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Abstract. Learning with Errors (LWE) is an important problem for
post-quantum cryptography (PQC) that underlines the security of sev-
eral NIST PQC selected algorithms. Several recent papers [7I28], [37U17]
have claimed improvements on the complexity of so-called dual attacks
on LWE. These improvements make dual attacks comparable to or even
better than primal attacks in certain parameter regimes. Unfortunately,
those improvements rely on a number of untested and hard-to-test sta-
tistical assumptions. Furthermore, a recent paper [23] claims that the
whole premise of those improvements might be incorrect.

The goal of this paper is to improve the situation by proving the cor-
rectness of a dual attack without relying on any statistical assumption.
Although our attack is greatly simplified compared to the recent ones,
it shares many important technical elements with those attacks and can
serve as a basis for the analysis of more advanced attacks. We provide
some rough estimates on the complexity of our simplified attack on Ky-
ber using a Monte Carlo Markov Chain discrete Gaussian sampler.

Our main contribution is to clearly identify a set of parameters under
which our attack (and presumably other recent dual attacks) can work.
Furthermore, our analysis completely departs from the existing statistics-
based analysis and is instead rooted in geometry. We also compare the
regime in which our algorithm works to the “contradictory regime” of
[23]. We observe that those two regimes are essentially complementary.

Finally, we give a quantum version of our algorithm to speed up the
computation. The algorithm is inspired by [10] but is completely formal
and does not rely on any heuristics.

Keywords: Learning with Errors, Dual attack, Lattice-based cryptography,
Quantum algorithm

1 Introduction

The Learning With Errors (LWE) problem [44] has become central to the secu-
rity of several cryptosystems. Most notably, Kyber (public-key encryption) and
Dilithium (signature) have been selected by the NIST for the Post-Quantum
Cryptography (PQC) Standardization and rely on algebraic version of LWE for
their security proofs. Other advanced cryptographic primitives such as FHE can



be built with LWE [16]. This makes LWE security estimates critical for the fu-
ture of PQC. The search LWE problem asks to recover the secret s given (A, b)
where b = As + e, A is a matrix chosen uniformly at random and e has small
entries (more details in Section .

There are two main approaches to attack the LWE problem: so-called primal
and dual attacks. In this paper, we will exclusively focus on dual attacks which
have recently attracted some interest due to significant claimed improvements in
their complexity. Both primal and dual attacks rely on the BKZ lattice reduction
algorithm [47] to obtain short vectors in lattices. The fundamental idea of dual
attacks is to use short vectors in the dual of the lattice to detect whether points
are close to the lattice or not, an idea that can be traced back to [B]. This
allows us to solve the distinguishing LWE problem where one is asked to detect
whether a sample comes from an LWE distribution, or a uniform distribution
[40]. In conjunction with some guessing step, this allows one to recover part of
the secret by trying several values until we get a point close to the lattice. By
repeating this operation a couple of times, we can solve the search LWE problem.

Originally, the main limiting factor (on the complexity) of dual attacks was
the need to compute one short vector (a very expensive operation) for every few
LWE samples (more details in Section [3) and compute a score for each secret
guess. Since then, a series of improvements have found their way into these
attacks. First, a series of works on lattice sieving have shown [434IIT3] that
those algorithms produce not only one but in fact exponentially many short
vectors “for free”. [I1] suggested that this idea could be used in dual attacks
but it appears that [26] was the first paper to try to analyze it. Independently,
[7] used a “re-randomization” technique to produce many short vectors from a
single BKZ reduced basis. All those techniques claim to reduce the complexity
of attack although its correctness relies on an unproven assumption about the
quality of those many short vectors. Then [28] noted that instead of computing
the score for each secret guess separately, all the scores can be computed at once
using a discrete Fourier transform (DFT), essentially reducing the cost to that
of a single guess. Following this work, a technical report by the MATZOV group
[37] has claimed further improvements by the use of a “modulus switching”
techniqueﬂ that significantly reduces the size of the DFT. Two recent work have
modified this attack to include a quantum speed up [I0] and lattice coding speed
up [17].

One issue with the papers above is that the number of statistical assumptions
that are necessary to justify the correctness of the algorithms has grown signif-
icantly, notably in [37]. While certain assumptions could probably be justified
(almost) formally, others are subject to more controversy [23]. In particular, the
most controversial aspect of [28] and [37] is that the attack only uses a few LWE
samples and that all the (exponentially-many) short vectors are derived from
those samples which therefore are not statistically independent. When using a
small number of LWE samples, the problem becomes very close to the Bounded

3 A modulus switching technique was also suggested in [28] but it is unclear to us how
it compares to [37], and [23] suggests that they are different.



Distance Decoding which has been extensively studied. The status of [7] is un-
clear because it computes exponentially many short vectors from exponentially
many samples, but the ratio of the number of short vectors to the number of
samples is also exponential so the issue of the statistical independence remains
but it does not seem as problematic. This makes it unclear whether an argument
like that of [23] applies to such a case.

The purpose of this paper is to encourage a more rigorous analysis of dual at-
tacks on LWE to better understand under what set of parameters they provably
work. We note in that regard that a recently accepted paper at TCC 2023 [3§]
has focused on similar problems in statistical decoding/“dual attacks” in coding
theory. The authors claim in the conclusion that at least part of their results
apply to lattice dual attack. We believe that it would indeed be interesting to
see what this approach yields for lattices, however we point out that the notion
of dual attack that the authors have in mind looks quite different from the one
in this paper. In short, and with our notations, the “dual attack” of [38] would
be akin to splitting A horizontally instead of vertically. This splitting would
not correspond anymore to a decomposition of Ly(A) as Lq(Aguess) + Lg(Adual)
and therefore looks incompatible with existing works on dual attacks on LWE.
Furthermore, our understanding of [38] is that generating parity check vectors
h corresponds to generating many short dual vectors in LqL(A), independently
of the splitting of A. This is completely at odds with lattice dual attacks where
we split A to generate dual vectors in L;- (Agua1) which is much cheaper. Over-
all it looks like [38] might be a completely different kind of dual attack. See
Appendix [A] for more details.

1.1 Contributions

The main contribution of this paper is to provide a completely formal, non-
asymptotic analysis of a simplified dual attack. To simplify the presentation, we
do not include elements such as the guessing complexity and modulus switchinﬂ
to focus on the most controversial element, namely the fact that the attack only
uses m LWE samples (with m not much bigger than the dimension n of the
samples) and that all the short vectors are derived from those m sample.

Our approach completely departs from the existing statistics-based attacks
and is instead rooted in geometry. This allows us to obtain a relatively short
proof and leverage existing results on the geometry of lattices.

One of the most important technical contribution of this paper is to make
completely clear (Theorem@ under what choice of parameters the attack works,
without any statistical assumption. As far as we are aware, no other dual attack
has been formally analyzed in this way. We believe that this is important since
virtually all algorithms in the literature rely on statistical assumptions that
clearly cannot hold for all parameter regimes but without a proper analysis, it
is impossible to tell when and why they hold.

4 See Sectionlzl for more details about modulus switching.



We also provide some new results on random g-ary lattices in a similar spirit
to that of Siegel, Rogers and Macbeath [48/4536]. This allows us to obtain some
sharper bounds on A; for random g¢-ary lattices and show that the Gaussian
Heuristic is quite tight for such lattices. This heuristic is usually considered valid
for “random” lattices and has been extensively tested. Up to our knowledge, the
only formal analysis of A for random ¢-ary lattice is in [51, Lemma 7.9.2] which
only analyzes the expected value and therefore provides a much weaker bound
on \;. We refer to Section 2.5 for more details.

Finally, we give a quantum version of our algorithm to speed up the com-
putation. The algorithm is inspired by [I0] and reuses some technical lemmas
to speed up the computation of sums of cosines that appear in the algorithm.
Similarly to our classical algorithm, we prove that our quantum algorithm is
correct without relying on any heuristics.

1.2 Comparison with [23]’s Contradictory Regime

A recent paper [23] has claimed that virtually all recent dual attacks rely on an
incorrect statistical assumption and that they are, therefore, probably incorrect.
They do so by formalizing what they claim to be the key statistical assumption
of those paper, and show that for the parameter regime of the attacks, it falls
into what they call the “contradictory regime”, a regime where this assumption
can be proven not to hold.

As a byproduct of our analysis, we are able to compare the regime in which
our analysis works with the contradictory regime of [23]. Interestingly, the two
are essentially complementary with a small gap inbetween. This suggests that
our analysis and that of [23] are quite tight and provide an almost complete
characterization of when dual attacks work in our simplified setting. However,
we nuance this conclusion by noting that the statistical model used in [23] to
argue about the contradiction does not seem to match what happens in our
algorithm. We refer to Section [] for more details.

1.3 Organisation of the paper

In Section [2] we introduce the various technical elements that are necessary
to analyse the dual attack. In Section [3] we first present a basic dual attack
whose purpose is to introduce the reader to the ideas of dual attacks without
overwhelming them with technical details. This dual attack is very naive and
computes one short vector per LWE sample, in the spirit of [5]. We emphasize
that this attack and Theorem [p]are not new but that our analysis is significantly
simpler than in previous papers. In Section ] we introduce our simplified dual
attack in the spirit of [37] and formally analyse its correctness without assump-
tion. We provide some rough estimates on the complexity of our attack on Kyber
using a Monte Carlo Markov Chain discrete Gaussian sampler. In Section [f] we
give a quantum version of the algorithm from Section[dand prove its correctness.
In Section @ we compare our regime with that of [23]. Finally, in Sectionm we



describe what we believe is the main obstacle to develop a formal analysis of the
full algorithm in [37].

2 Preliminaries

We denote vectors and matrices in bold case. We denote by x” the transpose
of the (column) vector x, which is therefore a row vector. We denote by I,
the identity matrix of size n x n. For any vector x € R", we denote by ||x|| its
Euclidean norm. For any integer ¢, we say that a vector x € Zy is totally nonzero
if all the coordinates of x are nonzero. We denote by (x,y) the scalar product
between two vectors x and y. For any functlon f: ]R" —> C, we denote by f
its Fourier transform over R™ defined by f(x = Jon f( _2” (¥} dx. For any
n € N and R > 0, we denote by B, (R) (resp. B.(R)) the open (resp. closed)
ball of radius R in R™. We also let BZ(R) = B,(R) NZ" be the set of integers

points in this ball, and similarly for Ei(R). For any two distributions P and
@, we denote by drv (P, Q) the statistical distance (or total variation distance)
between P and Q.

2.1 Probabilities

For any finite set X, we denote by U(X) the uniform distribution over X. As
usual, if P and Q) are two probability distributions over X and Y respectively,
we denote by PQ the product distribution over X x Y. Recall that we have the
following facts.

Theorem 1 (Hoeffding’s inequality). Let X1,...,Xn be independent ran-

dom variables such that a; < X; < b;. Consider the sum Sy = X1 +---+ Xn.
Then Pr|Sy — E[Sn]| = ] < 2exp (ﬁ) for all t > 0.
2.2 LWE

Let n,m,q € N and let x. be a distribution over Z,, which we call the noise
distribution. For every vector s € Zy, we denote by LWE(m, s, x.) the probability
distribution on Zg**™ x Z* obtained by sampling a matrix A € Zg**"™ uniformly
at random, sampling a vector e € Z" according to x¢', and outputting (A, b)
where b := As + e. This is the “matrix form” for the LWE distribution where
each pair (A, b) encodes m LWE samples b, = (A;,s) + e; in the sense of [44].
We have chosen this formalism because it is simpler for dual attacks. The value
of m is typically in the order of n and depends on the cryptosystem.

