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Abstract. Randomness extraction involves the processing of purely classical information and
is therefore usually studied with in the framework of classical probability theory. However, such
a classical treatment is generally too restrictive for applications where side information about the
values taken by classical random variables may be represented by the state of a quantum system.
This is particularly relevant in the context of cryptography, where an adversary may make use of
quantum devices. Here, we show that the well-known construction paradigm for extractors proposed
by Trevisan is sound in the presence of quantum side information. We exploit the modularity of
this paradigm to give several concrete extractor constructions, which, e.g., extract all the conditional
(smooth) min-entropy of the source using a seed of length polylogarithmic in the input, or only
require the seed to be weakly random.
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1. Introduction. Randomness extraction is the art of generating (almost) uni-
form randomness from any weakly random source X. More precisely, a randomness
extractor (or, simply extractor) is a function Ext that takes as input X together with
a uniformly distributed (and usually short) string Y, called the seed, and outputs
a string Z. One then requires Z to be almost uniformly distributed whenever the
min-entropy of X is larger than some threshold k, i.e.,

(1.1) Hpin(X) >k = Z:=Ext(X,Y) statistically close to uniform.

The min-entropy of a random variable X is directly related to the probability of
correctly guessing the value of X using an optimal strategy: 2~ #min(X) = max, Py ().
Hence criterion (1.1) can be interpreted operationally: if the maximum probability of
successfully guessing the input of the extractor, X, is sufficiently low, then its output
is statistically close to uniform.
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The randomness of a value X always depends on the information one has about
it; this is called side information in what follows. In cryptography, for instance,
a key is supposed to be uniformly random from the point of view of an adversary,
who may have access to messages exchanged by the honest parties, which we would
therefore consider as side information. Here, extractors are typically used for privacy
amplification [4, 3], i.e., to turn a partially secure raw key (about which the adversary
may have nontrivial information) into a perfectly secure key. We thus demand that the
extractor output be uniform with respect to the side information held by the adversary.
Another example is randomness recycling in a computation, which can be done using
extractors [10]. The aim is that the recycled randomness be independent of the
outputs of previous computations, which are therefore considered as side information.

In the following, we make side information explicit and denote it by E. The
notions of randomness that we are going to use, such as the guessing probability, min-
entropy, or the uniformity of a random variable, must then be defined with respect
to E. We can naturally reformulate criterion (1.1) as

(1.2) Hpin(X|E) >k = Z:=Ext(X,Y) statistically close to uniform

conditioned on F,

where Hpin(X|E) is the conditional min-entropy, formally defined in section 2.2. This
conditioning naturally extends the operational interpretation of the min-entropy to
scenarios with explicit side information; i.e., 2~ Hmin(XIE) i5 the maximum probability
of correctly guessing X, given access to side information F [13].

Interestingly, the relationship between the two criteria (1.1) and (1.2) depends
on the physical nature of the side information E, i.e., whether F is represented by
the state of a classical or a quantum system. In the case of purely classical side
information, £ may be modeled as a random variable, and it is known that the two
criteria are essentially equivalent (see Lemma 3.3 for a precise statement). But in
the general case where E is a quantum system, criterion (1.2) is strictly stronger
than (1.1): it was shown in [6] that there exist extractors that fulfill (1.1) but for
which (1.2) fails (see also [12] for a discussion).

Since our world is inherently nonclassical, it is of particular importance that (1.2)
rather than the weaker criterion (1.1) be taken as the relevant criterion for the def-
inition of extractors. In cryptography, for instance, there is generally nothing that
prevents an adversary from holding quantum side information. In fact, even if a cryp-
tographic scheme is purely classical, an adversary may acquire information using a
nonclassical attack strategy. Hence, when using extractors for privacy amplification,
(1.1) does not generally imply security. A similar situation may arise in the context of
randomness recycling. If we run a (simulation of) a quantum system F using random-
ness X, approximately Hpin(X|E) bits of X can be reused. If we now, in an attempt
to recycle the randomness, apply a function Ext which fulfills (1.1) but not (1.2), the
output Z may still be correlated to the system FE.

It is known that the conditional min-entropy accurately characterizes the max-
imum amount of uniform randomness that can be extracted from X while being
independent from E. (More precisely, the smooth conditional min-entropy, an en-
tropy measure derived from Hy,i (X |E) by maximizing the latter over all states in an
e-neighborhood, is an upper bound on the amount of uniform randomness that can
be extracted; see section 2.2 and [22] for details.) In other words, the characterization
of extractors in terms of Hp;,(X|E) is essentially optimal, and one may thus argue
that criterion (1.2) is indeed the correct definition for randomness extraction (see
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also [22, 12, 14]). In this work, we follow this line of argument and call an extractor
quantum-proof if it satisfies (1.2) (see section 3.1).

We note that there have been alternative proposals in the literature for defining
extractors in the context of quantum side information, which, however, do not satisfy
the above optimality condition. One prominent example is the bounded storage model
(see section 5.3), where the (quantum) side information E is characterized by the
number of qubits, Hyo(F), required to store it. In this model, the entropy Hpin(X|E)
of a source X conditioned on E is lower-bounded by Huin(X) — Ho(E). However,
this characterization of side information is strictly weaker than that using Hpin(X|E):
there are sources X and nontrivial side information F such that Hyin(X) — Ho(F) <
Hpin(X|E).! In particular, even if an extractor can provably extract Hyin(X)—Ho(E)
bits of uniform (with respect to E) randomness from a source X, we do not know
whether the same extractor can attain the optimal H,;,(X|E) bits. Note also that
the same considerations apply to the purely classical case. In fact, no recent work
defines classical extractors for randomness sources with side information stored in
bounded classical memories.?

Finally, we remark that the increased generality attained by the notion of quan-
tum-proof extractors used here is crucial for applications. For example, in quantum
key distribution, where extractors are used for privacy amplification [22], it is generally
impossible to bound the adversary’s memory size.

1.1. Related results. In the standard literature on randomness extraction, con-
structions of extractors are usually shown to fulfill criterion (1.1) for certain values
of the threshold & (see [38] as well as [23] for an overview). However, only a few
constructions have been shown to fulfill (1.2) with arbitrary quantum side informa-
tion E. Among them is two-universal hashing [22, 32], constructions based on the
sample-and-hash approach [12], as well as all extractors with one-bit output [14].

Recently, Ta-Shma [28] studied Trevisan’s construction of extractors [33] in the
bounded quantum storage model. The result was a breakthrough, implying, for the
first time, the existence of quantum-proof extractors requiring only short seeds (loga-
rithmic in the input length). Unfortunately, Ta-Shma’s result is proved in the bounded
quantum storage model. More precisely, he requires the output length to be much
smaller than the min-entropy of the original data: it scales as (Hyin(X)/Ho(E))Y¢,
where ¢ > 1 is a constant.

Subsequent to this work, Ben-Aroya and Ta-Shma [2] showed how two versions
of Trevisan’s extractor, shown to be quantum-proof in this paper, can be combined
to extract a constant fraction of the min-entropy of an n-bit source with a seed of
length O(logn), when Hpin(X|E) > n/2. This is better than the straightforward
application of Trevisan’s extractor analyzed here, which requires O(log2 n) bits of
seed for the same output size (but works for any Hpin(X|E)).

1.2. Our contribution. In this work, we show that the performance of Tre-
visan’s extractor does not suffer in the presence of quantum side information. This

I This can easily be seen by considering the following example. Let X be uniformly distributed on
{0,1}™, and let E be X with each bit flipped with constant probability e < 1/2. Then Hpyin(X|E) =
O(n), but Hyin(X) — Ho(E) = 0.

?Restricting the class of randomness sources further by bounding their min-entropy can have
advantages. For example, if we consider only bit-fixing sources, or sources generated by a random
walk on a Markov chain, then the extractor can be deterministic. (See [23] for a brief overview of
restricted families of sources studied in the literature.) There is, however, no known advantage (e.g.,
in terms of seed length) in considering only input sources with side information stored in a memory
of bounded size, whether it is classical or quantum.

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



Downloaded 03/13/13 to 18.51.1.228. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

918

Plugging various weak designs and one-bit extractors into Trevisan’s construction, we obtain
Here n is the input length, o and v are arbitrary constants such that
0<y<a<l, ad L < B <1 is a specific constant. For succinctness we take the error to be

these concrete extractors.

e = poly(1/n) and give the output length m up to a term in O(logn). We refer to the corresponding

A. DE, C. PORTMANN, T. VIDICK, AND R. RENNER

2

TABLE 1.1

corollaries in section 5 for the exact seed and output lengths.

Min-entropy | Output length Seed length Note
Corollary 5.2 Any k m=k d = O(log®n) | Optimized output length
Corollary 5.3 k=n® m=mn*"" d=0O(logn) | Optimized seed length
Corollary 5.4 k=an m=(a—~)n | d=0(log?n) | Local extractor
Corollary 5.5 k=n® m=mn*"" d=0O(logn) | Seed with min-entropy Sd

improves on the best previously known result [28] in two major ways. First, we prove
our results in the most general model, where the min-entropy of the source is mea-
sured relative to quantum side information (criterion (1.2)). Second, we show that
the output length of the extractor can be close to the optimal conditional min-entropy
Hpmin(X|E) (see Corollary 5.2 for the exact parameters).? This provides the first proof
of soundness for an extractor with polylogarithmic seed meeting (1.2) in the presence
of arbitrary quantum side information.

