the intervals of the descendants of v at level I* — &;.

Finally, observe that the last term in (4.5), namely >, > % : W, is equal

precisely to the probability that a random position s falls into an A-interval at level
I*, where [* is chosen at random according to the distribution [* = [ with probability
B7!/¢. Thus we can use Claim 4.5 to bound it from above,

U =" len(I(v Lin
> BT-%Q)(A)-C—CI,

which together with (4.5) completes the proof of Claim 4.7. d

To summarize, the total probability mass that we accounted to be common for
t =0 and ¢t = 1 is the sum of (our lower bounds on) the probability that all entries
stay put, plus the probability that exactly one distinct interval I = I(v) is displaced
by precisely z € S positions. Combining Claims 4.6 and 4.7 and using the trivial
bound of n; < A for all [ € [m], we obtain

I*=1 v at level I*

Lmin - Lmin = Lmin Lmin
_ >1— . _ E . E _
1 5)(114) >1-0 (/\ d > - ng cd —|—l:£ +1TL1 cd @] <)\ p )
Lmin

Finally, using the fact that & = O(log «v), we conclude (4.2), which completes the
proof of Lemma 4.2. 0

4.2. Statistical closeness of the distributions pi, and p,. We prove Lemma
3.9(b) via the following lemma.

LEMMA 4.8. For every t € {0,1}, the total variation distance between [i; and
is at most d—*(),

Proof. First we recall that ji; is equal to the distribution p conditioned on the
fact that the generated pair (z,y) € u be legal; i.e., both z and y are permutations,
and (z,y) are far or close for t = 0 or t = 1, respectively. Since both z and y are
random from Zg, and p > d*, we obtain that x and y are both permutations with
probability at least 1 — O(1/d).

Thus, the total variation distance between fiy and po is at most Pr, fed(z,y) <
R] + O(1/d). Similarly, the total variation distance between fi; and pq is at most
Pr,, led(z,y) > R/a]+ O(1/d). Thus, it suffices to prove that Pr, [ed(z,y) < R] <
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d=*M and Pr,, [ed(z,y) > R/a] < d~*Y. Remember that z is chosen at random,
then z = z+ N, and finally y is obtained from z via a sequence of rotation operations.

We choose the constant Co = 20(/¢p = 40¢ and condition on the event that z,y,
and z all be permutations, which happens with probability > 1 — O(1/d). We can
also describe the distribution p; as follows. Start with a permutation z, and let z
be the permutation obtained by modifying every coordinate in z to a new symbol
independently with probability 1 — p. We may assume, without loss of generality
(by renaming symbols), that z is the identity permutation of length d, i.e., for all
i € [d] we have z(i) = i, and furthermore with probability p we have z(i) = z(¢) and
z(i) = i + d otherwise. Next, let y be the permutation obtained from z by applying
w random rotation operations chosen from D}°".

It will then suffice to prove the following two claims.

CraM 4.9. For both t € {0,1},

Pr {ed(x,z) < 2€1R:| >1-— e~ d"
Mt

CrAM 4.10. For both t € {0,1},

ed(z,y) o)
1;5[0.1<7R.026t/<<10]>1 d .

We can now obtain the lemma statement from the above two claims, using a union
bound and applying the triangle inequality |ed(z,y) — ed(z,y)| < ed(zx, z) (see also
Figure 4.1). Indeed, we obtain (i) that for the distribution pg, with high probability,
ed(z,y) > (0.1C2¢0/¢ — 2¢1)R = (2 —2¢1)R > R; and (ii) that for the distribution puq,
with high probability, ed(z,y) < (10C2¢1/¢ + 2€1)R = 4026,R < 8% - R < R/a.

xr xr

S QElR S QElR

z > 2R z < 400¢; R

Fic. 4.1. The relative positions of x,y, z under the distributions po and p1, respectively.

It remains to prove Claims 4.9 and 4.10.

Proof of Claim 4.9. One can verify that ed(z, z) is upper bounded by the number
of substitutions performed when constructing = from z. This number of substitutions
may be bounded using a straightforward Chernoff bound.

THEOREM 4.11 (Chernoff bound; cf. [27]). Let X;, i =1...,d, be i.i.d. random
Poisson trials with E [X;] = q for some q € (0,1). Then Pr[|> X; — qd| > 3qd] <
2e—qd/10.