The search LWE problem is to find s given oracle access to a sampler for
LWE(m,s, xe). The decision LWE problem is to decide, given oracle access to
either LWE(m, s, xe) or U(Zg*"™ x Zy'), which one it is. In practical scenarios,
the attacker may not have access to the sampler but rather only possess a limited
number LWE samples. In this case, the search LWE problem asks, given those
LWE samples, to recover s if possible.



The LWE secret s is usually generated according to a distribution x; over Zj.
One can therefore, in principle, analyse the success probability of an algorithm
for search/decision LWE on a distribution LWE(m, s, x.) where s < x7. In this
paper, we will not need to make any assumption on the distribution of the secret
since our algorithms work for every secret.

2.3 Discrete Gaussian distribution

Let n € N and s > 0. For any x € R", we let ps(x) = e=mIxI*/5* - As usual,
we extend to p, to sets by ps(X) = > .y ps(x) for any set X. For any lattice
L C R™, we denote the discrete Gaussian distribution over L by

ps(x)
DL’S(X) ps(L)
for any x € L. We denote D, 1 by Dy, for simplicity.

In general, the smaller s is, the harder it is to construct a sampler for Dy, ;.
The notion of smoothing parameter [39] captures the idea that sampling for
a valuer of s above this threshold is significantly easier than sampling below
because the distribution looks more like a continuous Gaussian. There are many
algorithms to sample above the smoothing parameter [32[27/T5], including a
time-space trade-off [3]. Sampling below the smoothing parameter is much more
challenging and usually inefficient [4]. At the extreme, sampling for sufficiently
small values of s allows one to solve the Shortest Vector problem (SVP) [4]
which is known to be NP-hard under randomized reduction [6]. The Monte
Carlo Markov Chain based algorithm of [50] works for all values of s but the
complexity significantly depends on s. We will use this algorithm in this paper.

Theorem 2 ([60, Theorem 1, (8), (23) and (24f|]). There is an algorithm
that given a basis B of a lattice L C R™, any € > 0 and any s > 0, returns a
sample according to some distribution Dy, s . such that drv(Dr e, Drs) < €.
This algorithm runs in time In (%) . % - poly(n) where

1 imary)s) @

A p(D)
and 51, . ,Bn are the Gram-Schmidt vectors of B.

For any ¢ € N, we denote by Dz s the modular discrete Gaussian distribution
over Zq defined by

ps(x +qZ")
Dy () = L2 02T
¢ ps(Z")
for any x € Zj. We define the periodic Gaussian function fr, s : R" — R by
ps(L +t)
frs(t) = ————.
ps(L)
We have fr,/51(t/s) = fr,s(t). In the following, we denote fr 1 as fr.
% [50] uses the normal distribution e~ IXI?/20% o s = \/27o with our notations.



Lemma 1 ([20, Lemma 2.14]). For any lattice L, s > 0 and x € R,
frs(x) 2 ps(x).

Lemma 2 ([12, Lemma 7], see also [49, Theorem 1.3.4]). For any lattice
LCcR", xeR" andu > 1//2m,

ps((L =)\ Ba(usv/n)) < (wv/2mee ™) py(1)

Corollary 1 ([49, Corollary 1.3.5]). For any lattice L C R, t € R™ and

r >0 :=sy/n/2m,
ps((L =) \ Bu(r)) < ps(r —0)ps(L)

Lemma 3 ([5, Claim 4.1]). For any lattice L and s > 0, we have f/L\s =
D+ 1/s which is a probability measure over the dual lattice L.

2.4 Distinguisher

All dual attacks rely on an algorithm to distinguish between the uniform distri-
bution and the modular discrete Gaussian over Z,. Specifically, we are given N
independent samples X7,..., Xy either from the uniform distribution or modu-
lar discrete Gaussian and we want to decide from which it was sampled. Several
algorithms exist for this task but the most common one is to compute the dis-
crete Fourier transform of the samples (at 1) and to compare against a threshold.
The informal argument usually goes as follows. Consider the sum

N N
S = Z cos(2mX;) =R Z e X
j=1

j=1

It is well-known (see Lemma |4 below) that the expected value of S is 0 for
the uniform distribution and we can bound the variance of S easily. For the
modular discrete Gaussian, we note that S is a sum of many (N is typically
exponential) independent variables so by the central limit theorem is essential
Gaussian. We can analyze the expected value and variance of each e2"Xi by
Lemma [4 which provides us with an estimate of the expected value and variance
of S and therefore of the parameters of the “Gaussian approximation” of S.
We then use classical tail bounds on the Gaussian distribution to bound the
probability that S is far away from its expected value. For example, for a modular
discrete Gaussian of parameter s, the expected value will be at least N e~k

The analysis above is quite informal since it requires the central limit theorem
(CLT) to argue that the sum is close to a Gaussian. Unfortunately, a more formal
analysis of this step is often lacking in the literature. Many papers refer to [34,
Section 4] to identity the advantage of distinguishing although the argument
quite informal. [28, Lemma 1] gives a more formal statement of this advantage
but without proof. The analysis of [37] is essentially the one above with an



explicit mention of the CLT. We find this usage of (a non-quantitative version of)
the CLT problematic since the rate of convergence is usually quite slow. In fact,
a proper analysis shows that the minimum value of N needed for convergence is
roughly the same as the value needed for distinguishing, so this is no small detail.
[26] contains a fully formal analysis that relies on the Berry—Esseen theorem but
which requires a bound on the third moment of the variable. More puzzling is the
fact that these analysis are both lacking and overkill since a simple application
of Hoeffding’s inequality immediately provides the same result.

In order to apply Hoeffding’s inequality, we will need to compute the average
Exsx[cos(X)] for the distributions of interest. For distributions over Z,, this
is essentially the Fourier transform of the distribution at 1. We refer to [19)]
for a well-written analysis of such transforms on various distributions such as
the (modular) discrete Gaussian, the rounded discrete Gaussian, the central
binomial and the bounded uniform distribution. In this paper, we only require
the following result which is well-known.

Lemma 4 ([19]). Let ¢ > 1 be an integer and s > 0. Then

Excsu(z,)lexp(2iknX/q)] = 0 for allk #0,
R <By op, [expikmX/q)] < 2 for ke {—[gf2),.., /2] }.

2.5 Lattices

We denote by L the dual of a lattice L C R™ defined by
L={xespan(L):Vy €L, (y,x) €Z}.

We denote by L* = L\ {0} the set of nonzero vectors of a lattice L. We denote
by A1(L) the length a shortest nonzero vector in L.

Let n € N, 1 < k < n and g be a prime power. We say that a lattice L is
a n-dimensional ¢-ary lattice if ¢Z™ C L C Z™. Given a matrix A € Z"<*  we
consider the following n-dimensional g-ary lattices:

LyA)={x€Z":3scZ" As=xmodq},
Ly(A)={x€Z":A"x=0modq}.

We refer the reader to [25], [51} Section 2.5.1] or [40] for more details on those con-
structions. Note that, equivalently, we can write Ly(A) = AZ’; +qZ™. Tt is well-
know that for any g-ary lattice L, there exists A and B such that L = L,(A) =

Ly (B), and that L?(X) = %Lq(A). Furthermore det(Ly(A)) = ¢" kA > gnk
and therefore det(Ly (A)) = ¢"*# < ¢". Finally, since Z, is a field, a random
matrix A has full rank (equal to k) with high probability:

k—1

Praqunrk(A) = k] = H(l @) 21— kgt (1)
i=0



We will consider the distributions £,, 1. 4 and ﬁi kg of g-ary lattices defined over
the set of integer lattices by

Lojeq(D) = Progyamem[L = Le(A)],
Lokg(D) =Py gygnxoniy [L =Ly (A)].

In other words, the distribution is obtained by taking a matrix A € Z** with
uniform and i.i.d entries, and looking at the g-ary lattice generated by Aj; and
similarly for the orthogonal version. Note that contrary to the Loeliger ensemble
Ly, 1.q.1, we do not have the rescaling factor ¢! %/ see e.g. [51], Definition 7.9.2].
It will be more convenient to use Ei k.q for proofs, but we often want to apply
them for £, . Whenever neither £ nor n — k are too small, those two distribu-
tions are very close. The following lemma was inspired by [22] Lemma 2] which

does not contain any proof.

Lemma 5 (Appendix [C.1)). Letn € N, 1 <k <n and q be a prime power.
Then drv(Lyy i gr Lneg) < poly(n, k)g=mnthn=h),

Those distributions satisfy good uniformity properties when ¢ goes to infin-
ity. In particular, the following theorem shows that we can compute statistical

properties of lattices sampled according to ﬁf; k.q- LThe first part of this theorem

is close to [35, Theorem 1]. This result is in some sense the g-ary version of the
result by Siegel on random (real) lattices and its generalization by Rogers and
Macbeath [48/45136].

Theorem 3 (Appendix|[C.2)). Letn € N, 1 <k < n and q be a prime power.
Let 1<p<nand f:(Z7)" — R, then

EL<_$£7J{,k,q Z f(Xl, .. ,Xp) = Z q(k—n)r(xh...,x;;)f(xh . ,Xp)

X1 yeens XpEL X1,...,Xp ELT
where r(X1,...,Xp) 1= rkzn (X1, ..,%p) is the rank of the x; mod q over Zy.

We can apply this theorem to bound the expected number of lattice points
in a ball, and therefore obtain bounds on A;.

Theorem 4 (Appendix|C.3). Letn € N, 1 <k < n and q be a prime power.
For any 0 <r < gq,

Epvacs, LN Bu()ll = ¢ (1B20)| - 1),
Vieses, (1L 0B < ¢ "(q — DB - 1).
In particular, if |BZ(r)| < ¢"~*, then

Proces, (L) <7< g B0



Recall that the Gaussian heuristic says that for a “random” lattice L, A1 (L)
is approximately

n

L VO](Bn) —1/n B det(L)l/nF(l—i—ﬁ)l/n
GH(L) = (det(L)> _ uiks

This heuristic is usually considered valid for “random” lattices and has been ex-
tensively tested. Up to our knowledge, the only formal analysis of A; for random
g-ary lattice is in [5I, Lemma 7.9.2] which only analyzes the expected value and
not the variance. The following corollary shows that this heuristic is indeed very
sharp for random g-ary lattices.

~ det(L)'/™ oo

Corollary 2 (Informal, Appendix [C.4)). Letn e N, 1< k<n andq be a
prime power. Let o € [0,1] and r = ¢'~*/" vol(B,,)~Y/". Under the assumption
that | BZ(ar)| =~ vol(B,,(ar)), which holds when ar > \/n, we have

Pricec, ., M(L) < aGH(L)] S ga™.

Lemma 6 (The Pointwise Approximation Lemma [5, Lemma 1.3], mod-
ified). Let L be an n-dimensional lattice, and let h be a function from R™
to R that is periodic over L and whose Fourier series his a probability mea-
sure over the dual lattice L. Let N be an integer, § > 0 and X C R"™ a finite
set. Let W = (wy,--- ,wy) be a list of vectors in the dual lattice chosen ran-

domly and independently from the distribution h. Then with probability at least
1_ |X|2—.(2(N62);

N
oy (x) = % 3 cos(2n(wi.x) @)

satisfies that |hy (x) — h(x)| < 6 for allx € L+ X.