More generally, we show that a whole class of extractors is quantum-proof. It
has been observed, by, e.g., Lu [15] and Vadhan [34], that Trevisan’s extractor [33]
(and variations of it, such as [21]) can be seen as a concatenation of the outputs of a
one-bit extractor with different pseudorandom seeds. Since the proof of the extractor
property is independent of the type of the underlying one-bit extractor (and to some
extent the construction of the pseudorandom seeds), our result is valid for a generic
scheme (defined in section 4.1, Definition 4.2). We find that the performance of this
generic scheme in the context of quantum side information (section 4.2.1, Theorem
4.6) is roughly equivalent to the (known) case of purely classical side information [21].

In practical situations where quantum-proof extractors are used, e.g., privacy
amplification in quantum key distribution [22], the players do not necessarily have
access to a uniform source of randomness. We therefore separately analyze the sit-
uation where the seed is only weakly random and show that Trevisan’s extractor is
quantum-proof in that setting as well (section 4.2.2, Theorem 4.7).

By “plugging” various one-bit extractors and pseudorandom seeds into the gener-
ic scheme, we obtain different final constructions, optimized for different needs, e.g.,
maximizing the output length, minimizing the seed, or using a nonuniform seed. In
Table 1.1 we give a brief overview of the final constructions proposed.

1.3. Proof technique. The proof proceeds by contradiction. We first assume
that a player holding the side information E can distinguish the output from uniform
with probability greater than €. We then show that such a player can reconstruct
the input X with high probability, which means that X must have low min-entropy
(Hmin(X|E) < k). Taking the contrapositive proves that the extractor is sound.

Trevisan [33] originally proved the soundness of his extractor this way. His con-
struction starts by encoding the source X using a list-decodable code C. The output
of the extractor then consists of certain bits of C'(X), which are specified by the seed
and a construction called a (weak) design [17, 21]. (See section 4.1 for a precise de-

3In the conference version of this paper [5], the authors showed that a similar result could be
obtained in the more restricted bounded-storage model.
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scription of Trevisan’s extractor.) His proof can then be broken down into two steps.
He first shows that a player who can distinguish the output from uniform can guess a
random bit of C(X). In the second step, he shows that such a player can reconstruct
X.

Proving the soundness of Trevisan’s extractor in the quantum min-entropy frame-
work requires some important changes. In order to better explain these new elements,
it will be useful to first give a brief overview of the main steps that go into Ta-Shma’s
proof [28]. For the sake of contradiction, assume that there is a test T which performs
a measurement on the side information E in order to distinguish the output from uni-
form with advantage €. Using a standard hybrid argument along with properties of
the (weak) design, one can then construct a new test 77 (using a little extra classical
advice about X), which predicts a random bit of C(X) with probability 3+ <, where
m is the number of output bits. Further, T’ makes exactly one query to T.

The proof in [28] proceeds by showing how from such a test one can construct
another test 7" which predicts any bit of X with probability 0.99 and queries T at
most ¢ = (m/e)¢ times (¢ = 15 for the code in [28]). This gives a random access code
(RACQ) [1] for X; however, since it requires ¢ queries to the side information E, the
no-cloning theorem forces us to see it as querying a single system of length ¢Hy(FE)
(recall that Ta-Shma’s result was proved in the bounded storage model, where one
bounds the information provided by E by its number of qubits Hy(F)). Finally, using
a new bound on the dimension of RACs [28], one finds that Hpin(X) 2 m®Hy(E);
hence m < (Hyin(X)/Ho(E))Y¢, where for simplicity we have taken the error € to
be a constant.

Our proof improves upon Ta-Shma’s through two major changes. First, we model
the side information F explicitly, instead of viewing it as an oracle which one queries.
Indeed, the measurement performed by the test 7" to predict the bits of C'(X) will be
different from the measurement performed by T" to reconstruct X, and this cannot
be captured by the “oracle side-information” model of Ta-Shma. We thus show (in
section 4.2, Proposition 4.4) that if the output of the extractor can be distinguished
from uniform with probability % + ¢ by a player holding the side information F, then
the bits of C'(X) can be guessed with probability % + -~ by a player holding £ and
some extra small classical information G.

Second, we depart from the reconstruction paradigm at the heart of the second
half of the proof of both Trevisan’s and Ta-Shma’s results. Instead of explicitly
defining the measurement and computation necessary to reconstruct X, we use the
fact that for any list-decodable code C': {0,1}™ — {0,1}" the function

C":{0,1}" x [n] — {0,1},
(z,3) = C(x);

is a one-bit extractor according to (1.1) (see Appendix D for more details). It was,
however, proved by Kénig and Terhal [14] that in the one-bit setting the more general
criterion (1.2) is essentially equivalent to the usual criterion (1.1). This result lets us
conclude directly that the input X must have low min-entropy relative to the quantum
side information E.

This proof structure results in a very modular extractor construction paradigm,
which allows arbitrary one-bit extractors and pseudorandom seeds to be plugged in,
producing many different final constructions, some of which are given in Table 1.1
and detailed in section 5.
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1.4. Organization of the paper. We first define the necessary technical tools
in section 2, in particular the conditional min-entropy. In section 3 we give formal
definitions of extractors and discuss how much randomness can be extracted from a
given source. Section 4 contains the description of Trevisan’s extractor construction
paradigm and our main result: a proof that this construction paradigm is sound in
the presence of quantum side information in the cases of both uniform and weakly
random seeds. Then in section 5 we plug into Trevisan’s construction various one-
bit extractors and pseudorandom seed constructions, resulting in various different
extractors. For example, section 5.1 contains a construction which is nearly optimal
in the amount of randomness extracted (which is identical to the best known bound
in the classical case [21] for Trevisan’s extractor), and section 5.4 gives an extractor
which is still sound if there is a small linear entropy loss in the seed. Finally, in section
6, we give a brief outlook on further work. In particular, we mention a few classical
results which modify and improve Trevisan’s extractor, but for which the soundness
in the presence of quantum side information does not seem to follow immediately from
this work.

The appendix contains many technical sections and lemmas which are not essen-
tial for understanding Trevisan’s extractor but are nonetheless an important part of
the construction and proof. Appendix A develops a bit more the general theory of ex-
tractors: it contains two subsections which, respectively, define extractors for weakly
random seeds and show how to compose extractors to obtain more randomness from
the same source. In Appendix B we state several technical lemmas: min-entropy chain
rules and the details of the reduction from Trevisan’s construction to the underlying
one-bit extractor. Appendix C contains previously known constructions for one-bit
extractors and weak designs which we use in this work and plug into Trevisan’s par-
adigm. Finally, in Appendix D we give a proof that list-decodable codes are one-bit
extractors.

2. Technical preliminaries.

2.1. Notation. We write [N] for the set of integers {1,...,N}. If z € {0,1}" is
a string of length n, i € [n] an integer, and S C [n] a set of integers, we write z; for
the ith bit of z, and xg for the string formed by the bits of z at the positions given
by the elements of S.

‘H always denotes a finite-dimensional Hilbert space. We denote by P(H) the set
of positive semidefinite operators on H. We define the set of normalized quantum
states S(H) := {p € P(H) : trp = 1} and the set of subnormalized quantum states
S<(H) :={peP(H): trp<1}.

We write Hap = Ha ® Hp for a bipartite quantum system, and pap € P(Han)
for a bipartite quantum state. p4 = trp(pap) and pp = tra(pap) denote the corre-
sponding reduced density operators.

If a classical random variable X takes the value x € X with probability p,, it can
be represented by the state px = >y pz|r)z|, where {|z)},cx is an orthonormal
basis of a Hilbert space Hx. If the classical system X is part of a composite system
X B, any state of that composite system can be written as pxp = ) c x Pz|2)X2|®pp.

I - |t denotes the trace norm and is defined by || Alls, := tr vV AT A.

2.2. Min-entropy. To measure how much randomness a source contains and
can be extracted, we need to use the smooth conditional min-entropy. This entropy
measure was first defined by Renner [22] and represents the optimal measure for
randomness extraction in the sense that it is always possible to extract that amount

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



Downloaded 03/13/13 to 18.51.1.228. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

TREVISAN’S EXTRACTOR WITH QUANTUM SIDE INFORMATION 921

of almost-uniform randomness from a source, but never more. Before defining this
notion, we first state a nonsmooth version.

DEFINITION 2.1 (conditional min-entropy [22]). Let pap € S<(Hap). The min-
entropy of A conditioned on B is defined as

Hpin(A|B), :=max{\ € R:Jop € S(Hp) s.t. 2 My ®0p > PAB}-

We will often drop the subscript p when there is no doubt about what underlying
state is meant.

This definition has a simple operational interpretation when the first system is
classical, which is the case we consider. Konig, Renner, and Schaffner [13] showed
that for a state pxp = D, c» Pe|2)x| ® p% classical on X,

(2.1) Hmin(X|B)p = —IngguCSS(X|B)pv

where pguess(X|B) is the maximum probability of guessing X given B, namely,

Pguess(X|B), == max (prtr(E%p%)>,
rxeX

{EgYeex

where the maximum is taken over all positive operator-valued measure (POVMs)
{E%}zex on B. If the system B is empty, then the min-entropy of X reduces to
the Renyi entropy of order infinity, Humin(X) = — logmax,ecx p, (sometimes written
H(X)). In this case the connection to the guessing probability is particularly obvi-
ous: when no side information is available, the best guess we can make is simply the
value z € X with highest probability.

The smooth min-entropy then consists of maximizing the min-entropy over all
subnormalized states e-close to the actual state px p of the system considered. Thus
by introducing an extra error €, we have a state with potentially much more entropy.
(See section 3.2 for more details.)

DEFINITION 2.2 (smooth min-entropy (22, 31]). Let ¢ > 0 and pap € S<(HaB);
then the e-smooth min-entropy of A conditioned on B is defined as

HE (A|B)p = max Hmin(A|B)ﬁ,

min ~
pPABEBE(paB)

where B¢(pap) C S<(Hag) is a ball of subnormalized states of radius ¢ around pap.*
3. Extractors.