In our case probability of substitution is ¢ = (1 — p)(1 — 1/p), where the second
factor is the probability that the substituted symbol is different from the original
symbol. Since p =1 — 1 R/d, we get

Pr|ed(z,z) <2¢R| >1— e~ Ual) > q e d
Kt

Proof of Claim 4.10. We first show an upper bound on ed(z,y) by analyzing the
sum of magnitudes of all the rotation operations. Recall that there are w rotation
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operations; a single rotation operation works on a block of (random) length L =
B! Linin and incurs edit distance at most (in fact, exactly) 2|e;L]. For I € [m], let
the random variable Z; denote the number of rotation operations in which the block

length equals ﬂlein. Observe that Z; has Binomial distribution B(w, %4) and its

expectation is E[Z;] = w- BT_L > % . d_—zm > @), By a straightforward Chernoff
bound (Theorem 4.11),

Pr {Zl > 2E[Zl]} < e REE) < o—d

Taking a union bound over these events for [ = 1,...,m, we conclude that with high
probability

m —1
ed(z,y) < Z <2wﬁ_ . 2€tﬁlein> _ 402615]‘1).
=1 ¢ ¢

We proceed to show a lower bound on ed(z, y) by counting inversions, i.e., pairs of
symbols (a1, b1), ..., (ak, bx), such that each a; appears before b; in z, but a; appears
after b; in y. It is easy to verify that if the inversions are disjoint, in the sense
that the symbols a1, b1, ..., ak, by are all distinct, then ed(z,y) > k (because in every
alignment of » with y, for each j = 1,...,k, at least one of a;, b; must incur an edit
operation). For each of the w rotation operations we take | e, L] pairs—simply take the
le:L] symbols that were at the beginning of the block and match them to the |e;L]
symbols that were at the end of the block. It follows, using Chernoff bounds as above,
that with probability at least 1 — e~4""" this process picks at least 1. ©2af pairs of
symbols, but this count might include repetitions. Furthermore, a pair “inverted” in
one rotation operation may be inverted back by another rotation. To mitigate this
concern, fix a pair (a,b) taken at some jth rotation operation. The probability that
symbol a was inside a rotated block in at least one other rotation is at most (using
the independence between rotations and a union bound)

- 6_l ﬁlein wmMLin CaoR
-3 (T ) < -2
=1

A similar argument applies to symbol b, and clearly if both a and b were not inside
a rotated block of any of the other w — 1 rotations, then either (a,b) or (b,a) is an
inversion between z and y. It remains to apply a union bound over the % pairs
of symbols the above process produces, and indeed the probability that at least one
of them fails is at most

9. Coerll ) GoR <0 R_2 < d—o,
2 <d d

We conclude that with probability at least 1 — d—(!) the above process produces
% disjoint inversions, and thus ed(y,z) > 022—2?1%. This completes the proof of
Claim 4.10. 0

We thus have finalized the proof of Lemma 4.8. O

5. Reducing Ulam to edit distance on 0-1 strings. In this section, we prove
Theorem 1.2. We make no attempt to optimize the constants.

The basic intuition behind this proof is quite simple. The first part (the upper
bound on ed(w(P),7(Q))) is immediate, and the main challenge is to prove the lower
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bound on ed(w(P),n(Q)). To prove the lower bound, we proceed by ruling out all
“potential certificates” that ed(w(P),w(Q)) is small. Specifically, a “potential certifi-
cate” is a potential fixed alignment between 7(P) and 7(Q) of low cost, i.e., a fixed
monotone mapping that matches monotonically all but at most Wlo ed(P, Q) of the
positions in 7(P) and 7(Q). We then analyze the probability that such an alignment
is “successful,” in the sense that every pair of positions that is matched under the
potential alignment has equal symbols. Indeed, we show this probability is exponen-
tially small because many of the pairs matched are independent coin tosses. We then
apply a union bound over all potential alignment of small cost. Although a direct
union bound is not sufficient (there are too many potential alignments to consider),
we reduce the number of potential low-cost alignments by partitioning the set of all
such alignments into a smaller number of groups of “equivalent alignments.”

We proceed to set up some basic terminology and notation and to provide two
lemmas that will be used in the proof of the theorem.

For two permutations P, @, we say that an index (position) ¢ € [d] in P is miss-
ing (from Q) if the symbol P(i) does not appear inside Q.* We say that a pair
of indices {i,;j} C [d] is an inversion (in P with respect to Q) if the two characters
P(i), P(j) appear in @ but in the opposite relative order than in P, formally given by
(i—NQH(P®H)—Q 1 (P(4))) < 0. We also say that index j is inverted with respect
to .