Proof. The proof is exactly the one in [5] with the following modifications. Let
6 > 0. For any x € R™, Hoeffding’s inequality (Theorem guarantees that the
mean of N samples is not within a window of § of the correct expectation with
probability at most 2-2(N6*)  Since f is periodic over the lattice L, it suffices
to check that the inequality that we want holds for all x € X, and there are | X|
such points. Hence, by a union bound, the probability that the approximation
is within a window ¢ of the correct expectation for all x € X simultaneously is
at least 1 — \X|2*Q(N52). O

2.6 Short vector sampling
For the purpose of this paper, we will only need to know that there is a way to
sample relatively short vectors (SV) in a lattice and we will treat such an algo-

rithm as a black box. Since such an algorithm would typically be parametrized
(see below), we introduce an integer parameter § to capture this fact.

10



Black box 1. For any integers n < m, 8 and prime power q, there exists a
deterministic algorithm B and two functions Tsy and lgy such that when B is
given A € ZI"™, it returns a nonzero vector in Ly (A) in time Tsy(m, f3,q")

and B g [IBAP] < bsv(m, B,0")?.

One way to implement this black box is to use lattice reduction algorithms
such as BKZ: they provide a very flexible way to take a basis of lattice and
compute relatively short vectors in this lattice. Since the literature on this topic
is quite extensive and there are many cost models associated to that task, we
refer the reader to e.g. [28] for more details. For simplicity, we assume that the
algorithm is deterministic but we could make it probabilistic by adding random
coins to the input of the algorithm and take those into account in the expected
value. In the case of BKZ, the parameter (3 is the block size.

3 Basic dual attack

In this section, we present a basic dual attack whose purpose is to introduce the
reader to the ideas of dual attacks without overwhelming them with technical
details. This dual attack is very naive and assumes that we access to essentially
an unlimited number of samples. It computes one short vector per m LWE
samples, in the spirit of [5]. We emphasize that this attack and Theorem [5| are
not new but that our analysis is significantly simpler than in previous papers.

Fix s € Zy an unknown secret and (A,b) some LWE samples. Recall that
b = As + e for some unknown e € Zi'. We split the secret s into two parts

Nguess

Sguess € Zq and Squal € Z;‘d“al where n = Nguess + Ndual- The matrix A €
Zy*™ is correspondingly split into two parts:

S uess
A= [Aguess Adual] y s = s . (3)
Sdual
Therefore,
b= Aguesssguess + Adualsdual + e.
The algorithm now makes a guess Sguess € Zg‘g“ess on the value of sgyess and tries

to check whether this guess is correct. Consider the lattice
Ly(Adqua) = {x€Z™ : x" Aquar =0mod ¢ }. (4)
By the inequalities of Section [2.5] we have that
det(LY (Aduar)) < ¢ (5)
Check that for any x € L;- (Aqual),

T T T T T T
x'b=x Aguesssguess +x" AqualSdual + X' € =X Aguesssguess +x"e (mOd Q)'

11



Therefore,
XT(b - Aguessgguess) = XTAguess (Sguess - §guess) + x"e (HlOd Q)-

The main observation is now that:

— if the guess is correct (Sguess = Sguess) then xT(b — AgucssSguess) = xTe

(mod ¢) follows roughly a modular Gaussian distribution,
— if the guess is incorrect (Sguess 7 Sguess) then it follows a uniform distribution
because x # 0 and A was chosen uniformly at random.

A crucial ingredient in the reasoning above is the length of x. Indeed, the
scalar product x”e will follow a modular Gaussian whose deviation is propor-
tional to ||x||. This is where the BKZ lattice reduction algorithm usually comes
in: from a basis of LqL(Adual), we compute a short vector x using Black box

The algorithm for this dual attack is described in Algorithm [I} In this attack,
we group many LWE samples in N tuples of m samples which we write in
matrix form. We then compute one dual vector for each tuple of m LWE samples
as explained above. Note that in this attack, the value of m can be chosen
arbitrarily and there usually is an optimal value of m that can be computed
based on the complexity of computing a short vector, i.e. it depends on the
specific instantiation of Black box [T}

While this kind of attack is already known to be correct, we reprove it for sev-
eral reasons. First, we are not satisfied with the informal treatement of the proof
in the literature. Second, our proof does not use any assumption whereas most
papers in the literature use the Central Limit Theorem or approximate sums
of Gaussian as a Gaussian at some point (see Section for more comments).
Figure [I] gives a high level view of the variable involved and their dependencies.

Theorem 5 (Appendix . Let n,m, 3 be integers, q be a prime power,
Nguess + Ndual = N, 8 € Zy, 0c > 0 and N € N. Let 0 < 6 < e where
€ = exp (—m:rgésv(m,ﬂ,q"d“al)Q/q2) and sy comes from Black box . Let
(AW D), (AWM W)Y be samples from LWE(m, s, Dz,..), then Algom'thm
on (M, Nguess; Naual, 4,0, N, (AW b®),) runs in time poly(m, n)-(N-Tsy (m, B, ¢")+
g"=e) and returns Sguess With probability at least

N(e —6)? N§?
1—exp (—(2)> — (g"ues — 1) exp (—2>

over the choice of the (AW, b)),

Remark 1. As expected, we recover the well-known fact that for the attack to
succeed with constant probability, we can take § = €/2 and then we need at least
N = MMQ(D samples. Furthermore, a careful look at the proof shows
that Black box|I| can be weakened even further to only require an inequality on

the moment-generating function of ||B(A)]*.
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Algorithm 1: Basic dual attack
Input: m, n = Nguess + Ndual (see (3)), ¢ prime power, 6 > 0 and N € N.
Input: list of N LWE samples (AP, ™), ... (AN b)),
Output: (Guess of) the first nguess coordinates of the secret or L.

1 for j from 1 to N do

Compute a basis of Ly (A((fll)al)

Compute a short vector x; € L (Ag}al) using Black box

for Sguess € Zq®"* do

2

3

4

5 Compute the list y1,...,y~ where y; = x; (b(J) Agu>esssguess)
6 S+ Z 1 cos(2my;/q)
7 if S > N6 then

8

9

‘ return Sgyess

return L

Sguess

ﬁ ASJ)eSb e(]) Afjlu)al gue)ss e(J) A(N)

R “H'

Y

Gaussian/
—

distinguisher .
Uniform

Fig. 1. Conceptual representation of the variables involved in Algorithm [1] and their
dependencies.

4 Modern dual attack

The main limitation of the basic dual attack is the requirement to compute one
short vector for each tuple of m LWE samples. Looking at Figure [} this is nec-
essary to ensure the statistical independence of the variables that go into the
distinguisher. However, since computing a short vector is an expensive operation,
this also means that we repeat this expensive operation many times. Another
issue is that the attack requires an exponential number of LWE samples, some-
thing which is not always realistic.

As explained in the introduction, a series of work have progressively intro-
duced the idea of generating all short vectors from a limited number of LWE
sample, i.e. a single (A, b). This is the case in [7I28126], and [37] and it dramati-
cally reduces the complexity of the attack. Unfortunately, the statistical analysis
of these attacks has been lacking in the literature: [7], [26E| and [28] offer no real

5 Part of [26] presents an attack that is similar to our basic attack and analyzes this
attack formally. This paragraph only applies to the part that relies on sieving to
produce many short vectors from a few LWE samples.
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proof of correctness to speak of. Only [37] tries to provide a complete proof of
correctness, which is very detailed, but has to rely on statistical assumptions.
Those assumptions have been called into question [23], and more importantly are
extremely difficult to verify. Stepping back, we believe that the reason for this
situation is that they try to analyse their attack using a similar proof strategy to
that of our basic dual attack (Section . The problem stems from the fact that
the basic dual attack requires the independence of many variables to work. Since
those variables become dependent in their attack, these papers inevitably have
to assume or prove that non-independent quantities are “independent enough”.

In this section, we start completely from scratch: we design and analyze
without any assumption a modern dual attack. Our proof scheme is completely
different from the basic one and shows that those attacks do work. The main
outcome of this proof is that we can finally understand the constraints on the
various parameters that are necessary for the attack to work.

4.1 Intuition

Fix s € Z; an unknown secret and (A,b) some LWE samples. Recall that
b = As + e for some unknown e € Zg". As in the basic dual attack, we split the
secret s into two parts Sgyess € Z:}g“e“ and Squal € Zg?*! where n = nguess +Ndual-
The matrix A € Zg**™ is correspondingly split into two parts:

S .
A= [Aguess Adual] 5 S = |: guessi| . (6)
Sdual
The algorithm now makes a guess Sguess € Zg‘g“ess on the value of sgyess and tries

to check whether this guess is correct. Check that
b — Agucss . ggucss = Agucss . (Sgucss - ggucss) + Adual * Sdual T €. (7)
Consider the lattice
qu(Adual) = {X eZ™: XTAdual = 0 mod q} . (8)

Fix N € Nand s > 0, and let W = (w1,...,wy) € Ly (Aqua)”™ be sampled
according to DL;(Adual)7qs. For any x € R™, define

N
1
gw(x) =+ > cos(2m(x, w;)/q) 9)
j=1
for all x € R™. We will evaluate gi at b—Aguess Sguess for all Sguess € ZZL"’"ESS and

keep the highest value. We now explain the intuition for this. Let L = L;(Aqual)
to simplify notations. Recall that in Section 2:3] we have defined the standard
periodic Gaussian function

_ pl/s(x + L)

fL,l/s(X) P1/3(L)
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for any x € R™ and s > 0. The important fact is that for large IV, with high
probability on the choice of the w;, the two functions above are close everywhere
for integer vectors (Lemmal[7). This fact essentially comes from [5].

Recall that we evaluate gy at points b — Aguess - Sguess Which are all integers.
Since gy is very close to f, over the integers, we have to analyse the behaviour
of fr,1/s- For this, we rely on standard Gaussian tailbounds (Lemma to get
that for any s > 0 and x € R™, we essentially have

Jr,17s(x) = p1ys(dist(x, L)). (10)
In other words, fr 1/, measures the distance to the lattice L.

We are now ready to see what makes the attack work. The intuition is that

for most choices of A and e, for all Sguess € Zq*™"** \ { Sguess }»
dist(b — Aguess - Sguess; L) < dist(b — Agyess - Sguess; L) (11)

and therefore

fL,l/s(b - Aguess : Sguess) > fL,l/s(b - Aguess : éguess)

and the same will be true for gy, which means that the algorithm will correctly
output Sguess- Lhis is the main idea of our analysis but making it formal requires
some care. In order to make that statement precise, we need a refined version of
with a gap between the two sides. The first step (Lemma@ is to show that
that essentially

if 2|le|| < A1(Lg(A)) then f, 1(e) > f, 1(e+x) for all x € Lg(Aguess)\L. (12)

This requires some explanations. Going back to , we have that
dlSt<b - Aguess * Sguess) L) = diSt(e + Adual * Sdual, L)
= dist(e, L) since Aqual - Sdual € L
= [le|| if [le]| < A:(L)/2.
On the other hand, if Sgyess 7 Sguess then
dlSt(b - Aguess : §gu¢3557 L)
= diSt(e + Adual * Sdual + Aguess(sguess - gguess)a L)
= diSt(e + Aguess(sguess - gguess)a L) since Adual * Sdual € L
= dist(e + x, L)
where
X = Aguess(sguess - gg;uess) S Lq(Aguess)
Assume for now that x € Lg(Aguess) \ L which we will see below is not always

true but holds with probability exponentially close to 1 over the choice of A.
Then

dist(b — Agyess * Sguess; L) = dist(e +x, L)
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=min{|e+x+z|:z€L}
>min{le+y+z|:z€Ly € Ly(Aguess) \ L}
> min {[ly + 2l : 2 € L,y € Ly(Aguess) \ L} [le]
> A (L + Lq(Aguess)) — |le]|-

The last step holds because y +z # 0 for all z € L and y € Ly(Aguess) \ L-
This is where our assumption that x € L;(Aguess) \ L is crucial. The condition
in now becomes

llell < A(L + Ly(Aguess)) — [lell

and this gives us because L+ Lg(Aguess) = Lq(Adual) +Lg(Aguess) = Lg(A).