3.1. Extractors, side information, and privacy amplification. An extrac-
tor Ext : {0,1}" x {0,1}¢ — {0,1}™ is a function which takes a weak source of
randomness X and a uniformly random short seed Y, and produces some output
Ext(X,Y’) which is almost uniform. The extractor is said to be strong if the output
is approximately independent of the seed.

DEFINITION 3.1 (strong extractor [18]). A function Ext : {0,1}" x {0,1}¢ —
{0,1}™ is a (k,e)-strong extractor with uniform seed if for all distributions X with

4The distance measure used in this definition is the purified distance [31], P(p,0) =
1— F(p,0)2, where F(-,-) is the fidelity. The only property of the purified distance that we
need in this work is that it upper-bounds the trace distance, i.e., P(p,0) > %Hp — 0||tr- We refer the
reader to [31] for a formal definition of the purified distance (and fidelity) on subnormalized states
and a discussion of its advantages.
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min-entropy Humin(X) > k and a uniform seed Y we have®

1
§HPExt(X,Y)Y — pu,. D pyllee <€,

where py,, is the fully mized state on a system of dimension 2.

Using the connection between min-entropy and guessing probability ((2.1)), a
(k, €)-strong extractor can be seen as a function which guarantees that if the guessing
probability of X is not too high (pguess(X) < 27F), then it produces a random variable
which is approximately uniform and independent from the seed Y.

As discussed in the introduction, we consider here a more general situation in-
volving side information, denoted by E, which may be represented by the state of
a quantum system. A function Ext is then an extractor if, when the probability of
guessing X given E is not too high, Ext can produce a random variable Ext(X,Y)
which is approximately uniform and independent from the seed Y and the side in-
formation E. Equivalently, one may think of a privacy amplification scenario [4, 3],
where F is the information available to an adversary and where the goal is to turn
weakly secret data X into a secret key Ext(X,Y’), where the seed Y is assumed to
be public. (In typical key agreement protocols, the seed is chosen by the legitimate
parties and exchanged over public channels.)

The following definition covers the general situation where the side information
E may be represented quantum-mechanically. The case of purely classical side infor-
mation is then formulated as a restriction on the nature of E.

DEFINITION 3.2 (quantum-proof strong extractor [12, section 2.6]). A func-
tion Ext : {0,1}" x {0,1}¢ — {0,1}™ is a quantum-proof (or simply quantum)
(k, e)-strong extractor with uniform seed if, for all states pxg classical on X with
Huwin(X|E), > k and for a uniform seed Y, we haveb

1
(3.1) §||pExt(X,Y)YE — pU,, @ py @ pE|u <&,

where py,, s the fully mized state on a system of dimension 2.

The function Ext is a classical-proof (k,e)-strong extractor with uniform seed if
the same holds with the system E restricted to classical states.

It turns out that if the system F is restricted to classical information about X,
then this definition is essentially equivalent to the conventional Definition 3.1.

LEMMA 3.3 (see [12, section 2.5] and [14, Proposition 1]). Any (k,e)-strong
extractor is a classical-proof (k + log1/e, 2¢)-strong extractor.

However, if the system E is quantum, this does not necessarily hold. Gavinsky et
al. [6] give an example of a (k,e)-strong extractor that breaks down in the presence
of quantum side information, even when Hpi,(X|FE) is significantly larger than k.

Remark 3.4. In this section we defined extractors with a uniform seed, as this is
the most common way of defining them. Instead one could use a seed which is only
weakly random, but require it to have a min-entropy larger than a given threshold,

5A more standard classical notation would be % [Ext(X,Y)oY — Un o Y| < ¢, where the dis-
tance metric is the variational distance. However, since classical random variables can be represented
by quantum states diagonal in the computational basis, and the trace distance reduces to the varia-
tional distance, we use the quantum notation for compatibility with the rest of this work.

6The authors of [32] substitute Joy g s.t. %”PExt(X,Y)YE — pU,, @ oyg|tw < e for (3.1). This
results in a weaker definition which does not offer the same composability guarantees. In particular,
Lemma A.4 does not hold with the same parameters when extractors are defined as in [32].
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Hpin(Y) > s. The seed must still be independent from the input and the side infor-
mation. Since having access to a uniform seed is often an unrealistic assumption, it
is much more useful for practical applications to define and prove the soundness of
extractors with a weakly random seed. We redefine extractors formally this way in
Appendix A.1, and show in section 4.2.2 that Trevisan’s extractor is still quantum-
proof in this setting.

All the considerations of this section, in particular Lemma 3.3 and the gap be-
tween classical and quantum side-information, also apply if the seed is only weakly
random. In the following, when we talk about a strong extractor without specifying
the nature of the seed, we are referring to both uniform seeded and weakly random
seeded extractors.

3.2. Extracting more randomness. Radhakrishnan and Ta-Shma [19] have
shown that a (k, e)-strong extractor Ext : {0, 1}" x {0,1}% — {0, 1}™ will necessarily
have

(3.2) m <k —2logl/e +O(1).

However, in some situations we can extract much more randomness than the min-
entropy. For example, let X be distributed on {0,1}" with Pr[X = x¢] = 1/n,
and for all © # g, Pr[X = z] = n(’;n’il). We have Hpyin(X) = logn, so using a
(logn,1/n)-strong extractor, we could obtain at most logn bits of randomness. But
X is already 1/n-close to uniform, since 1||px —pu, [[tr < L. So we already have n bits
of nearly uniform randomness, exponentially more than the min-entropy suggests.

In the case of quantum extractors, similar examples can be found, e.g., in [31, Re-
mark 22]. However, an upper bound on the extractable randomness can be obtained
by replacing the min-entropy by the smooth min-entropy (Definition 2.2). More pre-
cisely, the total number of e-uniform bits that can be extracted in the presence of side
information E can never exceed HE, (X|E) [22, section 5.6].

Conversely, the next lemma implies that an extractor which is known to extract
m bits from any source such that Hp,i,(X|FE) > k can in fact extract the same
number of bits, albeit with a slightly larger error, from sources which satisfy only
HE. (X|E) > k, a much weaker requirement in some cases.

LEMMA 3.5. IfExt:{0,1}" x {0,1}¢ — {0, 1}™ is a quantum-proof (k,¢)-strong
extractor, then for any state pxg and any &' > 0 with HS, (X|E), > k,

1
§||pExt(X7Y)YE — U, @ py @ pElle < e+ 2.

Proof. Let pxg be the state ¢’-close to pxg for which Hmin(X|E),3 reaches its
maximum. Then

1
§HPExt(x,y)YE = pu,, @ py @ pEllt
1 N 1 -
< 5 ”pExt(X,Y)YE - pExt(X,Y)YEHtr + §HPExt(X,Y)YE - pU,, Py @ pE”tr
1 ~
+5llpv, ® py @ pr = pu,, @ py @ pElle

1, . N -
< B | PExt(x, Y)Y E — PU. @ py @ pElle + lpxE — pxElte
<e+2¢.
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In the second inequality above we twice used the fact that a trace-preserving quantum
operation can only decrease the trace distance. And in the last line we used the fact
that the purified distance—used in the smooth min-entropy definition (Definition
2.2)—upper-bounds the trace distance. 0

Remark 3.6. Since a (k,e)-strong extractor can be applied to any source with
smooth min-entropy H<,, (X|E) > k, we can measure the entropy loss of the extractor
—namely, how much entropy was not extracted—with

A:=k—m,

where m is the size of the output. From (3.2) we know that an extractor has optimal
entropy loss if A =2logl/e + O(1).

4. Constructing m-bit extractors from one-bit extractors and weak
designs. In this section we prove our main result: we show that Trevisan’s extractor
paradigm [33]—which shows how to construct an m-bit extractor from any (classical)
one-bit strong extractor—is sound in the presence of quantum side information.

This construction paradigm can be seen as a derandomization of the simple con-
catenation of the outputs of a one-bit extractor applied m times to the same input
with different (independent) seeds. The construction with independent seeds needs a
total seed of length d = mt, where ¢ is the length of the seed of the one-bit extractor.
Trevisan [33] shows how to do this using only d = poly(t,logm) bits of seed and
proves that it is sound when no side information is present.” We combine a combi-
natorial construction called weak designs by Raz, Reingold, and Vadhan [21], which
they use to improve Trevisan’s extractor, and a previous observation by two of the
authors [5] that, since one-bit extractors were shown to be quantum-proof by Konig
and Terhal [14], Trevisan’s extractor is also quantum-proof.

This results in a generic scheme, which can be based on any weak design and
one-bit strong extractor. We define it in section 4.1, and then prove bounds on the
min-entropy and error in section 4.2.

4.1. Description of Trevisan’s construction. In order to shorten the seed
while still outputting m bits, in Trevisan’s extractor construction paradigm the seed
is treated as a string of length d < mt, which is then split into m overlapping blocks
of ¢ bits, each of which is used as a (different) seed for the one-bit extractor. Let
y € {0,1}? be the total seed. To specify the seeds for each application of the one-bit
extractor we need m sets St,..., Sy, C [d] of size |S;| =t for all i. The seeds for the
different runs of the one-bit extractor are then given by yg,, namely the bits of y at
the positions specified by the elements of 5;.

The seeds for the different outputs of the one-bit extractor must, however, be
nearly independent. To achieve this, Nisan and Wigderson [17] proposed minimizing
the overlap |S; N S;| between the sets, and Trevisan used this idea in his original
work [33]. Raz, Reingold, and Vadhan [21] improved this, showing that it is sufficient
for these sets to meet the conditions of a weak design.®

DEFINITION 4.1 (weak design [21, Definition 5]). A family of sets Si,...,Sm C
[d] is a weak (t,r)-design if the following hold:

"Trevisan’s original paper does not explicitly define his extractor as a pseudorandom concatena-
tion of a one-bit extractor. It has, however, been noted in, e.g., [15, 34], that this is basically what
Trevisan’s extractor does.