An alignment of two strings z,y € ¥ is a mapping A : [d] — [d] U {1} that is
monotonically increasing on A~1([d]) = {i € [d] | A(i) € [d]}. Intuitively, A models a
candidate longest common subsequence between x and y, and thus it maps indices in
x to their respective indices in y and takes the value 1 when there is no respective
index in y (i.e., the respective position of z is not in the candidate subsequence). A
disagreement in the alignment A is an index i € [d] for which A(i) # L and x(i) #
y(A(2)). The alignment is called successful if it has no disagreements. The cost of an
alignment is the number of positions in x (equivalently, in y) that are not mapped to
a respective index in the other string, namely |[A™1(L)| = d—|A~([d])| = d—|A([d])],
where A([d]) = {A(%) | i € [d]}. Tt is easy to verify that, for all z,y,

(5.1) Led(z,y) < mAjncost(A) < ed(z,y),

where the minimum is taken over all successful alignments A.

In the following lemma, we present a property of strings P and @ that will let us
prove that, for a fixed potential alignment between 7(P) and 7(Q), the probability
of the alignment being successful is very small.

LEMMA 5.1. Let P,Q be two permutations of length d that contain the same
symbols, i.e., P([d]) = Q([d]). Then there exists a collection of m > ed(P,Q)/4
inversions {i1, j1}, .-, {im, jm} such that i1,j1,...,%m,Jm are all distinct.

Proof. Fix P,Q. Define an (undirected) graph G with vertex set [d] and an edge
{i,7} whenever {i,j} is an inversion. Let E* C E(G) be a matching in G (i.e., no two
edges in E* share an endpoint) that is maximal with respect to containment. Observe
that E* is a collection of inversions whose indices are all distinct (as desired), and it
remains only to bound m = |E*| from below. Following [30], we achieve the latter
using the well-known relation between maximal matching and vertex-cover.®

4Remember that we have defined a permutation P as a string with a large alphabet where every
symbol appears at most once.
5 Another proof may be obtained using the O(1)-approximation in [17, Theorem 3.3].
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Let V* be the set of vertices incident to any edge in E*; thus |V*| = 2|E*|.
Clearly, V* is a vertex-cover of G; namely, every edge (inversion) must have at least
one endpoint in V*. It follows that V' \ V* contains no edges (inversions) and thus
immediately yields a successful alignment A between P and ). Formally, the subse-
quence of P obtained by removing the positions V* is also a subsequence of @), and A
is the monotone map matching them. Thus, A(i) = L iff i € V* and cost(A) = 2|E*|.
Finally, using (5.1) we get m = |E*| = 5 cost(4) > 1 ed(P, Q). 0

We now give a lemma that essentially lets us partition all potential alignments
into a small number of groups of equivalent alignments.

LEMMA 5.2. Let P,Q be two permutations of length d. Fiz 0 < v < 1/2 and
a subset S C [d]. For an alignment A of P and Q (not necessarily successful), let
Ajg 8 = [d]U{L} be a function that is equal to the function A on the domain S.
Define

F ={As | A is an alignment of P and Q with cost(A) < v|S|[}.

Then |F| < (3e/v)*151.

Proof. Let us denote s = |S|. An alignment of P with @ of cost at most s can be
described as deleting exactly s symbols from P and exactly vs symbols from Q. (We
assume here for simplicity that -ys is an integer; otherwise, we round it up and change
constants accordingly.) Clearly, we can bound |F| by the number of such alignments
between P and @, namely |F| < (js) (js), but we aim to get a bound that depends
on s = |S| and not on d by more carefully counting restrictions Ag.

An alignment A of P with @ of cost at most s can be described as first deleting
exactly s characters from P and then inserting into the resulting string exactly ~ys
characters. Observe that A|g is completely determined from the following information:
(a) which positions in S are deleted; (b) how many characters are deleted between
every two successive indices in S; and (c¢) how many characters are inserted between
every two successive indices in S. (When we say two successive indices in S, it should
be interpreted to also include 0 and d+1 as indices in S, and in particular (b) describes
also how many characters before the first index in S are deleted from P.) Indeed, for
eachi € 5, data (a) determines whether A(i) = L. If A(7) # L, then A(4) = i—d;+a;,
where d; is the total number of deletions among indices 1,...,7 — 1, which can be
determined from data (a) and (b), and a; is the total number of insertions before
position 4, which can be determined from data (c).