Now that we have , the second step is to apply it to A. Recall that we
made a crucial assumption above: it only applies to e + x for x € L;(Aguess) \ L
where X = Aguess(Sguess — Sguess) 81d Sguess 7 Sguess. Lhis condition is equivalent
to X ¢ AqualZy®e + qZ™ since L = Ly(Aquar)- A sufficient condition for this to
hold is that A has full rank over Z, which happens with probability exponentially
close to 1 over the choice of A. This allows us to conclude (Theorem [f)) that
Algorithm [2] which essentially performs the steps highlighted above, works for
almost all A and e that satisfy roughly 2|je|| < A1(L4(A)). At this point, one
can make two interesting observations:

— It tells us that if 2||e|| < A1(L4(A)) then we can distinguish e from any e+x
by using fr,1/s- This makes intuitive sense since this condition guarantees
that e is the closest vector to 0 in L,(A) which is a necessary condition for
the algorithm to work unconditionallyﬂ

— Even though we take short vectors in the dual lattice L,(Agyal), it looks like
only the length of the shortest vectors in A matters for the analysis! This
is just a result of the simplifications that we have made above to give the
intuition. The length of the dual vectors does play a role in Lemma [9] and
the subsequent lemmas.

4.2 Formal Analysis

This section gives a formal analysis of the intuitions from the previous section.
We will reuse the notation defined there. Our first lemma formalizes that gy,
defined in (ED and used in the algorithm to compute the “score” of a guess, is
very close to the periodic Gaussian function fr (A 4..)-

Lemma 7. Let B € Z;"*", s,6 > 0 and N € N. With probability at least
1 —qm~2_Q(N‘52) over the choice of W = (wy,...,wx) from DZLV;(B),qs’ we have
lgw (x) — fr,B),1/s(X)| < & for all x € Z™, where gw is defined in @D and
fL, ) is defined in Section @

" This condition could be relaxed if we allow the algorithm to fail for a small fraction
of e but this is out of the scope of this article.
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Proof. Let L = Ly(B) and for any j, let w = %Wj and W’ = (w});. Since
L= %Lj‘ (B) and Dp (B),qs = D = DZ,S’ we indeed have that W’ is sampled
from D]LAV, . which is a probability distribution over L. Let h = fr,1/s Which is
L-periodic, then h= Di,s by Lemma For any x € R™,

qL,qs

N N
%Z s2m(x,w;)/q) = Z s(2m(x,w})) = hw (x).

Apply Lemmal[6] to h with X = {0,...,¢— 1} to get that with probability at
least 1 — | X[272(N3*) gver the choice of W', we have |h(x) — hy(x)| < & for
all x € L+ X. But L = L,(B) is a g-ary lattice, i.e. ¢Z™ C Lso L+ X D
qZ™ +{0,...,q—1}" = Z™ which concludes the proof. O

The next lemma formalizes the idea that the periodic Gaussian function fr,
estimates the distance of its argument and the lattice L.

Lemma 8. Let L C R™ and s > 0, then for any x € R™:

- fL l/s( ) pl/s(diSt(X L))
— qf dist(x, L) > 7: \/ /27 then fr1/:(x) < p1/s(dist(x, L) — 7).
Proof. The first fact is a direct consequence of Lemmal[I] Indeed, write x = z+t

where z € L and t € R™ are such that dist(x, L) = ||t||. Since fr 1/ is L-periodic
and z € L,

fL,l/s(X) = fL,l/s(X_ Z) = fL,l/s(t) = pl/s(t) = pl/s(HtH)

For the second fact, let ¢ = dist(x, L) and observe that by definition (L — x)
B,.(¢) = L —x. By assumption, ¢ > 7 = f\/ m/2m, so we can apply Corollary I
to get that

p1/s((L = %)\ B (£)) < p1ys(€ = 7)p1ys(L)

and therefore

prys(L=%)  prys((L = %)\ Bn(6))

feaps)==,""%) (D)

< pl/s(g - T)'
O

Lemma 9. Let B € Z;"*", L C Z™ a lattice, e € Z™, 5,0 > 0 and N € N. Let
T=21y/m/2r and n > () and assume that A\ (L + Ly(B)) > 7 + |le|| and

p1/s(€) = prys(Ma(L + Lo(B)) — [le] —7) > 26 + 1.

Then, with probability at least 1—qm-2_Q(N‘52) over the choice of W = (w1,...,Wn)
from DJLVL(B) gsr W have

gw(€) = prya(e) — 6 > prysO(L+ Ly(B)) — lel = 7) + 6+ > gw(e+x) +1
for allx € L\ Ly(B), where gw is defined in (9).
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Proof. Apply Lemmato get that with probability at least 1—¢™ -2~ %WV %) over
the choice of wy, ..., wy Lid. from Dy (g) 45, we have lgw () = fr,(B),1/5s(Y)] <
d for all y € Z™. By Lemmal[g] we have

gw(e) = fr,m)1/s(€) =3 = p1/s(e) — 0.

Let x € L\ Ly(B), then z —x € L + Ly(B) and z — x # 0 for any z € L,(B).
As aresult, Ly(B) —x C (L + Ly(B)) \ {0 }. Hence,

dist(x Ly(B)) = _min [x+al > omin vl = M (LL(B) > .
(13)
But then
dist(e +x, Ly(B)) > dist(x, Ly(B)) — |le]| > . (14)

We can therefore apply Lemma to get that for any x € L'\ {0},
w(e+x) < qu(B),l/S(e +x) + 0 < pyyg(dist(e +x, Ly(B)) — 1) + 0.
Since py/, : [0,00) — R is decreasing, and reusing and we further have
p1/s(dist(e +x, Lg(B)) — ) < puys(dist(x, Le(B)) — [lef| — 7)
< p1/s(M(L+ Lg(B)) — [lef| — 7).
Putting everything together, we have
gw(e) —gw(e+x) = p1/s(e) = prys(M(L+ Lg(B)) — |lef| = 7) =26 > 7
by our assumption. a

We can now finally start our main result by putting everything together. It
will be useful to note that Ly(Aguess) + Lq(Adqual) = Lg(A) which is readily
verified.

Algorithm 2: Modern dual attack

Input: m, n = nguess + Naual (see (@), ¢ prime power, N € N
Input: LWE sample (A, b), list W = (w1,...,wx) of vectors in L,J]‘ (Aduar)-
Output: (Guess of) the first nguess coordinates of the secret, or L.
Sguess ¢ L
Smax < 0
for Sgucss € Zq®™* do

Compute the list y1,...,yn where y; = ij(b — AguessSguess)

S 3oL, cos(2my;/q)

if S > Shax then

Smax < S

Sguess — éguess
return Sguess

© o N O A WM
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Theorem 6. Let A € Zyj"*", e € Z™, s € Z;, 8,6 > 0 and N € N. Let
T =21/m/2n. Assume that m > n, A has full mnk, M(Lg(A)) =7+ |lel|, and

p1/s(€) = pr/s(A(Lg(A)) — |lef| — 7) > 26.
Let b = As+emod q. Let W = (wy,...,wy) be samples from DJLVL(Ad a)gs?
then Algorithm@ on (M, Ngyess; Ndual, ¢, N, (A, b), W) runs in time poly(m,n) -
(N 4+ g"sve==) and returns Sguess With probability at least 1 — ¢"™ - 2= R2NS*) Hyer
the choice of W.

Proof. Let B = Aqual and L = Ly(Aguess). Then L + Ly(B) = L,(A). Our
assumptions are therefore exactly that of Lemma [J] for n,= 0 which we can
apply to get that with probablhty at least 1 — ¢ - 2= WV %) over the choice of

W = (wy,...,wy) from DLL(B) D]LV;(Ad.,al),qy we have
gw(e) > gw(e + x) (15)

for all x € L\ Ly(Agual), where gy is defined in @D Furthermore, A has full
rank and m > n so its columns are linearly independent over Z, and

L\ Lq(Adual) = Lq(AgUCSS) \Lq (Adual) = Lq (AgUCSS) \ qZ™. (16)

Assume that we are in the case where W satisfies the above inequalities
and consider the run of Algorithm [2) l on (M, Nguess; Ndual, ¢, N, (A, b), W). The
algorithm tests all possible values of Sgyess € Z"g“"“ and returns the one that
maximizes S. Let Sguess € an“““ and ASgyess = Sguess — Sguess- First note that

b — Aguességuess = (AS +e mod C]) - Aguességuess

= Adualsdual + AgueSSAgguess + e mod q.

For any j, let y;(Sguess) be the value computed at Line El Note that

Yj (gguess) = WgT(b - Aguességuess)

= WjTAdualsdual + W?(AguessAéguess +e) mod ¢
= W]T(AguessAgguess + e) mod gq.

Let S(Sguess) be the value computed at Line [5| and check that

N

S = 2., o2 )0
= Z cos( 27rw (Aguess ASguess + €)/¢q) by periodicity of cos
= NgW (AguessAgguess + e)~

There are two cases to distinguish:
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— If Sguess = Sguess then S(Sguess) = Ngw (e).

- If §guess # Sguess then S(gguess) = Ngw (e + X) where x = AguessAgguess €
L;(Aguess) = L. But A (and hence Agyess) has full rank by assumption and
ASguess 7 0 s0 x # 0mod ¢. It follows by , X € Lg(Agqual) \ ¢Z™ =

L\ L;(Aqual)- Hence, by , S(Sguess) < Ngw(e) = S(Sguess)-

This shows that S(Sguess) > S(Sguess) for all Sguess 7 Sguess- Therefore, Algo-
rithm |2| correctly returns sguess- Note that the entire argument was under the
assumption that holds for W, which we already argued holds with proba-
bility at least 1 — g™ - 2~ 2(N6*),

The naive analysis of the complexity is straightforward and gives
q"# e - poly(m,n) - N.

By using the DFT trick as we did in the proof of Theorem [5] we can improve the
running time to
poly(m,n) - (N + ¢"=w).

4.3 Informal Application

Choosing the parameters in order to apply Theorem [f]is not immediately obvi-
ous. In this section, we explain how to do so in a concrete case of interest. In
order to simplify things, we will neglect some factors and point out the various
lemmas that can be used to make this reasoning completely formal.

Fix n,m and let ¢ be a prime power. Let s € Zg be a secret and o, > 0.
Let (A,b) be sampled from LWE(m,s, Dz, ».), and e so that b = As 4 e. By

Corollary [} we have
lell £ oev/m/2m (17)

with high probability. Let s > 0 to be defined later. We choose § to be quite
smaller than the smallest possible value p;,(||e|), for example

_m820'2
§ = 2p1ya(oen/m)2m) = fhoemms o2, as)

We choose N accordingly so that the success probability is very high, i.e.

_poly(m) + nlogy(q)
- .

By , A has full rank with high probability and therefore det(Lq(A)) = ¢™ ™.
By Theorem [4] and the informal Corollary 2} we have

N . (19)

m
2W€q

M(Ly(A)) Z GH(Ly(A)) = vol(B,,) "V gt =™/ ~ 1=n/m

~

Let 7 = %\ /m/2m. In order to apply Theorem@, we need to satisfy the conditions

M (Lg(A)) =7+ el and  pi/s(e) = p1s(Ai(Lq(A)) —[le] —7) > 26.
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Since we have chosen § to be very small compared to p;/s(e), those inequalities
can be shown (see Appendix@[) to be essentially equivalent to

M (Lg(A)) = 7+ 2]e].