8The second condition of the weak design was originally defined as Z;;ll 219i05il < p(m — 1).
We prefer to use the version of [8], since it simplifies the notation without changing the design
constructions.
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1. For all i, |Si| =t.
2. Forall i, 3/~ 219051 < rm.

We can now describe Trevisan’s generic extractor construction.

DEFINITION 4.2 (Trevisan’s extractor [33]). For a one-bit extractor C : {0,1}" x
{0,1}t — {0, 1}, which uses a (not necessarily uniform) seed of length t, and for a weak
(t,r)-design Si,...,Sm C [d], we define the m-bit extractor Extc : {0,1}" x {0,1}4 —
{0,1}™ as

EXtc(ﬂ?, y) = C(ﬂ?, y51) T C(ﬂ?, Z/Sm)-

Remark 4.3. The length of the seed of the extractor Extc is d, one of the
parameters of the weak design, which in turn depends on ¢, the size of the seed of the
one-bit extractor C. In section 5 we will give concrete instantiations of weak designs
and one-bit extractors, achieving various entropy losses and seed sizes. The size of
the seed will always be d = poly(logn) if the error is € = poly(1/n). For example,
to achieve a near-optimal entropy loss (section 5.1), we need d = O(t*logm) and
t = O(logn); hence d = O(log® n).

4.2. Analysis. We now prove that the extractor defined in the previous section
is a quantum-proof strong extractor. The first step follows the structure of the clas-
sical proof [33, 21]. We show that a player holding the side information and who
can distinguish the output of the extractor Extc from uniform can—given a little
extra information—distinguish the output of the underlying one-bit extractor C' from
uniform. This is summed up in the following proposition.

PROPOSITION 4.4. Let X be a classical random variable correlated to some quan-
tum system E; let Y be a (not necessarily uniform) seed, independent from X E; and
let

(4.1) |l PExte (x,Y)YE — PU. @ py @ pE|tr > &,

where Exteo is the extractor from Definition 4.2. Then there exists a fixed partition
of the seed Y into two substrings, V and W, and a classical random variable G such
that G has size Hyo(G) < rm, where v is one of the parameters of the weak design
(Definition 4.1), V < W < G form a Markov chain,’ and

g
(4.2) lecxvivwar = puy @ pyweelle > —.

We provide a proof of Proposition 4.4 in Appendix B.2, where it is restated as
Proposition B.5.19

For readers familiar with Trevisan’s scheme [33, 21], we briefly sketch the corre-
spondence between the variables of Proposition 4.4 and quantities analyzed in Tre-
visan’s construction. Trevisan’s proof proceeds by assuming by contradiction that
there exists a player, holding F, who can distinguish between the output of the extrac-
tor and the uniform distribution (4.1). Part of the seed is then fixed (this corresponds
to W in the above statement), and some classical advice is taken (this corresponds

9Three random variables are said to form a Markov chain X <> Y < Z if for all x,y, z we have
Pz iy x (zly,x) = Pz)y (z|y) or equivalently Pzx |y (z,z|y) = Pzy (2|y) Px|y (z]y)-

10Note that Ta-Shma [28] has already implicitly proved that this proposition must hold in the
presence of quantum side information, by arguing that the side information can be viewed as an
oracle. The present statement is a strict generalization of that reasoning, which allows conditional
min-entropy as well as nonuniform seeds to be used.
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to G in the above statement) to construct another player who can distinguish a spe-
cific bit of the output from uniform. But since a specific bit of Trevisan’s extractor
is just the underlying one-bit extractor applied to a substring of the seed (V in the
above statement), this new player (who holds WGE) can distinguish the output of
the one-bit extractor from uniform (see (4.2)).

In the classical case Proposition 4.4 would be sufficient to prove the soundness
of Trevisan’s scheme, since it shows that if a player can distinguish Extc from uni-
form, then he can distinguish C' from uniform given a few extra advice bits, which
contradicts the assumption that C' is an extractor.!! But since our assumption is that
the underlying one-bit extractor is only classical-proof, we still need to show that the
quantum player who can distinguish C(X, V') from uniform is not more powerful than
a classical player, and so if he can distinguish the output of C' from uniform, so can
a classical player. This has already been done by Konig and Terhal [14], who show
that one-bit extractors are quantum-proof.

THEOREM 4.5 (see [14, Theorem IIL.1]). Let C' : {0,1}" x {0,1} — {0,1}
be a (k,e)-strong extractor. Then C is a quantum-proof (k + log1/e,3+/€)-strong
extractor.?

We now need to put Proposition 4.4 and Theorem 4.5 together to prove that
Trevisan’s extractor is quantum-proof. The cases of uniform and weak random seeds
differ somewhat in the details. We therefore give two separate proofs for these two
cases in sections 4.2.1 and 4.2.2.

4.2.1. Uniform seed. We show that Trevisan’s extractor is a quantum-proof
strong extractor with uniform seed with the following parameters.

THEOREM 4.6. Let C' : {0,1}" x {0,1}* — {0,1} be a (k,&)-strong extractor
with uniform seed and let Si,..., Sy C [d] be a weak (t,7)-design. Then the extractor
given in Definition 4.2, Extc : {0,1}" x {0,1}¢ — {0,1}™, is a quantum-proof (k +
rm + log 1/e, 3m+/€)-strong extractor.

Proof. In Proposition 4.4, if the seed Y is uniform, then V is independent from
W and hence, by the Markov chain property, from G as well, so (4.2) can be rewritten
as

5
lpcx,vivwae — pu, @ pv @ pwaelle > o

which corresponds to the exact criterion of the definition of a quantum-proof extractor.
Let C be a (k,¢e)-strong extractor with uniform seed, and assume that a player
holds a system FE such that

| PExte (X, V)Y E = PU., @ py @ pE|te > 3my/E.

Then by Proposition 4.4 and because Y is uniform, we know that there exists a
classical system G with Ho(G) < rm, and a partition of Y in V' and W, such that

(4.3) lpcx,vivwas — pu, @ pv @ pwaelle > 3Ve.

Since C' is a (k, €)-strong extractor, we know from Theorem 4.5 that we must have
Huin(X|WGE) < k +log1/e for (4.3) to hold. Hence by Lemma B.3, Hyin(X|E) =
Hupin(X|WE) < Hyin(X|WGE) + Ho(G) < k+rm +logl/e. O

1n the classical case, [33, 21] still show that a player who can distinguish C(X, V) from uniform
can reconstruct X with high probability. But this is nothing other than proving that C'is an extractor.
12This result holds whether the seed is uniform or not.
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4.2.2. Weak random seed. We show with the following parameters that Tre-
visan’s extractor is a quantum-proof strong extractor with weak random seed.

THEOREM 4.7. Let C': {0,1}" x {0,1} — {0,1} be a (k,e)-strong extractor with
an s-bit seed—i.e., the seed needs at least s bits of min-entropy—and S, ..., Sm C [d]
a weak (t,r)-design. Then the extractor given in Definition 4.2, Extc : {0,1}" x
{0,1}¢ — {0,1}™, is a quantum-proof (k + rm + log1/e, 6m+/€)-strong extractor for
any seed with min-entropy d — (t — s — log 3\1/5)

The main difference between this proof and that of Theorem 4.6 is that, since
the seed Y is not uniform in Proposition 4.4, the substring W of the seed not used
by the one-bit extractor C' is correlated to the seed V of C' and acts as classical
side information about the seed. To handle this, we show in Lemma A.3 that with
probability 1 — & over the values of W, V still contains a lot of min-entropy, roughly
s’ —d', where d’ is the length of W and s’ is the min-entropy of Y. And hence a
player holding WGE can distinguish the output of C' from uniform, even though the
seed has enough min-entropy.

Proof. Let C be a (k,e)-strong extractor with s bits of min-entropy in the seed,
and assume that a player holds a system E such that

| PExte (X, Y)Y E — PU. @ py @ pE|lee > 6ma/E.

Then by Proposition 4.4 we have

(4.4) lpcx.vivwee — puy @ pvweellw > 6v/e.

Since this player has classical side information W about the seed V', we need an
extra step to handle it. Lemma A.3 tells us that from (4.4) and because, by Theorem
4.5, C is a quantum (k+log1/¢, 31/2)-strong extractor, we must have either, for some
w, Hyin (X|GEW = w) < k + log1/e, and hence

Hmin(XlE) = Hmm(X|EW = ’LU)

1
< Hpin(X|GEW = w) + Ho(G) < k + rm + log =

or Huin(VIW) < s+ log from which we obtain, using Lemma B.1,

1
3ve’

Huin(Y) < Huin(VIW) + Ho(W) < s+ log L +d—t¢t O
3VE

5. Concrete constructions. Depending on what goal has been set—e.g., max-
imize the output, minimize the seed length—different one-bit extractors and weak
designs will be needed. In this section we give a few examples of what can be done,
by taking various classical extractors and designs, and plugging them into Theorem 4.6
(or Theorem 4.7), to obtain bounds on the seed size and entropy loss in the presence
of quantum side information.

The results are usually given using the O-notation. This is always meant with
respect to all the free variables; e.g., O(1) is a constant independent of the input
length n, the output length m, and the error . Likewise, o(1) goes to 0 for both n
and m large.

We first consider the problem of extracting all the min-entropy of the source in
section 5.1. This was achieved in the classical case by Raz, Reingold, and Vadhan
[21], so we use the same one-bit extractor and weak design as they used.
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In section 5.2 we give a scheme which uses a seed of length d = O(logn) but can
extract only part of the entropy. This is also based on [21] in the classical case.