It remains to upper bound the number of possible outcomes to data (a)—(c).
Clearly, the outcomes for (a) and (b) together can be upper bounded by the number
of outcomes of throwing s indistinguishable balls into 2s+ 2 bins (a bin per element
in S which may get at most one ball, a bin per each interval between elements in .S,
and one extra bin to account for the case when the cost is strictly less than 7s). This
upper bound is equal to (2”3:78) possible outcomes. The outcomes of data (¢) can

be similarly upper bounded by (S+}Y':'VS). Together, we obtain that

vs s 2vs
F| < <2s+2+'ys> <s+1+’ys> < (e(2+2'y)> <e(1+27)) < <§> ’
Vs s v Y Y

which proves the lemma. a

Having established the two lemmas, we proceed to prove the theorem, which
states that with high probability Q(ed(P, Q)) < ed(w(P),7(Q)) < ed(P, Q).
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Proof of Theorem 1.2. Fix two permutations P and @ of length d. The inequal-
ity ed(m(P),n(Q)) < ed(P,Q) follows immediately from the observation that every
sequence of edit operations to transform P into () can also be applied to transform
m(P) and m(Q). It thus remains to prove the other direction. Assume for now that
P and @ use the same symbols, i.e., P([d]) = Q([d]). We will later explain how the
general case follows using a similar argument.

Apply Lemma 5.1 to P,Q, and extract m > ed(P,Q)/4 inversions {i1,j1},...,
{im,jm} such that i1,j1,...,%m, jm are all distinct. Define S = {i1,j1,...,%m,Jm};
hence |S| = 2m. Fix v = 1/100, and let F' be defined as in Lemma 5.2 (with respect
to our P,Q,S, and 7). By that lemma, |F| < (3¢/v)?'1%I = (3¢/7)¥™. Note that F
does not depend on 7.

For every f € F, let & be the event that all ¢ € S with f(i) # L satisfy

m(P(i)) = m(Q(f(i))). That is,

We claim that

(5.2) Pr [ed(w(P),w(Q)) < Ly ed(P, Q)} < Pr[ U 54.

fer

To prove the claim we show that ed(w(P),7(Q)) < 37 -ed(P,Q) implies that at
least one of the events £ happens. Indeed, suppose there is a successful alignment
A between 7(P) and 7(Q) that has cost 37 -ed(P,Q) < 2ym = |S|. Since 4 is
successful, for all i € S\ A71(L), we must have 7(P(i)) = 7(Q(A(i)). Furthermore,
we can think of A as an alignment between P and @, and then by definition its
restriction Ajg must be in F.

We now bound Pr[€y] for any fixed f € F;ie., f = Ag for some alignment A of
cost at most v|S| = 2ym. Since S is the union of m inversions {i;, j;} with distinct
indices, for at least (1 — 2v)m of these inversions, we have that (i), f(j:) # L. For
every such inversion {i, j;}, it cannot be that both P(i;) = Q(f(it)) and P(j;) =
Q(f(4e)) (as that would contradict the fact that the alignment A is increasing). Let
a; # by denote these two differing symbols (i.e., either a; = P(it), by = Q(f(i¢)) or
ar = P(ji), by = Q(f(jt))); the event ¢ can occur only if m(a;) = w(bs). We thus
obtain (1 — 2y)m requirements of the form m(a;) = m(b;). These requirements have
distinct symbols a; in their left-hand sides (since they come from distinct positions in
P), and similarly, the right-hand sides contain distinct symbols b;. Altogether, every
symbol in ¥ may appear in at most two requirements, and thus we can extract (say,
greedily) a subcollection containing at least one half of these requirements, namely, at
least (1—2v)m/2 > m/4 requirements, such that every symbol appears in at most one
requirement. Since 7 is a random function, the probability that all these requirements
are satisfied is at most 27™/4, and we conclude that Pr[€f] < 27™/4.

To complete the proof of the theorem, we plug the last bound into (5.2) and use
a union bound and Lemma 5.2, which altogether gives

Pr [ed(w(P),w(Q)) <Ly ed(P, Q)] < (3_;>47m Lg-m/4 < gm/s.