This condition will be satisfied roughly when

m —_n/m
%ql / > 1y/m/2m + 20.4/m /2

that is
g" ™ > (L 4 20,) /e (20)

In other words, we have a lower bound on s. We observe that there is a trade-
off between the cost of sampling from DL;(Adual),qs and the cost of running
Algorithm [2] since a large value of s:

— makes it easy to sample from DLqL(Adual),qs,

— but makes § = 15501/5(0e\/m/2m) small and therefore N = 2(52), and
the complexity, gigantic.

We note that the total complexity of the attack, including the cost of generating
the small dual vectors, is a highly nontrivial function of the parameters. Con-
sequently, it is not at all clear that the optimal choice of s is the lower bound
identified above. We will analyze the complexity in greater detail in the next
section.

4.4 Complexity estimates

In this section, we describe how to concretely estimate the complexity of the
attack described in Section [4] and provide numbers for Kyber. We continue with
the setup from the previous section (Section which we do not repeat. Re-
call that by Theorem [6} the complexity of the attack, to which we add the
cost Tsampling (IV, ¢s) of sampling N independent Gaussian vectors according to

DL;‘ (Adual)vqs iS
pO|Y(m7 n) : (N + qng“ess) + Tsampling(N; QS) (21)

and it succeeds with very high probabability given the choice of the parameters
above. For the sampling of the dual vectors, we propose the following approach:
given a block size 2 < 8 < m,

1. compute a basis of L;-(Adual),

2. run BKZ with block size 8 on this basis to obtain a reduced basis B,

3. use the Markov chain Monte Carlo (MCMC) based Gaussian sampler from
[50] (Theorem [2) for parameter gs with basis B to generate N independent
samples.
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The complexity of this procedure is
Tsampling(N) = Texz(m, 8) + N - Tuewmc (Ly (Aduar), ¢5) (22)

where Tskz(m, 8) is the cost of BKZ and Tyicmc (L, s) is the cost of producing
one sample from Dy, ;. We apply Theorem to get that

Pqs (LqL (Adual))
izt Py ()

TMCMC(LQL(Adual)vqs) =1In (1) % - poly(n), A=

where 51, e ,Bn are the Gram-Schmidt vectors of the BKZ-S-reduced basis B
of qu (Agqua) and € > 0. Note that the output distribution of the algorithm is
e-close to the discrete Gaussian. Since we are going to use N samples, and by
the data processing inequality, this translates into a failure probability of Ne for
the algorithm, so we need to choose ¢ to be quite small, e.g. ¢ < 1/N. Putting
and together we get that the total complexity of the attack is

poly(m,n) - (N + ¢"=*) + Tgkz(m, 8) + N - Tuomc(Ly (Aduar), gs)  (24)

subject to the constraints , , , which we summarize below:

_ 1 _—ms3®62)2 . p0|y(m) +nlOgQ(Q)
6= m@ e/ s N = 62 s
¢ ™ 2 (L4 200) Ve, lell S oer/m/2m,
e < 1/N.

In practice, computing A with is nontrivial. One can show that (see Ap-
pendix@

1 m

— <

AS EP |

which is easier to estimate but still requires to estimate the HRH For this, we

can assume that the Geometric Series Assumption (GSA) [46] holds for BKZ-3
reduces basis. The GSA is known to be reasonably accurate when § < m and
B > 50 which is the case in our experiments, but it does not correctly model
what happens in the last m — § coordinates [I]. For our purpose, we consider
GSA will be enough to obtain credible estimates on the complexity.

Independently of the GSA, however, formula is expensive to compute
due the product of m terms. Indeed, we will need to compute this quantity
many times in our optimizer to find a good set of parameters (see below). For
the estimates below, we use and the GSA to compute the final complexity
estimate but we use the approximate formula below in the parameter optimizer
which is very cheap to compute:

1

2
if ||b1]| <2¢s then A < exp (log (1+2e7™) + ———F (77(1)) (26)

In(Hj)
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where a = (gs)2/||b1||*, E1 is the generalized exponential integral and Hg is the
Hermite factor for BKZ-3 reduced basis. See Appendix [E] for more details.

In order to find a good set of parameters, we wrote an optimizer that tries
all reasonable values of m, 8 and nguess, and sets s to

o[ VF b
ql—n/m _ 2\/@06 2q

so that we can use (26). We also limit the range of m to [2n,2n] so that the
ratio m/n is not too close to 0 and 1.

In Table [T} we give the complexity estimates of our algorithm, computed by
our optimizer. The first set of columns corresponds to the algorithm analyzed
above, including the use of the GSA to estimate the complexity of the Gaussian
sampling as described in Appendix [E} To estimate the complexity of BKZ, we
use the cost estimates in [8I37] using [I4] as the sieving oracle; specifically, we
rely on the “lattice estimator” of [9].

Thoses cost are not competitive with the state of the art because our al-
gorithm does not include modulus switching. Modulus switching is a critical
component to reduce the complexity but its formal analysis is nontrivial and
therefore we decided not to include it in this paper. In order to get an idea of
what our algorithm extended with modulus switching would give, we include a
second set of columns where we simply replace ¢™suess by 2Msuess in which
would correspond to switching the modulus to 2 in the guessing part. We em-
phasize that this is only a very rough estimate and not a formal analysis. The
real complexity with modulus switching will most likely be higher than what we
report. Furthermore, all our complexity estimates ignore the polynomial factors.

Table 1. Dual attack cost estimates and their parameters as described in Section .4}
All costs are logarithms in base two. Note that the cost of attacks with modulus
switching are estimates of what an algorithm with modulus switching could give if the
algorithm of Section [f] was extended with modulus switching.

No modulus switching With modulus switching
Scheme attack m nNguess Ndual B s attack m Nguess Ndual B S
Kyber512 185 1013 15 497 550 0.200 141 763 141 371 390 0.170
Kyber768 273 1469 23 745 870 0.260 202 1169 201 567 610 0.240

Kyber1024 376 2025 31 993 1230 0.270 279 1575 261 763 890 0.260

5 Quantum dual attack
In this section, we present a quantum version of Algorithm [2] and show that we

can obtain a speed-up on the complexity. The technique is inspired by [10] which
was never published and is a quantum variant of [37].
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5.1 Algorithm and analysis

We will need a quantum algorithm which estimates the mean value of cos(27({w;, b))/q)
where the w; are vectors accessible via a quantum oracle. This mean value can
be used to compute the DFT sums in the algorithm much faster than with a
classical computer. The idea is inspired by [2, Theorem 47] and can be seen as a
special case of quantum speedup of Monte Carlo methods [42]. For more back-
ground on quantum algorithms, we refer the readers to [I0, Sections 2.4 and 4].

Theorem 7 ([10, Theorem 5]). Let N be a positive z'nteger and W be a list
of N wectors in Z": wo,...,Wn_1. Let fyy(b) = ZZ o ' cos(2m((ws, b)) /q),
where b € Zy. Let Ow be defined by

Ow : [7)10) = 1) [w;) . (27)
For any €,6 > 0, there exists a quantum algorithm A that given b € Zy and
oracle access to Oy outputs A°W (b) which satisfies |A°W (b) — fu (b)] < €
with probability 1 — 6. The algorithm makes O(e~! - log %) queries to Ow, and
requires O(log(L) + poly(log(n))) qubits.

We will have to search for a minimum element in a collection but the oracle
that computes the value of each element is probabilistic and may return a wrong
result with small probability. We say that a (probabilistic) real function f has
bounded error if there exists 2 € R such that f() returns x with probability at
least 9/10. The problem of finding the minimum in a collection (without errors)
has been studied in [24, Theorem 1]. On the other hand, the problem of searching
for a marked element in a collection with bounded-error oracle has been studied
in [30]. This idea can easily be used to adapt the algorithm of [24] to bounded-
error oracles. Indeed, the algorithm in [24] simply performs a constant number
of Grover searches by marking nodes that are bigger than the current value.
Therefore it suffices to replace this Grover search by the algorithm of [30].

Theorem 8 ([30]+4[24]). Given n algorithms, quantum or classical, each com-
puting some real value with bounded error probability, there is a quantum algo-
rithm that makes an expected O(\/n) queries and with probability at least 9/10
returns the index of the minimum among the n values. This algorithm uses

poly(log(n)) qubits.

Theorem 9 (Appendix [F.1)). Let A € Z;'*", e € Z™, s € Zy, 5,0 > 0 and

N € N. Let 7 = 1\/m/2r and n > 0. Assume that m > n, A has full rank,
M(Lg(A)) > 7+ |le]|, and

p1/s(€) = p1/s(Ai(Lq(A)) — llef| —7) > 26 +n.
Letb = As+emod q. Let W = (wy,...,wy) be samples from DLL(Ad s

Ow an oracle for W in the sense of (27] Then Algomthm@ 0N M, Nguesss Ndual, G5
N,n/2,(A,b), Ow makes an expected O ( q”g“m/z) calls to Ow and returns

Sguess With probability at least 1 — ¢ - 2=R2NS*) ouer the choice of W. The
algorithm uses O(log(n=!) + poly(log(N)) qubits.

and
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Algorithm 3: Quantum modern dual attack

Input: m, 1 = Nguess + Ndual (S€€ ), q prime power, N € N, n > 0.
Input: LWE sample (A, b).
Input: Oracle Ow for a list W = (w1,...,wy) of vectors in Ly (Aqual)-
Output: (Guess of) the first nguess coordinates of the secret, or L.
Use Theorem to create an algorithm A with 6 = %, e =mnand q
create oracle @(éguess)l

‘ return AOW (b - Aguességuess)
Use Theorem to find Sguess such that @(éguess) is maximum
return Sgyess

oUW N

In terms of proofs, the correctness of the quantum algorithm is very similar
to the classical one. The main difference is that we use Theorem [7| to compute
gw which only returns an approximation. This adds an additional error term
that we can take into account in Lemma [J] using 7.

5.2 Applications

In order to apply Theorem [J] one needs to provide an oracle Ow to access
the samples. The implementation of this oracle has a significant impact on the
complexity since it is queried an exponential number of times by the algorithm.
We outline two possible implementations. Before that, note that in practice we
will usually choose n to be a small value compared to § in Theorem [0} say
7 = 6/100. This way, 1 has almost no influence on the maximum length of the
errors e that we can handle.

BKZ preprocessing with a quantum Klein sampler. For a value of s that
is not too small, one can first compute a basis qu(Adual) of the dual lattice and
reduce it using BKZ with block size 8 to obtain a new basis M. One then creates
a quantum circuit that implements the Klein sampler [27] with M hard-coded in
the circuit. This circuit will be the oracle Oy . In the details, the Klein sampler is
a probabilistic algorithm so we can view it as a deterministic algorithm that takes
random coins (and M) as input. We can see the input j of the oracle as the value
of the random coins so that the outputs wy,..., wy that correspond to inputs
1,..., N are distributed according to the Gaussian distribution. Since the Klein
sampler runs in polynomial time, each call to Oy takes polynomial time. The
BKZ preprocessing is purely classical and done only once before the quantum
algorithm runs. This means that the total runtime will bd¥} per Theorem [9]

Tekz(8) + VN - q"g““'s/2 - poly(log(m)).

This is always better than the classical complexity since /N - ¢"suess < N +
q"=ve==. Note that when using a Klein sampler, the value of s is a function of the

8 We chose 7 = §/100 and we explained in Sectionthat we need to choose N = 1/§°
up to polynomial factors so =" = poly(log(m)) - v'N.
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quality of the basis M and therefore depends on 5. Furthermore, it is impossible
for s to be smaller than the smoothing parameter of the lattice this way. Al-
ternatively, one could also use the MCMC sampler that we used in Section [4.4}
although its running time is not polynomial, it only uses polynomial memory so
it would still only require a polynomial number of qubits, and it allows one to
choose smaller values of s which seems to be quite beneficial. Note that in both
cases (Klein and MCMC), we get no quantum speed up on the sampling.