In section 5.3 we combine an extractor and design which are locally computable
(from Vadhan [34] and Hartman and Raz [8], respectively) to produce a quantum
m-bit extractor such that each bit of the output depends on only O(log(m/e)) bits of
the input.

And finally in section 5.4 we use a one-bit extractor from Raz [20], which requires
only a weakly random seed, resulting in a quantum m-bit extractor, which also works
with a weakly random seed.

These constructions are summarized in Table 1.1.

5.1. Near-optimal entropy loss. To achieve a near-optimal entropy loss we
need to combine a one-bit extractor with near-optimal entropy loss and a weak (¢, 1)-
design. We use the same extractor and design as Raz, Reingold, and Vadhan [21] to
do so, namely Lemma C.1 for the design and Proposition C.5 for the one-bit extractor.
Plugging this into Theorem 4.6, we get a quantum extractor with parameters similar
to those of [21].

COROLLARY 5.1. Let C be the extractor from Proposition C.5 with error e’ = 57—,
and let us use the weak design from Lemma C.1. Then Trevisan’s extractor Extc :
{0,1}"x{0,1}¢ — {0,1}™ is a quantum-proof (m+8logm+8log1/c+O(1),e)-strong
extractor with uniform seed, with d = O(log®(n/<)logm).

For ¢ = poly(1/n) the seed has length d = O(log®n). The entropy loss is A =
8logm+8log1l/e+ O(1), which means that the input still has that much randomness
left in it (conditioned on the output). We can extract a bit more by now applying a
second extractor to the input. For this we will use the extractor by Tomamichel et
al. [32], which is a quantum (k’,&’)-strong extractor'® with seed length d’ = O(m’ +
logn’+log1/e’") and entropy loss A’ = 4log1/¢’+O(1), where n’ and m’ are the input
and output string lengths. Since we will use it for m’ = 8logm + 4log1/e’ + O(1),
we immediately get the following corollary from Lemma A.4.

COROLLARY 5.2. By applying the extractors from Corollary 5.1 and [32, Theorem
10] in succession, we get a new function, Ext : {0,1}" x {0,1}¢ — {0,1}™, which is
a quantum-proof (m+4log1l/e+ O(1),e)-strong extractor with uniform seed of length
d = O(log®(n/e) logm).

For € = poly(1/n) the seed has length d = O(log® n).

The entropy loss is A = 4log1/e+O(1), which is only a factor 2 times larger than
the optimal entropy loss. By Lemma 3.5 this extractor can produce m = He (X |E)—
4log1/e — O(1) bits of randomness with an error € + 2¢’.

5.2. Seed of logarithmic size. The weak design used in section 5.1 requires
the seed to be of size d = O(t?logm), where t is the size of the seed of the one-bit
extractor. Since t cannot be less than Q(logn) [19], a scheme using this design will
always have d = Q(log® nlogm). If we want to use a seed of size d = O(log n), we need
a different weak design, e.g., Lemma C.2, at the cost of extracting less randomness
from the source.

For the one-bit extractor we use the same one in the previous section, Proposition
C.5. Plugging this into Theorem 4.6, we get a quantum extractor with logarithmic
seed length.

13 The authors of [32] define quantum-proof extractors a little differently than we do (see footnote
6), but it is not hard to see that their result holds with the same parameters, as the differences are
absorbed in the O-notation.
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COROLLARY 5.3. If for any constant 0 < a < 1 the source has min-entropy
Hypin(X|E) =n®, and the desired error is € = poly(1/n), then using the extractor C
from Proposition C.5 with error € = 9i2 and the weak design from Lemma C.2 with
r=n" for any 0 < v < «, we have that Trevisan’s extractor Extc : {0,1}"x {0,1}¢ —
{0,1}™ is a quantum-proof (n"m + 8logm + 8log1/e + O(1),¢e)-strong extractor with
uniform seed, with d = O(% log n)

Choosing 7y to be a constant results in a seed of length d = O(logn). The output
length is m = n® 7 — 0(1) = Hyin(X|E)'~% — o(1). By Lemma 3.5 this can be

increased to m = HE. (X|E)'~% — o(1) with an error of ¢ + 2¢'.

5.3. Locally computable extractor. Another interesting feature of extractors
is locality; that is, the m-bit output depends on only a small subset of the n input
bits. This is useful in, e.g., the bounded storage model (see [16, 15, 34] for the case
of a classical adversary, and [12] for a general quantum treatment), where we assume
that a huge source of random bits, say n, are available, and the adversary’s storage is
bounded by an for some constant « < 1. Legitimate parties are also assumed to have
bounded workspace for computation. In particular, for the model to be meaningful,
the bound is stricter than that on the adversary. So to extract a secret key from
the large source of randomness, they need an extractor which reads only ¢ < n bits.
An extractor with such a property is called ¢-local. We will use a construction of an
¢-local extractor by Vadhan [34], stated in Lemma C.7.

Since we assume that the available memory is limited, we also want the construc-
tion of the weak design to be particularly efficient. For this we can use a construction
by Hartman and Raz [8], given in Lemma C.3. Plugging this into Theorem 4.6, we
get a quantum local extractor.

COROLLARY 5.4. If for any constant 0 < a < 1 the source has min-entropy
Hin(X|E) = an, then using the weak design from Lemma C.3 for any constant

r > 1, and the extractor C' from Lemma C.7 with error ¢ = 5=— and any constant
v < a, we have that Trevisan’s extractor Extc : {0,1}" x {0,1}¢ — {0,1}™ is a
quantum-proof £-local (yn + rm + 2logm + 2log 1/e + O(1), e)-strong extractor with
uniform seed, with d = O(log*(n/¢)) and ¢ = O(mlog(m/c)). Furthermore, each bit
of the output depends on only O(log(m/<)) bits of the input.

With these parameters the extractor can produce up to m = (o — y)n/r —
O(log1/e) = (Hpin(X|E) — yn)/r — O(log 1/¢) bits of randomness, with an error
of ¢ = poly(1/n). By Lemma 3.5 this can be increased to m = (HE, (X|E) —yn)/r —
O(log 1/e) with an error of £ + 2¢’.

5.4. Weak random seed. Extractors with weak random seeds typically re-
quire the seed to have a min-entropy linear in its length. Theorem 4.7 says that the
difference between the length and the min-entropy of the seed needed in Trevisan’s
extractor is roughly the same as the difference between the length and min-entropy
of the seed of the underlying one-bit extractor. So we will describe in detail how to
modify the construction from section 5.2 to use a weakly random seed. As that ex-
tractor uses a seed of length O(logn), this new construction allows us to preserve the
linear loss in the min-entropy of the seed. Any other version of Trevisan’s extractor
can be modified in the same way to use a weakly random seed, albeit with weaker
parameters.

For this we need a one-bit extractor which uses a weakly random seed. We will
use a result by Raz [20] (Lemma C.8), which allows us to construct the extractor from
Corollary C.9. Plugging this and the weak design from Lemma C.2 into Theorem 4.7,
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we get the following extractor with weak random seed.

COROLLARY 5.5. Let a > 0 be a constant such that the source has min-entropy
Huin(X|E) = n® and the desired error is ¢ = poly(1/n). Using the extractor C' from
Corollary C.9 with error & = 9522 and the weak design from Lemma C.2 with r = n”
for any 0 < v < «, we have that Trevisan’s extractor Extc : {0,1}" x {0,1}¢ —
{0,1}™ is a quantum-proof (n"m + 8logm + 8log1/e + O(1),¢)-strong extractor with
an s-bit weak random seed, where the seed has length d = O(ﬁlog n) and min-
entropy s = (1 - 1/2776)(1 for some constant c4

Choosing S and = to be constants results in a seed of length d = O(logn) with
a possible entropy loss linear in d. The output length is the same as in section 5.2,
m=n"" —0(1) = Huin(X|E)'~% — o(1).

If we are interested in extracting all the min-entropy of the source, we can combine
Lemma C.8 with the extractor from section 5.1. This results in a new extractor with
seed length d = O(log® n) and seed min-entropy s = d — O(V/d).

6. Outlook. There exist many results modifying and improving Trevisan’s ex-
tractor. We briefly describe a few of them here, and refer the reader to [23] for a more
extensive review.

Some of these constructions still follow the “design and one-bit extractor” pattern
—hence our work implies that they are immediately quantum-proof with roughly the
same parameters—e.g., the work of Raz, Reingold, and Vadham [21] and Lu [15],
which were mentioned in section 5 and correspond to modifications of the design
and one-bit extractor, respectively. Other results such as [21, 30, 24] replace the
binary list-decoding codes with multivariate codes over a field F. Raz, Reingold, and
Vadham [21] use this technique to reduce the dependence of the seed on the error
from O(log®1/¢) to O(log1/¢). Ta-Shma, Zuckerman, and Safra [30] and Shaltiel
and Umans [24] reduce the size of the seed to d < 2logn in several constructions with
different parameters for the min-entropy. In these constructions the connection to
one-bit extractors is not clear anymore, and it is therefore not guaranteed that these
extractors are quantum-proof.

Raz, Reingold, and Vadham [21] extract a little more randomness than we do in
section 5.1. They achieve this by composing (in the sense described in Appendix A.2)
the scheme of Corollary 5.1 with an extractor by Srinivasan and Zuckerman [26], which
has an optimal entropy loss of A = 2log1/e + O(1). In the presence of quantum side
information this extractor has been proven to have an entropy loss of A = 4log1/e +
O(1) in [32]; hence our slightly weaker result in Corollary 5.2, which can possibly be
improved.