Finally, we extend the proof to the case where P and @ differ on some symbols;
i.e., there is at least a symbol in P that is not in @ (and vice versa). Define ¥/ =
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P([d]) N Q([d]) to be the set of symbols that appears in both P and Q. Let P’
be the string obtained by deleting from P the symbols not in ¥/, and let Q' be
obtained similarly from Q. Clearly, P’ and Q' are permutations, they have the same
length d’ = ||, and they use exactly the same symbols. Furthermore, ed(P,Q) =
ed(P',Q") + ©(d — d'). Applying Lemma 5.1 to P',Q’, we get m > ed(P',Q’')/4

inversions {i}, 71}, ..., {i,,, j., } such that i}, ji,...,,, j., are all distinct. Translating
these positions to P yields m inversions {i1,j1}, ..., {im,jm} between P and @ such
that 41,j1,...,%m,Jm are all distinct. We then let S contain the indices in these

inversions and also the d — d’ indices in P containing the symbols not in /. It is
not difficult to see that we will still get |S| > Q(ed(P, Q)). Inversions will give rise to
requirements of the form 7(a) = w(b) as before, and each index i, where P(i) ¢ ¥/,
gives rise to a requirement 7(P(i)) = 7(Q(f(7))). Altogether, after removing indices ¢
such that f(i) = L, we still get at least |S|/8 requirements whose variables m(a), w(b)
are all distinct. d

6. Concluding remarks.

Poincaré inequality. Our communication complexity lower bounds imply that
embedding the edit and Ulam metrics into ¢, and into powers thereof, requires dis-
tortion Q(log)i ‘é 7). But our proof also yields a Poincaré-type inequality as follows.
Indeed, using (i) a variant of Lemma 3.4, where Pr[H*(x) # HE(x)] is replaced
with E[HA(z) — HP(x)]? and HA, HP are real (rather than boolean) functions with
E, [HA(;U)]2 =E,; [HB(ﬁ)}2 = 1, together with (ii) Lemma 4.2 for suitable param-
eters R = d'/* and a = @(%), we get that for all f : Zg — R (and thus all
f : Zg — 62)

(61) E(z,y)e,uo [f(x) - f(y)]2 - E(r,y)é;ﬂ [f(x) - f(y)]2 < %Ew,yelg [f(x) - f(y)]2

In fact, the aforementioned nonembeddability into ¢; (actually into the bigger
space squared-f5) can be proved directly from the Poincaré inequality (6.1) as follows.
Consider a D-distortion embedding into squared-£5; namely, let ¢ : Zg — {5 be such
that, for all permutations =,y € Z{,

ed(z,y)/D < [l¢(x) — d(y)[13 < ed(z,y).
Schoenberg [33] proved (see, e.g., [16, Theorem 9.1.1]) that, for every A > 0, applying

the transform z — 1 — e~ *® on the distances of a squared-f metric always results
with a squared-f metric. Thus, there exists a mapping v : ZZ — {y satisfying

[(x) — Y(y)|2 = 1 — e lo@—sWl5-a/R,
We thus get, using Lemma 4.8, that

Epo [14(2) = )13 = Ep 19(2) = ()13 — 15 - Eayeza [¥(x) — v (y)lI3

Combining this inequality with (6.1) implies that D > Q(a) = Q(log’lgo‘é 7)-
Overcoming nonembeddability into ¢1. One moral of our nonembeddability lower
bound is that some of the usual approaches for designing algorithms for Ulam and

edit metrics cannot give approximation better than Q(log d). In particular, to design
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for these metrics a nearest neighbor algorithm that achieves a sublogarithmic (in d)
approximation factor, we must depart from embedding into ¢; or into other spaces
that admit O(1)-size sketches.

This challenge was accomplished for the Ulam metric in a recent paper [3],
which designs a nearest neighbor algorithm achieving O(log log d) approximation using
polynomial (in n 4 d) space and sublinear (in n) query time. These guarantees by-
pass the ¢; nonembeddability barrier proved in the current paper by relying on a
constant-distortion embedding of the Ulam metric into an alternative, richer host
space (namely, iterated product of simple spaces such as £1) which, despite the richer
structure, turns out to have reasonably good algorithms.

Sketching complexity. After the preliminary version of this paper appeared in
2007, there has been further progress on the communication complexity of estimating
the Ulam and edit distances. First, [3] showed that the Ulam metric can be sketched
in (logd)®™) space with constant approximation. Second, [4] showed that the Ulam
M) communication complexity, for approximation a > 1,
which improves our lower bound of (log( ali’fgda )) from Theorem 1.1. In particular, for
a constant approximation, this significantly improves the communication lower bound

from Q(loglogd) to Q(%). We note that the lower bound of [4] is nonetheless

metric requires €(

based on Theorem 1.1 in the setting where approximation a = @(log’i ‘; 7). This

lower bound of [4] for the Ulam metric extends to edit distance over binary strings by
applying Theorem 1.2.

The two aforementioned results together imply that a (sufficiently large) constant
approximation of the Ulam distance has sketching complexity (log d)g(l).
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