Classical sampler with a quantum memory. A feature of the Klein sampler
is that it can output only one sampler and the running time is proportional
to the number of samples. This is not the case of all samplers. For example,
[4] describes Gaussian samplers that works for smaller values of s than the
smoothing parameter and produces 2"/2 samples but runs in time 2", even if
we only require one sample. [3] contains another such algorithm with a time-
space trade-off. Using such samplers with our quantum algorithm is problematic
because the samples are produced and stored in a classical memory, but the
algorithm requires quantum oracle access to those samples. We have two options:

— We can assume that we have access to a QRACM (classical memory with
quantum random access) [33]. A QRACM of size N is a special quantum
memory holding N classical values but providing O(log(N))-time quantum
access to those values. Such a QRACM directly implements the oracle Oy,
so the total execution time becomes

Tsampler + \/ﬁ q"gl‘e“/z : log(N) ' p0|y(10g(m))'

We note however that practical realizability of QRACM is debated and is
potentially a strong assumption. We refer the readers to [31] for more details.

— We can replace A in the algorithm by a very large circuit containing all
N hard-coded samples that computes the sum gy in a naive way (without
Theorem [7). This circuit will take time Npoly(log(m)) to evaluate, therefore
the total complexity will be

Tsampler +N - qngueSS/Q ' poly(log(m)).

Note that this might be worse than the classical algorithm if the value of N
is larger than g™suess/2,

Finally, we note that presently samplers such as [3] are still too expensive to be
useful in dual attacks but future samplers might get more efficient.

6 Comparison with [23]’s Contradictory Regime

In [23], the authors claim that [37] falls into what they call the “contradictory
regime” and conclude that the result is most likely incorrect. They similarly
conclude the recent derivative works [I0JI7], as well as [28] are flawed. They
do so by reconstructing the key heuristic claim of [37] and showing, both by
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theoretical arguments and experiments, that this heuristic is incorrect. We copy
this heuristic below, slightly adjusted to our notations. In the heuristic, the
function fyy is the same as hyy in Lemma [ which is the same as gy defined in
@D up to a factor 1/¢ in the cosine.

Heuristic 1 (|23, Heuristic Claim 3]). Let A C R"™ be a random lattice of
determinant 1, W C A be the set consisting of the N = (4/3)™/2 shortest vectors
of A. For some o >0 and T > 1, consider t gpp «$ N(0,0%)" and i.i,dtij)mf 3
UR"™/A) wherei e {1,...,T}. Le( = /4/3-GH(n), e = exp(—2n202¢?). If
InT < Ne?,

Pr[ fw(bmon) > fw(t0),) for allie {1, T} >1-0 (ﬂ%)

where N'(0,02) denotes the normal distribution.

There are several obvious (minor) problems about this heuristic since [37]
works with integer lattices and discrete Gaussians. As a first step, we rewrite
this heuristic in a way that is closer to [37] and we also change the notations to
ours (see Appendix for details about the rewrite).

Heuristic 2 ([23, Heuristic Claim 3] adapted). Let A € Z7"*" with i.i.d.
coefficients. Let L = Lq(A) C Z™ and W C L (A) be the set consisting of
the N = (4/3)4/2 shortest vectors of Ly (A). For some o > 0 and T > 1,
consider € «s Dy, and ii.d £ ;¢S UZ™/L) where i € {1,...,T}. Let

unt

0= /4/3-GH(L), ¢ = exp(—mo2¢?). If InT < Ne&?,

vinT

In [23], Section 4.2 and 4.3], the authors argue by theoretical arguments that
Heuristic |1 does not hold. Although [23] did not define what they mean by
“random lattice” in the heuristic, they in fact use random g¢-ary lattices in their
experiments and also the theoretical properties of “random lattices” that they
use hold for g-ary lattices. Therefore, their analysis hold also for Heuristic

Their reasoning is as follows: assume that we have a large number of random
candidates (the t?(;)wf) and one point close to the lattice L (the point e), then
Heuristic [2] says that we can always distinguish e from the candidates (since
it has maximum value of gy ). The contradiction comes from the fact that in
reality, for T' large enough, many of candidates will be closer to L than e and
therefore no algorithm can distinguish them [21]. This gives rise to what [23]
calls the “contradictory regime” where an algorithm would somehow be able to
distinguish indistinguishable distributions.

We first compare this regime to that of our algorithm and we then discuss
the statistical model chosen by [23] in Heuristic

Pr[gw(e) > gw(t\),;) for alli € {1,...,T}] > 1—O< 1 )

9 We overload the notation GH: in [23], GH(m) corresponds to our GH(L) for L of
volume 1, that is vol(B,,)~"/™.
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6.1 Almost complementary regimes

In Section [4.3] we have applied our main theorem to a concrete instance and
derived thatf'"| for a typical LWE problem where the ratio m/n is fixed (and
not too close to 0 or 1), ¢ is large and the error follows a discrete Gaussian of
parameter o, our algorithm works as soon as

g™ = (L 4 200) Ve (28)
where (m) @
p0|y m) + nlOgQ q —ms202/2
N = 52 , 0= 1—106 /2,

In our attack, T" is the number of guesses that the algorithm makes, that is
T = q"sues, In order to match [23] page 21], we will choose s so that InT = Ne?:

_ poly(m) +nlogy(q) 5

= 13
62

& Nguess In(g) = (poly(m) + nlogy(q)) 10062 72/ 2= 2mct"

In7T = Ne?2 < Nguess IN(q)

Nguess hl(q) — e(m82—27'(€2)0'3 )
100(poly(m) + nlogy(q))

Note that nguess < n < m so for large enough value of m, the left-hand side of
this expression is smaller than 1 (recall that poly(m) comes from the choice of N
so we can always make it slightly bigger to artificially increase the denominator
if we want). It follows that we can always choose s such that InT = Ne? in such
a way that holds (see Appendix and therefore T heorem@ensures that
our algorithm works in this regime.

We will now compare this with [23]’s contradictory regime. This regime,
defined in [23] page 21] is Wherﬂ

r GH(Ly(Adual)) < 4 /Qﬁae, where 7 = T~ /™, (29)
v

Note here that the lattice is Agua because [23] modularizes the algorithm by
separating the lattice in which dual-distinguishing is done, with the part of the
lattice that is enumerated over (see Section. Indeed, this regime comes from
Heuristic[T]and the lattice in question is the one where dual vectors are generated.

Recall that for the algorithm to work, A and therefore A 4, must have full
rank, so det(Ly(Adual)) = ¢ ™. Now observe that

TGH(Lq(Adual)) _ T—1/m /%ql_ndual/m q—nguess/mql—ndual/m

™ m -

2 Oe \/EO—E

10 Under some mild technical simplification to make the computation easier.
11 Recall that because of the difference between the normal distribution and the discrete
Gaussian, we have 0 = g./v/27 in our analysis, see Appendix
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Recall that 7 = ngyal + Nguess S0 the contradictory regimes corresponds to
¢ < o /e. (30)

Comparing between the working regime and the contradictory one (30)),
and recalling that we can choose s as large as we want, we observe that they do
not overlap and the bounds only differ by a factor of two. This suggest that, for
our algorithm, the “theoretically working” regime and the contradictory regime
almost characterize whether the dual attack will work or not. However, the next
section will explain that those regimes are based on different distributions of
targets.

6.2 On the distribution of targets

The authors of [23] decided to modularize the algorithm by separating the lattice
in which dual-distinguishing is done (L4(Agual)) from the part of the lattice
that is enumerated over (Lg(Aguess)). In fact, Heuristic || only mentions the
dual-distinguishing and not the enumeration. This however, poses a difﬁczl%ty
t K3

because it is clear that the “targets” (b — AgyessSguess) il our terminology, t, . f

in Heuristic [1)) are not arbitrary but have some structure.

The authors of [23] decided to model the statistics of the targets in a way that
is independent of the actual choice of Agyess: they chose the uniform distribution
over the fundamental domain of Ly (A gya1). In the case of [37] and our algorithm,
the algorithm exclusively works over integers which is why we propose Heuristic[2]
as an integer-version of Heuristic [I] This means that we now have two different
settings:

(@)

— In Heuristic Conif 18 sampled uniformly in Z™ /L.

— In reality, tfmif = e+x where x(* can be any vector in L'\ ¢Z™ where L'

is another random g-ary lattice, chosen independently of L. In our algorithm,
L= Lq(Adual) and L/ = Lq (Aguess)-

Indeed, a key point in the proof of Theorem [fis to show that points of the form
e + x as described are always far away from L, a fact that does not hold for
completely uniform targets. As a result, with high probability over the choice of
A the targets (except for the correct guess) are all bounded away from 0 in the
dual lattice. For uniform targets, the argument of [23] is statistical in nature:
while there can be very short vectors, they are unlikely and the contradiction
comes from the fact that if we try too many targets, we will eventually find
a short one and get a false-positive. On the other hand, our algorithm and
analysis is not statistical: for the vast majority of choices of A, all targets satisfy
the bound unconditionally and we can safely look at all targets without the risk
of any false-positive.

In conclusion of this section, it seems that the contradictory regime of [23]
nicely complements the working regime of our algorithm. On the other hand, the
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statistical model that underlines this contradictory regime and what happens in
our algorithm are different. We leave it as an open question to explain exactly
why the two regimes seem to align perfectly.

7 Open questions

We have analysed formally a dual attack in the spirit of [37]. However, as noted in
[23], the algorithm used by [37] produces many short dual vectors in a sublattice
L” of Ly (Aduat) (instead of the entire L, (Agual)). In other words, W is roughly
the set of vectors of L” in a ball and therefore gyr does not exactly measure the
distance to L but rather to a more complicated lattice. This fact makes the
analysis of gy considerably more challenging and we believe that more research
is needed to understand how this affects the choice of the parameters.

Another issue that we have avoided is that of modulus switching. Indeed,
while [37] claims that this techniques bring significant improvements in the
complexity, [23] claims that geometric arguments contradicts this statement.
We leave as an open problem the study of a modification of our algorithm that
would include modulus switching. We believe that a formal analysis would be
the best way to resolve this issue. A priori, we do not see any major reason why
this could not be analysed formally but it may prove to be a nontrivial technical
challenge due to the effects of rounding modulo p on the uniform distribution
modulo ¢. We note in this direction that the approach of [I7] of using lattice
codes instead of modulus switching might be a better fit for a formal analysis.

Finally, we have analyzed the case where the algorithm has access to m LWE
samples in dimension n, and our algorithm typically requires m ~ 2n to have
a good complexity. In practice, however, it is common to only have n samples,
something that our algorithm cannot handle. While there is a standard technique
to deal deal with this, namely sampling in the lattice

{(x,y) €Z™ x Z"™ : xT Agua =y mod ¢},

we leave it as future work to include this improvement to our analysis.
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Appendix

A Details on the comparison with [3§]

In this section, we try to compare our approach (and more generally lattice dual
attacks) with the approach of [38]. As much as possible, we will try to express
things with our notations.