Impagliazzo, Shaltiel, and Wigderson [9] and then Ta-Shma, Umans, and Zuck-
erman [29] modify Trevisan’s extractor to work for a subpolynomial entropy source,
still using a seed of size d = O(logn). The latter group [29] achieves a construction
which can extract all the min-entropy £ of the source with such a seed length for some
k = o(n). While it is unclear whether these modifications preserve the “design and
one-bit extractor” structure, it is an interesting open problem to analyze them in the
context of quantum side information.

Another research direction consists of making these constructions practically im-
plementable. Whether the extractor is used for privacy amplification [4, 3], random-
ness recycling [10], or for generating true randomness [36], the extractor has to have
a running time which makes it useful. This does not seem to be the case of Trevisan’s

8(1+4a)
By 1In2

a

141f we work out the exact constant, we find that ¢ =~ d/t ~ for e =n=7.
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construction [25]. An important open problem is thus to find variations which are
practical to execute.

It is also of great interest to study quantum-proof two-source extractors, that
is, extractors which can be applied to two independent sources, each of which is
correlated to independent quantum side information. This has so far been studied
only by Kasher and Kempe [11], and we refer to their work for more details and open
problems.

Appendix A. More on extractors.

A.1. Weak random seed. In section 3.1 we defined extractors as functions
which take a uniformly random seed. This is the most common way of defining them,
but not a necessary condition. Instead we can consider extractors which use a seed
which is only weakly random, but with bounded min-entropy. We extend Definition
3.1 this way.

DEFINITION A.1 (strong extractor with weak random seed [20]). A function
Ext : {0,1}" x {0,1}% — {0,1}™ is a (k,¢)-strong extractor with an s-bit seed if,
for all distributions X with Hyin(X) > k and any seed Y independent from X with
Hpin(Y) > s, we have

1
§HPExt(X,Y)Y — pu,. D pyllee <€,

where py,, s the fully mized state on a system of dimension 2.

If quantum side information about the input is present in a system FE, then,
as before, we require the seed and the output to be independent from that side-
information.

DEFINITION A.2 (quantum-proof strong extractor with weak random seed). A
function Ext : {0,1}" x {0,1}¢ — {0,1}™ is a quantum-proof (k, €)-strong extractor
with an s-bit seed if for all states px g classical on X with Huyin(X|E), > k, and for
any seed Y independent from X E with Hyin(Y) > s, we have

1
§HPExt(x,y)YE = pU,, @ py @ pelli < e,

where py,, s the fully mized state on a system of dimension 2.

Lemma 3.3 says that any extractor will work with roughly the same parameters
when classical side information about the input X is present. The same holds in the
case of classical side information Z about the seed Y.

LEMMA A.3. Let Ext : {0,1}" x {0,1}¢ — {0,1}™ be a quantum-proof (k,e)-
strong extractor with an s-bit seed. Then for any classical X,Y , and Z, and quantum
E, such that XE and Y are independent, Y « Z < E form a Markov chain,'®
Hyoin(YZ) > s+1ogl/e, and for all z € Z, Hyin(X|EZ = z) > k, we have

1
§HpExt(X,Y)YZE —pu ® pyzEe|u < 2€.

Proof. For any two classical systems Y and Z, we have

o-Huin(Y|Z) _ | [THmmmz:z)
27 ’

I5A state pxyr, where X and Y ae classical systems, forms a Markov chain X < Y < E if it
can be expressed as pxve =y, , Pxv(z,y)|z, yXz,y| ® 0%
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so by Markov’s inequality,
PrZ [Huin(Y|Z = 2) < Hpin(Y|Z) —logl/e] <e.
z4—
And since Y < Z < FE form a Markov chain, we have for all z € Z

PYE|Z=2 = PY|Z=2 @ PE|Z=2-

Hence
1
ngExt(X,Y)YEZ —pu ® pyEZ||tr

1
— 3 Z PZ(Z)HPExt(X,Y)YE\Z:z — pU @ Py E|z=z]tr
z€Z

1
5 Z PZ(Z)HPExt(X,Y)YE\Z:z —pPU Q Py|z=2® PE|Z:thr < 2e. a
z€Z

The case of quantum side information correlated to both the input and the seed
is beyond the scope of this work.

A.2. Composing extractors. If an extractor does not have optimal entropy
loss, a useful approach to extracting more entropy is to apply a second extractor to
the original input, to extract the randomness that remains when the output of the
first extractor is known. This was first proposed in the classical case by Wigderson
and Zuckerman [35] and improved by Raz, Reingold, and Vadham [21]. Koénig and
Terhal [14] gave the first quantum version for composing m times quantum one-
bit extractors. We slightly generalize the result of Koénig and Terhal [14] to the
composition of arbitrary quantum extractors.

LEMMA A.4. Let Ext; : {0,1}" x {0,1}% — {0,1}™ and Exty : {0,1}" x
{0,1}% — {0,1}™2 be quantum-proof (k,e1)- and (k—my, e2)-strong extractors. Then
the composition of the two, namely

Exts :{0,1}" x {0,1}% x {0,1}%2 = {0,1}™ x {0,1}™2,
(33, Y1, yQ) = (Eth(xv yl)v EXt?(mv yQ))a
is a quantum-proof (k,e1 + €2)-strong extractor.
Proof. We need to show that for any state pxg with Hpin(X|E) > k,

1
(A1) §HpExt1(X,Y1)Extg(X7Y2)Y1Y2E — puy @ pu, @ py; @ py, @ pEllee < €1+ 2.
The left-hand side of (A.1) can be upper-bounded by

1
(A2) SllPex,(xyiyvie ® puz @ Py, = pus © pyi @ PE © Pz © pyalur

1
+ §||pExt2(X,Y2)Y2 Ext1 (X,Y))V1E — PUs @ Pyy @ PExty (X, v1)V1 E |ler-

By the definition of Ext; the first term in (A.2) is upper-bounded by e;. For the
second term we use Lemma B.3 and get

Hopin (X | Ext1 (X, Y1)V1 E) > Hypin(X|V1E) — Ho(Ext1 (X, Y1))
= Hmln(X|E) — H()(Eth(X, Yl)) >k —mj.

By the definition of Exts the second term in (A.2) can then be upper-bounded by
£9. |
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Appendix B. Technical lemmas.

B.1. Min-entropy chain rules. We use the following “chain-rule-type” state-
ments about the min-entropy. The proofs for the first two can be found in [22].
LEMMA B.1 (see [22, Lemma 3.1.10]). For any state papc,

Hmln(A|BC) > Hmln(AC|B) - HO(C)v

where Hy(C) = logrank pc.
LEMMA B.2 (see [22, Lemma 3.1.9]). For any state papz classical on Z,

Hpmin(AZ|B) > Hpmin(A|B).
LEMMA B.3. For any state papz classical on Z,
Hyin(A|BZ) > Hmin(A|B) — Ho(2),

where Hyo(Z) = logrank py.
Proof. The proof is immediate by combining Lemmas B.1 and B.2. O

B.2. Reduction step. To show that a player who can distinguish the output
of Extc (defined in Definition 4.2) from uniform can also guess the output of the
extractor C, we first show that such a player can guess one of the bits of the output
of Ext¢, given some extra classical information. This is a quantum version of a result
by Yao [37].

LemMMA B.4. Let pzp be a cg-state, where Z is a random wvaritable on m-bit
strings. If ||pze — pu,, @ pBlltr > €, then there exists an i € [m] such that

4 4 €
(B.1) E pelz—yX2i-1| ® pi — E palzi—y Xz @ pB|| > oo
zGZO zezl
Zi= Zi= tr

Using the fact that, for any binary random variable X and quantum system @
with pxq@ = Y01 Pili)i @ ply, the equality [[pxq — puy @ pglle = [lPopd — P1oG e
holds, (B.1) can be rewritten as ||pz,,_,5 — pu, @ pz;,_,,Blltr > ;5. Lemma B.4 can
thus be interpreted as saying that if a player holding B can distinguish Z from uniform
with probability greater than e, then there exists a bit ¢ € [m] such that when given
the previous ¢ — 1 bits of Z, he can distinguish the ith bit of Z from uniform with

13

probability greater than .
Proof. The proof uses a hybrid argument. Let

z2€Z
re{0,1}™

Then

e <|lpzs — pu,, @ pBllu

= ”Um - UOHtr

m
< Z lloi — izl
i=1

< mmax lloi — i1l
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By rearranging ||o; — 0;—1]|tr, we get the left-hand side of (B.1). O

We now need to bound the size of this extra information, the “previous ¢ — 1
bits,” and show that when averaging over all the seeds of Extc, we average over all
the seeds of C, which means that guessing a bit of the output of Extc corresponds
to distinguishing the output of C' from uniform. For the reader’s convenience we now
restate Proposition 4.4 and give its proof.

PROPOSITION B.5 (restatement of Proposition 4.4). Let X be a classical random
variable correlated to some quantum system E; let Y be a (not necessarily uniform)
seed, independent from X E; and let

(B.2) |l PExte (x,v)E — PU. @ py @ pE|tr > €,

where Extc is the extractor from Definition 4.2. Then there exists a fixed partition
of the seed Y into two substrings V and W, and a classical random variable G, such
that G has size Hyo(G) < rm, where r is one of the parameters of the weak design
(Definition 4.1), V < W < G form a Markov chain, and

€
(B-3) ||PC(X,V)VWGE — U, @ pVWGEHtr > E

Proof. We apply Lemma B.4 to (B.2) and get that there exists an ¢ € [m] such
that

(B.4)
Z pmqy|C($a y51) co O($, ySi—l)? y><O(ZIJ, ySl) e C(ﬂi, ySi—l)? y| & pm
Clays,)=0
— > peqy|C(z,ys,) - Cla,ys, ), y)Clx,ys,) - Cla,ys, )yl @ p
Clays)=1 o
g
> R
m

where {ps }zcx and {gy, } ey are the probability distributions of X and Y, respectively.