The starting point of the “coding dual attack” is to consider a code C of
dimension k and length n with parity matrix H. Following our notation, we will
instead use n to denote the dimension and m the ambient dimension, i.e. k — n
and n — m. In our language, this corresponds to a lattice L = LqL (H) C z™

for some H € ZJ™™™™  We get a vector b = ¢ + e with ¢ € L and e sampled
according to some distribution and the goal is to recover c. Let h be a parity-
check vector of L, i.e h € ¢L. Note that since L = Lf]- (H) then there exists a
matrix A € Zg"*" such that qL = L,(A). Therefore h € Ly(A).

The idea of the attack is to partition the coordinates {1,...,m} into two
sets P and . Then observe that

(b,h) = (e, h) = (ep, hp) + (ex, hy).

Therefore, (b, h) can be seen an “LWE” (LPN) sample given by

a= h'Pa
(a, (a,u) +e) where ¢ u=-ep,

e = (ex,hy).

The idea is that by generating many parity-check vectors h, we can obtain
many “LWE” samples for the same secret u. The attack then continues using
the so-called RLPN (or ISD) algorithm to recover the secret u = ep and then
recursively solve the rest of the problem in a much lower dimension.

Superficially, it may look like the partition between P and N is similar to
our splitting between sgya1 and Sguess, and the corresponding split of the matrix
A. In the details, however, this is quite different since P and A correspond to
a “horizontal/row” split of the matrix A whereas lattice dual attack perform
a “vertical/column” split of A. Furthermore, the distribution of the “LWE”
samples is completely non-standard. Since hp and hys are components of a
single parity check vector h € L,(A):

— the components of a are not independent and not uniform,
— a and e are not independent.

In particular, it looks like [38, Proposition 1] is needed to fix the dependency
introduced by this particular approach. By comparison, such a problem does not
appear in our approach and therefore we do not need a similar proposition.

12 The factor g is necessary to keep h an integer vector.
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In conclusion, it looks like [38], if applied to lattices, might be a completely
different kind of “dual attack” on LWE, probably quite different from the existing
ones. In particular, we are not sure where [38 Proposition 1] would fit in existing
attacks.

B Basic dual attack: proof of Theorem

Lemma 10. Let q be a prime power, k € N and f : ZF — Zg be a linear map.
If f is not the zero map then f(U(Zy)) = U(Z,).

Proof. Since g be a prime power, Z, is a field. Since f is not the zero map, f(Z,)
has at least dimension one, therefore f(Z,) = Z,. But then for any u € Z,,
F71({u}) has size exactly |ker f|. It follows that for any u € Z,

- ker
Procquamlf(x) =u] = |f é{];}” _ zkf|

is independent of w which proves the result. a

Proof (Proof of Theorem@. Denote by B the algorithm from Black box which
we assume to be deterministic (otherwise we would need to add the random
bits to the probability below which can be done easily). By the algorithm and

Equation , X; = B(Aé{l)al) € L;-(Ag{l)al). Furthermore, by Black box

i | 1B(Aaua) ] < v (m, B,q ) (31)

Adual<_$Zq

Furthermore, note that since gZ™ C LqL(AgJu)al), we can always make sure that
the coordinates of x; are irﬂ {-1q/2],.-.,1a/2] }.

Denote by A the algorithm from Algorithm [I] Again we assume that A is
deterministic for simplicity, i.e. the loop looks at the elements in deterministic
order. For any Sguess, let

N

Y; (Sguess) = X?(b(j) - Aé;{l)essggueSS)a 5(Sguess) = Z cos(2my; (Sguess)/q)
j=1

be the values computed at Lines [f] and [6]

Let S1,...,8¢msuess be the order in which the algorithm tries the values of
Sguess- Let M be the index such that Sp; = Sguess- Therefore, the algorithm
returns the correct value if the test at Line [7] fails during the first M — 1 itera-
tions of the loop, and succeeds at the M*" iteration. In other word, the success
probability of the algorithm is

M-1

b= PT(AU),bj)HLWE(m,s,DZWe) [/\j:1 S(8;) <No /\ S(Sguess) = N(S}

13 This is a technical condition, we obviously expect the coordinates to be much smaller
than that.
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M-—1
=1-Praom, {\/j_1 S(8;) = N3 \/ S(sguess) < Né}

2 1-— Zj:l PrA(j),bj [S(gj) 2 N(ﬂ — Pr(A(j)}bj)[S(sguess) < N(S]

where for any § € Zg®",
q<§gueSS) = PI"(A(J‘),bj)e$LVVE(m,s,DZq,(,6 [S(ggueSS) > NdJ.

Recall that by definition of the LWE distribution, b() = AGs + () where
eV) <5 Dy, ., and AW «sU(Z7*"). Therefore,

b(]) - Ag}ességucss)
AWg 4 eld) _ A(J) 8)

guess

Yj (ggucss) = X
= X

= X

Aéu)alsdual + e(j) + Aé])ebb(ng.eSb - §))
) 1 AW

guess(sgufsss - Sguess))

(
(
(
(e

T
J
T
J
T
J
T
J

since xTA((lju),Ll = 0 by definition of x;. Recall, as this is crucial for the proof,

that x; = B(A dml) only depends on A((fu)al which is independent of Aguess. We
now analyse two cases. To emphasize the various (in)dependence between the
variables, the coming calculations will be extremely detailed.

o If Sgyess 7 Sguess then for every j,

EA(J’) ,e(d) [COS(27Tyj (gguess)/q)]
=R (EA(j),e(j) [EXP(%W% (gguess)/q)])

=R (Eaw o0 [exp(2imxT () + AL (Sguess — Sguess))/a)] )

= R (Baw e [exp(2imx] 1)) /q) exp(2imx] A (Sguess — Sguess)/a)] )

but A((flll)al and Agl)ess are independent so

2itB ()
§R<]EA(an1 Ey o e(j)[exp( imB(A dual) e))/q) ]])

guess, X eXp(QZWB(Adju)al)TAguess (Sguess - §guess)/q)
but A and e¥) are independent so

§R E Ee(J) |:eXp(2“TB( dual) (]))/q)j|
= AW : ~
Adua X EAE;QCSS exp(2Z7TB(Ag]u)a1)TAgg{1)ess (Sguess - Sguess)/‘]):|

37



olg [ e [ow@imBAL) ) )]
= AL j
Adual | % EA;{,LSS [exp(?ZWfB(A((lj) ) (Aéﬁ)css)/Q)]

where for any nonzero x € Z, we let fx : Aguess = X’ Aguess(8 — Sguess) Which
is a linear map and not the zero-map since Sguess 7 Sguess; but then for any

fixed Ag{l)al’ fB(Afﬂ‘)al) (U(Z;’nxngucss)) =U(Z,) by Lemma E and since Agl)ess —$
L{(Z;nxng““s) is independent of AY)

dual’

=R (Eyp, [Eor |exp@imBALL)T D) /)] B iz, lexp(2imala)])
=0

since Eqg/(z,)[exp(2iTa/q)] = 0 by Lemma It follows that

E[S(gguess Z E COS 27Tyj (Sguess /C] Z Ey<—$u Z )[COS(27Ty/Q)]
j=1 7j=1

On the other hand, note that —1 < cos(27y;(Sguess)/q) < 1 for all j. Further-
more, note that the y;(Sguess) are independent since the (AU el)) are indepen-
dent. Therefore, we can apply Theorem [I] to get for any § > 0 that

Q(gguess) = Pr(A(j),b(j))[S(éguess) Né} exXp ( ]V(Q]-(]V(S()]-))Q>

N§? -
= exp (_) when Sguess # Sguess-
o If 5 = 54464 then for every j,

IEA(j) Le(@) [COS(Zﬂ-yj (Sguess)/Q)]
(]EA(J) e(d) eXp 2Z7Ty] (Sguess)/q)])

(]EAm el [GXP 2””‘ € j)/Q)D
(EA(J) e(d) [exp ZZWB(AgJual)Te(j)/@])

(o [Bu [expteimB A Te )]

R
R
R

but the coordinates of e) are independently sampled from Dz, 5.,

=R (EA(j) [H Eeespy, o, [GXP(%WB(A((iJgal)pe/Q)H)

p=1

but note that each expected value in the product is real and lower-bounded by
Lemma [4]

> EA(J')

ﬁ exp (—waﬁB(Aéj{fal)i/f)]

p=1
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>Earm {exp <7r0§ B(Afijgal)

1)

but the function X — exp (fmrgX / q2) is convex so by Jensen’s inequality,

2l 9
‘ }/ q )
but Affgal and Agl)ess are independent so by

> exp (—mo2lsy(m, B,q" ") /q°)
=¢

2 exp (Wag Exm |:“B(A§1J3al)

where ¢ is defined in the statement of Theorem [B It follows that
N

E[S (Sgucss)] = ) Elcos(2my; (Sguess)/a)] > Ne.

j=1

On the other hand, note that —1 < cos(27y;(Sguess)/q) < 1 for all j. Further-
more, note that the y;(Sguess) are independent since the (AU el)) are indepen-
dent. Therefore,

q(Sguess) = Pr(a6) b)) [S(Sguess) = N
=1—=Priam) b)) [S(Sguess) < N9]
=1-Prau) bu)[Ne — S(Sguess) > N(e — )]
=1- PT(AU),bU))[]E[S(SgueSS)] — S(Sguess) > N(e — )]

_— _ 2(N(e—9))* by Theorem [I] applied

ZTOP N -~ t0 — S(Sguess) When & > 6
_ 52

=1—exp <—N(52 %) ) .

Putting everything together, we get that
N(e —6)? N§?
p=1—exp _NE=0 (M —1)exp | ———
2 2
and we conclude by nothing that M < ¢™svess,
The naive analysis of the complexity is straightforward:

— the first loop has complexity N - (poly(m,n) + Tsv(m, 8, ¢"),
— the second loop has complexity g"suess - N - poly(m, n),

hence a total of
N - poly(m,n) - (Tsv(m, B,q") + ¢"=*=).

By using the DFT trick of [28], we can compute all scores S using a DFT for a
total cost of IV 4 ¢"euess instead of N - g™euvess g0 the final cost is

poly(m,n) - (N - Tgy(m, 8,q") + q"==).
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C Random g-ary lattices

As usual, an (n, k, q) (linear) code is a k-dimensional subspace of Z;. For any
subset E of Z7, we denote by E* the set {e € E: e # 0} of nonzero elements.
For any matrix A € ZJ*F, welet Cy = AZ! = {x € 7 : 3s € ZX : x = As}. For

any matrix B € Z"X(" k), we let O = {z € Z : BTz = 0}. It follows almost
from the deﬁmtlon that such codes satisfy the following averaging lemma.

Lemma 11. Let f:Zy — R, then

E

vy | D T =d"" 30 fw)

ve(Cg)* ve(Zy)*

More generally, let 1 <p <n and f: (Z3})? — R, then

v1,...,vp € Ch
IE:BNU(ZZM”*'C)) [Z [ lin indep flor,. . vp)

—n ey Uy €LY
:q(k )pz |:Ul . ;Up q:| f(v17~..7vp).

lin indep
Proof. For any v € Zy, let N, = [{B € ZZX("_M :v € C% }. We observe that
if v # 0 then N, = ¢"("=F)—n+k Indeed, let ¢ : ng(nfk) — Zf}_k defined by
#(B) = BTv. If v # 0 then tk ¢ = n—Fk and therefore dim ker ¢ = n(n—k) —rk ¢.
The result follows immediately by writing

1
EBNU(Z;M””“)) Z flo)| = Znx(n—k) Z Ny f(v).
ve(CE)* |Zq | ve (Zn)*

The more general result follows the same proof by considering the map ¢ :
2y "M 5 (ZF)P defined by

¢(B) = (B"v,...,BTv,)
which has rank (n — k)p for any v, ..., v, are linearly independent. a

Theorem 10. Let 1 <p < n and f: (Zy)? — R, then

Epv@nx o, Z Z flei,..ep)

c1€CE cp€CEH

p
_ (k—n)r C1y...,Cp € Zg
_Zq Z|:rk(cl7-~-,cp):r f(cl,.._’cp).

r=0
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Proof. Let 0 < r < p and let

1
S Fa i [

We can write

Ex| S Y fene)| =Y e

c1eCE cp€Cq r=0
so it suffices to compute each o,. Note that if ci,...,¢, € C’é are such that
tk(ci,...,¢p) = r then r among them must be linearly independent and the

others are in the span of those. Let G be the set of permutations on {1,...,p}.
Then by Lemma

UTZEB

ceG

. e, EZn
=q* )pz {Cl o iIcldep ‘1} Z [cr+1,...7cp ESpan(cl,...,cr)] Zf(cg(l),...

ceG

_ (k—n)r Cly...,Cp € ZZIL
=q Z |:I‘k((21,. f(Cl,...,Cp).