We split y € {0,1}¢ into two strings of ¢t = |S;| and d — ¢ bits, and write v := yg,
and w := y[g)\5,- To simplify the notation, we set g(w,z, j,v) := C(x,ys;). Fix w, z,
and j, and consider the function g(w,z,7,-) : {0,1}* — {0,1}. This function depends
only on |S; N .S;| bits of v. So to describe this function we need a string of at most
215i08il hits. And to describe ¢¥*(-) := g(w,x,1,-)---g(w,z,i — 1,-), which is the
concatenation of the bits of g(w, x, j,-) for 1 < j <i—1, we need a string of length at
most Z;;ll 215iNSil S0 a system G containing a description of ¢** has size at most

Hy(G) < Z;;ll 219i05i . We now rewrite (B.4) as

S petulg” T () v,w)g™ " (v), v, ] @ p°

x,v,Ww
C(z,v)=0
g
= Y Petewlg ), v, w) g W), v | @ || > =
T, v,w m
C(z,v)=1 tr
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By providing a complete description of g"»* instead of its value at the point v,
we can only increase the trace distance; hence

Z pz‘]v,w|gw)mv v, w><gw7m’ v, w| ® pw
T,v,w

C(z,v)=0

e
— D Palowlg”" v, wlg T 0w @97 > =
T,v,w m

C(z,v)=1 tr

By rearranging this a little more, we finally get

5
lpcxvivwae — pu, @ pywae|u > o

where G is a classical system of size Ho(G) < Z;;ll 21508 and V & W < G
form a Markov chain. By the definition of weak designs, we have, for all i € [m],
Z;: 215i08il < rm, for some 7 > 1. So Ho(G) <rm. 0O

Appendix C. Known extractors and designs. In this section we list the
known constructions for weak designs and one-bit extractors, which we plug into
Trevisan’s extractor in section 5.

C.1. Weak designs. The following weak design allows nearly all the min-entro-
py of the source to be extracted, but it requires a rather large seed (typically O(log?’ n)
for an optimal one-bit extractor).

LEMMA C.1 (see [21, Lemma 17]'6). For every t,m € N there exists a weak
(t,1)-design S1,...,Sm C [d] such that d =t [ ] [log4m] = O(t* logm). Moreover,
such a design can be found in time poly(m,d) and space poly(m).

If we wish to minimize the length of the seed, we can use the following weak
design with logr = O(t). We then get a seed of length O(logn) (for an optimal one-
bit extractor), but extract only a sublinear amount of min-entropy from the source.

LeMMA C.2 (see [21, Lemma 15]). For every t,m € N and r > 1 there ezists a
weak (t,r)-design Si,..., Sy C [d] such thatd =t [t/Inr] = O (t*/logr). Moreover,
such a design can be found in time poly(m,d) and space poly(m).

The following weak design construction is much more efficient than the two pre-
vious ones and ideal for a local extractor. It uses a seed of size O(log?n) and can
extract a constant fraction of the min-entropy (for an optimal one-bit extractor).

LeEMMA C.3 (see [8, Theorem 3]). For every m,t € N such that m = Q(t'°¢%), and
constant r > 1, there exists an explicit weak (t,r)-design S1,...,Sm C [d], where d =
O(t?). Such a design can be found in time poly(logm,t) and space poly(log m+Ilogt).

Remark C.4. For the extractor from Lemma C.7 and an error € = poly(1/n),
this design requires m = Q((logn)'°!°8™). If we are interested in a smaller m, say
m = poly(logn), then we can use the weak design from Lemma C.2 with » = n”. This
construction would require time and space poly(logn) = poly(log 1/¢). The resulting
seed would have length only O(logn) instead of O(log®n).

6Hartman and Raz [8] give a more efficient construction of this lemma, namely in time
poly(log m, t) and space poly(logm + logt), with the extra minor restriction that m > t'°8¢,
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C.2. One-bit extractors. As a one-bit extractor, Raz, Reingold, and Vadhan
[21] (as well as Trevisan [33]) used the bits of a list-decodable code. We give the
parameters here as Proposition C.5 and refer to Appendix D for details on the con-
struction and proof.

PROPOSITION C.5. For anye > 0 and n € N there exists a (k,€)-strong extractor
with uniform seed Exty, . : {0,1}™ x {0,1}* — {0,1} with t = O(log(n/c)) and k =
3logl/e.

Local extractor. Local extractors are defined as follows.

DEFINITION C.6 ({-local extractor [34]). An estractor Ext : {0,1}" x {0,1}4 —
{0,1}™ is f-locally computable (or ¢-local) if, for every r € {0,1}¢, the function
x — Ext(x,r) depends on only £ bits of its input, where the bit locations are determined
by r.

Lu [15] modified Trevisan’s scheme [33, 21] to use a local list-decodable code as
a one-bit extractor. Vadhan [34] proposes another construction for local extractors,
which is optimal up to constant factors. Both these constructions have similar pa-
rameters in the case of one-bit extractors.'” We state the parameters of Vadhan’s
construction here and refer the interested reader to [15] for Lu’s constructions.

LeMMA C.7 (see [34, Theorem 8.5]). For any ¢ > exp(—n/200¢" ™)) n € N,
and constant 0 < v < 1 there exists an explicit (-local (k,e)-strong extractor with
uniform seed Exty, - : {0,1}" x {0,1}* — {0,1} with t = O(log(n/e)), k = yn, and
¢=0(logl/e).

Weak random seed. Raz [20] shows how to transform any extractor which needs
a uniform seed into one which can work with a weakly random seed.

LEMMA C.8 (see [20, Theorem 4]). For any (k,€)-strong extractor Ext : {0,1}™ x
{0,1}* — {0,1}™ with uniform seed, there exists a (k,2¢)-strong extractor Ext :
{0,1}™ x {0,1}"" — {0,1}"™ requiring only a seed with min-entropy Hupin(Y) >
(% + B) t', where t' = 8t/[.

By applying this lemma to the one-bit extractor given in Proposition C.5, we
obtain the following one-bit extractor.

COROLLARY C.9. For any ¢ > 0 and n € N there exists a (k,e)-strong extractor
Extp,c : {0,1}" x {0,1}* — {0,1} requiring a seed with min-entropy (3 + ) d, where
t = O(glog(n/e)) and k = 3log1/e + 3.

Appendix D. List-decodable codes are one-bit extractors. A standard
error-correcting code guarantees that if the error is small, any string can be uniquely
decoded. A list-decodable code guarantees that, for a larger (but bounded) error, any
string can be decoded to a list of possible messages.

DEFINITION D.1 (list-decodable code [27]). A code C : {0,1}"™ — {0,1}" is said
to be (g, L)-list-decodable if every Hamming ball of relative radius 1/2 — ¢ in {0,1}"
contains at most L codewords.

Neither [33] nor [21] states it explicitly, but both papers contain an implicit proof
that if C': {0,1}" — {0,1}" is a (e, L)-list-decodable code, then

Ext : {0,1}" x [a] — {0,1},

is a (log L + log1/2¢,2¢)-strong extractor (according to Definition 3.1). We have

L71f the extractor is used to extract m bits, then Vadhan’s scheme reads fewer input bits and uses
a shorter seed than does Lu’s.

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



Downloaded 03/13/13 to 18.51.1.228. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

TREVISAN’S EXTRACTOR WITH QUANTUM SIDE INFORMATION 937
rewritten their proof as Theorem D.3 for completeness.'®

There exist list-decodable codes with the following parameters.

LEMMA D.2. For every n € N and § > 0 there is a code C, 5 : {0,1}" — {0,1}",
which is (8,1/82)-list-decodable, with i = poly(n,1/3). Furthermore, C, 5 can be
evaluated in time poly(n,1/d), and 7 can be assumed to be a power of 2.

For example, Guruswami et al. [7] combine a Reed—Solomon code with a Hada-
mard code, obtaining such a list-decodable code with 7 = O(n/§%).

Such codes require all bits of the input x to be read to compute any single bit C'(x);
of the output. If we are interested in so-called local codes, we can use a construction
by Lu [15, Corollary 1J.

THEOREM D.3. Let C: {0,1}" — {0,1}" be an (&, L)-list-decodable code. Then
the function

¢’ {0,1}" x [a] — {0,1},
(z,y) = C(a)y

is a (log L + log 1/2¢, 2¢)-strong extractor.'®

To prove this theorem we first show that a player who can distinguish the bit of
C’(X,Y) from uniform can construct a string o which is close to C(X) on average
(over X). Then, using the error correcting properties of the code C, he can reconstruct
X. Hence a player who can break the extractor must have low min-entropy about X.

LEMMA D.4. Let X and Y be two independent random variables with alphabets
{0,1}™ and [n], respectively. Let' Y be uniformly distributed, and let X be distributed
such that | Xy oY — Uy o Y| > 6, where Uy is uniformly distributed, on {0,1}. Then
there exists a string o € {0,1}™ with

Pr [d(X,a) < % - —] > 6,

- 2

where d(-,-) is the relative Hamming distance.
Proof. Define o € {0,1}" to be the concatenation of the most probable bits of
X, i.e., ay 1= argmax, Px,(b), where

Px,(b)= > Px(z).
w€{071b}"

The average relative Hamming distance between X and « is

1 n
> Px@dwa) =~ 3 Px@)Y e, -
z€{0,1}n z€{0,1}™ y=1
1 1 —
= > Px(a)=1- 5ZPX(%)~
rz;é?ix y=1

18 A slightly more general proof, stating that approzimate list-decodable codes are one-bit extrac-
tors, can be found in [5, Claim 3.7].

19This theorem still holds in the presence of classical side information with exactly the same
parameters.
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An(illsince 11Xy oY —UyoY| >4 is equivalent to 1 22:1 maxpe (o1} Px, (b) > 346,
we have

(D.1) > Px(a)d(z,a) < % — .

z€{0,1}n

We now wish to lower-bound the probability that the relative Hamming distance is
less than  —3. Let B := {2 : d(z,a) < 2 — 2} be the set of values z € {0, 1}" meeting
this requirement. Then the weight of B, w(B) := > . Px(x), is the quantity we
wish to lower-bound. It is at its minimum if all z € B have Hamming distance

d(xz,a) = 0, in which case the average Hamming distance is

(D.2) Y Px(z)d(z,a) > (1-w(B)) (% — g) :

z€{0,1}"

C()mblnlng (Dl) and (D-2)7 we get
U)(B) > — > 5 I:l
]. - 6

We are now ready to prove Theorem D.3.

Proof of Theorem D.3. We will show that if it is possible to distinguish C'(X,Y")
from uniform with probability at least 2¢, then X must have min-entropy Hpin (X) <
log L + log 1/2e.

If 1 |C"(X,Y) oY — Uy o Y| > 2¢, then by Lemma D.4 we know that there exists
an « € {0,1}" such that

Pr|d(C(X),a)< - —¢| > 2,

N =

where d(-, ) is the relative Hamming distance.
This means that with probability at least 2¢, X takes values x such that the
relative Hamming distance is d(C(z), @) < 1 —e. So for these values of X, if we choose

one of the codewords in the Hamming ball of relative radius % —¢ around « uniformly

at random as our guess for x, we will have chosen correctly with probability at least
1/L, since the Hamming ball contains at most L code words. The total probability
of guessing X is then at least 2¢/L.

Hence by (2.1), Hmin(X) < log L + log1/2¢. a0

REFERENCES

(1] A. AMBAINIS, A. NAYAK, A. TA-SHMA, AND U. VAZIRANI, Dense quantum coding and a lower
bound for 1-way quantum automata, in Proceedings of the 31st Symposium on Theory of
Computing (STOC ’99), ACM, New York, 1999, pp. 376-383.

[2] A. BEN-AROYA AND A. TA-SHMA, Better short-seed quantum-proof extractors, Theoret. Com-
put. Sci., 419 (2012), pp. 17-25.

[3] C. H. BENNETT, G. BRASSARD, C. CREPEAU, AND U. MAURER, Generalized privacy amplifica-
tion, IEEE Trans. Inform. Theory, 41 (1995), pp. 1915-1923.

[4] C. H. BENNETT, G. BRASSARD, AND J.-M. ROBERT, Privacy amplification by public discussion,
SIAM J. Comput., 17 (1988), pp. 210-229.

[5] A.DE AND T. VIDICK, Near-optimal extractors against quantum storage, in Proceedings of the
42nd Symposium on Theory of Computing (STOC ’10), ACM, New York, 2010, pp. 161—
170.

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



Downloaded 03/13/13 to 18.51.1.228. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

TREVISAN’S EXTRACTOR WITH QUANTUM SIDE INFORMATION 939

D. Gavinsky, J. KEMPE, I. KERENIDIS, R. RAz, AND R. DE WOLF, Exponential separations
for one-way quantum communication complexity, with applications to cryptography, in
Proceedings of the 39th Symposium on Theory of Computing (STOC ’07), ACM, New
York, 2007, pp. 516-525.

V. GURUswAMI, J. HASTAD, M. SUDAN, AND D. ZUCKERMAN, Combinatorial bounds for list
decoding, IEEE Trans. Inform. Theory, 48 (2002), pp. 1021-1034.

T. HARTMAN AND R. RAz, On the distribution of the number of roots of polynomials and
explicit weak designs, Random Structures Algorithms, 23 (2003), pp. 235-263.

R. IMPAGLIAZZO, R. SHALTIEL, AND A. WIGDERSON, Eztractors and pseudo-random generators
with optimal seed length, in Proceedings of the 32nd Symposium on Theory of Computing
(STOC ’00), ACM, New York, 2000, pp. 1-10.

R. IMPAGLIAZZO AND D. ZUCKERMAN, How to recycle random bits in Proceedings of the 30th
Symposium on Foundations of Computer Science (FOCS ’89), IEEE Press, Piscataway,
NJ, 1989, pp. 248-253.

R. KASHER AND J. KEMPE, Two-source extractors secure against quantum adversaries, in Pro-
ceedings of the International Conference on Approximation, Randomization, and Combi-
natorial Optimization (APPROX-RANDOM ’10), Springer, New York, 2010, pp. 656-669.

R. KONIG AND R. RENNER, Sampling of min-entropy relative to quantum knowledge, IEEE
Trans. Inform. Theory, 57 (2011), pp. 4760-4787.

R. KONIG, R. RENNER, AND C. SCHAFFNER, The operational meaning of min- and maz-entropy,
IEEE Trans. Inform. Theory, 55 (2009), pp. 4337-4347.

R. KONIG AND B. M. TERHAL, The bounded-storage model in the presence of a quantum ad-
versary, IEEE Trans. Inform. Theory, 54 (2008), pp. 749-762.

C.-J. Lu, Encryption against storage-bounded adversaries from on-line strong extractors, J.
Cryptol., 17 (2004), pp. 27-42.

U. M. MAURER, Conditionally-perfect secrecy and a provably-secure randomized cipher, Journal
of Cryptology, 5 (1992), pp. 53-66.

N. NisaN AND A. WIGDERSON, Hardness vs. randomness, J. Comput. System Sci., 49 (1994),
pp. 149-167.

N. NisaAN AND D. ZUCKERMAN, Randomness is linear in space, J. Comput. System Sci., 52
(1996), pp. 43-52.

J. RADHAKRISHNAN AND A. TA-SHMA, Bounds for dispersers, extractors, and depth-two super-
concentrators, SIAM J. Discrete Math., 13 (2000), pp. 2-24.

R. Raz, Eztractors with weak random seeds, in Proceedings of the 37th Symposium on Theory
of Computing (STOC ’05), ACM, New York, 2005, pp. 11-20.

R. RAz, O. REINGOLD, AND S. VADHAN, Eztracting all the randomness and reducing the error
in Trevisan’s extractors, J. Comput. System Sci., 65 (2002), pp. 97-128.

R. RENNER, Security of Quantum Key Distribution, Ph.D. thesis, Department of Computer
Science, Swiss Federal Institute of Technology Zurich, Zurich, 2005.

R. SHALTIEL, Recent developments in explicit constructions of extractors, Bull. European Assoc.
Theoret. Comput. Sci., 77 (2002), pp. 67-95.

R. SHALTIEL AND C. UMANS, Simple extractors for all min-entropies and a new pseudorandom
generator, J. ACM, 52 (2005), pp. 172-216.

R. SOLCA, Efficient Simulation of Random Quantum States and Operators, Master’s thesis,
Department of Physics, Swiss Federal Institute of Technology, Zurich, 2010.

A. SRINIVASAN AND D. ZUCKERMAN, Computing with very weak random sources, SIAM J.
Comput., 28 (1999), pp. 1433-1459.

M. SUDAN, List decoding: Algorithms and applications, SIGACT News, 31 (2000), pp. 16-27.

A. TA-SHMA, Short seed extractors against quantum storage, in Proceedings of the 41st Sym-
posium on Theory of Computing (STOC ’09), ACM, New York, 2009, pp. 401-408.

A. Ta-SHMA, C. UMANS, AND D. ZUCKERMAN, Loss-less condensers, unbalanced expanders, and
extractors, in Proceedings of the 33rd Symposium on Theory of Computing (STOC ’01),
ACM, New York, 2001, pp. 143-152.

A. TA-SHMA, D. ZUCKERMAN, AND S. SAFRA, Eztractors from Reed-Muller codes, J. Comput.
System Sci., 72 (2006), pp. 786-812.

M. ToMAMICHEL, R. COLBECK, AND R. RENNER, Duality between smooth min- and maz-
entropies, IEEE Trans. Inform. Theory, 56 (2010), pp. 4674-4681.

M. TOMAMICHEL, C. SCHAFFNER, A. SMITH, AND R. RENNER, Leftover hashing against quantum
side information, in Proceedings of 2010 International Symposium on Information Theory
(ISIT), IEEE Press, Piscataway, NJ, 2010, pp. 2703-2707.

L. TREVISAN, Extractors and pseudorandom generators, J. ACM, 48 (2001), pp. 860-879.

S. P. VADHAN, Constructing locally computable extractors and cryptosystems in the bounded-

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



Downloaded 03/13/13 to 18.51.1.228. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

940

35] A.

(36] F.

[37] A.

[38] D.

A. DE, C. PORTMANN, T. VIDICK, AND R. RENNER

storage model, J. Cryptol., 17 (2004), pp. 43-77.

WIGDERSON AND D. ZUCKERMAN, Ezpanders that beat the eigenvalue bound: Explicit con-
struction and applications, Combinatorica, 19 (1999), pp. 125-138.

Xu, B. Q1, X. Ma, H. Xu, H. ZHENG, AND H.-K. Lo, An ultrafast quantum ran-
dom number generator based on quantum phase fluctuations, preprint available at
http://arxiv.org/abs/1109.0643 (2011).

C.-C. YA0, Theory and applications of trapdoor functions (extended abstract), in Proceed-
ings of the 23rd Symposium on Foundations of Computer Science (FOCS ’82), IEEE Press,
Piscataway, NJ, 1982, pp. 80-91.

ZUCKERMAN, General weak random sources, in Proceedings of the 31st Symposium on
Foundations of Computer Science (FOCS ’90), IEEE Press, 1990, Piscataway, NJ, pp. 534—
543.

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




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