S Cp) =T

C.1 Proof of Lemma [5]

Proof. Let n,k € N and g be a prime power. Let L be a g-ary lattice and let
AL) ={AezZl*: L=LyA)}, A (L)={Bez>*"M.L=LrB)}.

By definition of L, L mod ¢ := {xmod ¢q:x € L} is a linear subspace of Z
of dimension 1 < 7 < m. We denote this dimension by rkgz, (L) = r. Now
observe that by definition, if L = L,(A) then L,(A) mod ¢ = AZy and therefore
rk(A) = kg, (L). Similarly, if L = L (B) then L mod ¢ = ker(B”) and therefore
rk(B) = rk(B”) = dim(Im(B7”)) = n — rkg, (L). Now let

F={L:qZ" CLCZ" vkz, =k}.
Then

PrLeﬁB[ln,k‘q[L S f] = PrL%$C,,,k,q [I‘kzq (L) = k]
= Pryqi@mry [rkz, (Lq(A)) = k] Dy definition
= PrAHBM(Zg,M)[rk(A) = k] by the analysis above

>1—k¢* 1™ by .
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o cr€CE
Z [01 lin ifldep B}Z[Cr+1a---70pGSPaH(Cl,-n,Cr)] Zf(ca(l),...,

Co(p))
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Similarly,
PrLHBﬁ,f,k,q[L € F|= PrLHBCL . [tk (L) = k:]
=Pry g gnxn)[thz, (Ly (B)) = k] by definition

=Prg. iz Znx (= k>)[rk( )= k:] by the analysis above
>1—(n —k:)qk Loby (T .

Now observe that
dTV(»CrrLLk Q) »Cn k,q)
*7Z|£nkq - nka(L)’

3 S k(D) ~ Laka D]+ 5 3 (kg () + Laka(D)
2

Le}' L¢F
1 1
<5 3 L a(D) — Lapa(D)] + 5 Procec, ., [ # 7]
LeF

1
toProcses, [L¢F]

Z |Covg (D) = Loeg (L)) + kg" 77+ (n = k)g" . (32)
Le]—'
Furthermore, we observe that

A(L A*+(L
Z |‘C’nkq )_ﬁn,k’q(L){ = Z | Ezk)| - an(n(k))| :

LeF LeF q

L
We now claim that for L € F, M;Sli];)‘ LA i a constant independent of L.

qnnk

To see that, first observe that if L = Ly(A) for some A € Z7** of full rank (i.e.
rk(A) = k) then the columns of A form a basis of L mod g. Therefore, A(L)
is simply is the set of all basis of L mod ¢, a k-dimensional subspace, which is
well-known to have cardinal

AL = (" = 1)(¢" —q) -+ (¢" —¢" ).

Similarly, if L = L (B) for some B € Zi* "™ of full rank (i.c. tk(B) = n — k)
then the columns of B form a basis of the orthogonal subspace of L mod ¢ which
has dimension n — k. Therefore, A+ (L) is simply is the set of all basis of the
orthogonal subspace of L mod ¢, a n — k-dimensional subspace, which is well-
known to have cardinal

AL (L) = ("% = 1) (" * —q) -+ ("% — g"F 1.

We can then notice that F is in fact isomorphic to the set of all k-dimensional
subspaces of Zg since a lattice L of F is uniquely identified by L mod g which is
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a k-dimensional subspace, and every such subspace can be trivially realized by
L,(A) where A is a basis. Therefore

|F| = (" —1)(g" —q) - (¢" — qkfl)
(@ —=D)(q" —q)-- (¢F — ¥ 1)

It follows that
Z 1Ly e a(L) = Logeg(L)]

LeF
n—k—1

1 A 1
k 7 n—k 7
WH(Q —q)—iqn(n_k.) I @ *-d)
1=0 1=0

= |7

(@ =1(@" —q) (" =)

- nk

q

n—k— n— )

—n(n—2k) ILizo 1(‘1 F—q")
120 (6% — ¢)

There are two cases to consider.
olf Kk < n—k, then n — 2k > 0 and

—k—1 _ i

1— q—n(n—2k) H?:O (qn b ql)
k—1 :
[Tizo (¢* — 4%)

<|l—gq

k1, o , —k=1 e i\ n—2k—1
I ("% —¢)  ILZ on(d” F—gh)" H (" = ¢f)
=1 ; = =1, 1. -
I1;= (¢* —¢*) [T=o (" —¢") i=0
Hk—l(qn—k _ qn—2k+j) n—2k—1

j=0 H (qn—k _ qi)

k—1 .

[Tizo (" — 4%) i=0

k=1, j —2k—1

_ Hj:0 (q B q]) (n—2k)k " n—k _ i
= II @ q)

Hi:o (q —q ) i=0

n—2k—1
— q(n—Qk)k H (qn—k _ qz).
=0

And therefore

—k—1 — ;
1— q—n(n—Zk) H:’L:O (qn b ql)

T2 (¢ — a')

n—2k—1
— 1,q(”*2k)(k*n) H (qnsziqz)
1=0
n—2k—1
=[- JI a-dh
1=0
n—2k—1
=1- J[ a-g¢="
=0
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n—2k—1
< Z ¢ "* by Weierstrass product inequality
=0

< q(n—Qk)—n—H’c
k

olf K > n — k, then 2k — n > 0 so exactly the same argument yields
n—k—1, n— i n—k—1, p— i
Hizo (q k*Q) - Hz‘:o (q kf‘])
k—1 - — k-1 i\ T12k—n—1 ;
Hi:o (¢* —q) Hi:Qk—n(qk -q") Hizo (¢* —q")

—k—1 _ 1
H?:o (q" k —-q')
k-1 T 12k—n—1 »
[T (¢ — )2 (¢8 — )
—k— _ .
H?:o 1(‘1” b — q')

) (n— n—k—1, ,_ i 2k—n—1 i
q@h=m =R [T 20 gk — ) T2 (¢" — ¢)
q(2k—n)(k—n)

— q2k-n—1 N
Hz‘:on (¢* —q")

And therefore

n—k—1, n_ i
—n(n—2k)Hi:0 (¢" % —d)

l—gq k—1 -
[Tizo (6" — %)
qk(2k—n)
= 1 —
k—n— X
2" —a)
1
L- 2k—n—1 i—k
[[Z" (A=g%)
~ Tr2k—n—1 ik
[[Z" (1—g")
1
< ———— — 1 by Welerstrass product inequality
1- Z?ion ! qi=k
—k(,2k—n __ 1
S 7(3 k)7 after calculation
q+q " —1—g"m
k—n

q
< :
Cqtgh-1—gkn

Recall that £k < n —k so if ¢ > 3 then the denominator is at least 1 so the above
quantity is less than ¢*~". If ¢ = 2 then the denominator becomes 1427% —2k—n
which can be seen to be at least 1/2. Therefore in all cases, this quantity is
bounded by 2¢*~™.

Putting everything together, it follows from , and that
Aoy (Lo ggr Lok,g) < 3max(g",2¢" ") + k¢* 17" 4 (n — k)g" !

(34)
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C.2 Proof of Theorem [3

Proof. Recall that to each matrix B € ZZX(n k) , we associated the code Cg =

{xezr: BTz =0} We now let A = {xGZ”:(x mod ¢) € C% }: this is
clearly a lattice and in fact, L (B) = A%. In what follows, for any set X we
write f(X) for }° .y f(z). We can therefore write

]EL~155M[Z f(z 1 B U@px ) Z f(v)

xzeL* vE(AL)*
=Ep|f((¢Z"))+ Y. flo+qZ")
,Ue(cu_)*
where the last step follows because A% = ¢Z" + C3. Using Lemma we get

ELlZf ] (@Z")) +4¢" " > flv+qZ")

xeL* ve(Zy)*

= (1 =¢""f((eZ) +d " D f

ve(Zm)*

C.3 Proof of Theorem [

Proof. Let 0 < r < g and let f,. be the indicator function of B, (r). Note that if
x € q(Z")* then ||x|| = ¢ so x ¢ B,(r) and f.(x) = 0. By Theorem [3]

= Epcos [IL70Bu(r)]

= EL<—$£¢ koq [ Z fr(x)]

xeL*
() 5 A S b
veq(zZn)* xE(Zm)*

=q" " (IBy(r)| - 1).
Similarly,

pr=Ep s [IL°0 By (r)]?]

2
- ELeMn kg ( Z fr(x)>
xeL*

:ELessﬁj;’k’q Z fr(x)f (Y)

x,yeL*
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= Y R ()

x,y€e(zm)*

where rk := rkz». We now consider the various cases that can occur. If x € q(z™)*
then f,.(x) = 0 so this term is zero, and similarly if y € ¢(Z")*. Therefore
all nonzero terms must have rk(x) = rk(y) = 1 and rk(x,y) € {1,2}. For
ie{1,2}, let

Si={(xy):x,y ¢ qL" and rk(x,y) =i }.

Let (x,y) € S, then there exists u € Z, such that y = ux mod ¢, and v # 0. In
other words,

Si={(x,ux+qz) :x ¢ qZ" ue L) zecl"}.

Assume that f.(x) # 0, then [[x[| < r. Let u € Z7, then [{ux+qz:z€Z" } N
B, (r)] < 1 since r < g. It follows that |S1| < (¢ — 1)(|BZ(r)| — 1). On the other
hand, |S2| < (|BZ(r)| — 1)%. Tt follows that

pio = |S1]g" " + | Sa|g? k)
< ¢ (g - D(BE)| = 1) + @F M (IBE(r)| — 1)
" (g = 1)(|BX(r)| — 1) + p?.

It follows that

0= Ve (LN Bu(r)] = p2 = 4* < ¢" (g = 1D(IBr(r)| - 1).

We can now apply the above results to study A; of a random lattice. For any
lattice L, let X,.(L) = |L* N B,(r)|. First note that for any radius r > 0,
A1 (L) < rif and only if X,-(L) > 2 since as soon as there is one point in the ball,
there are at least two (a vector and its opposite). Therefore we need to study
the probability that X,.(L) > 2. Choose r such that g < 1, which is equivalent
to

|BL(r)|—1<q" 7", and therefore implied by |B%(r)| < ¢"F.
Then observe that
Pr“—Mi,k,q[XT(L) >2] = PrL<—$Ei,k,q[XT(L) —u=2—y
< PrLHsLik [ Xr(L) = p| =2 — p

2q

2
< (2 i N) by Chebyshev’s inequality

0_2

<
<" Ma—1)(BR(r) - D).
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C.4 Proof of Corollary
Proof. Note that by Section if L is sampled according to L, q then L =
L,(A) for some A € 72" and therefore det(L) < ¢"~*. As a result,
GH(L) = det(L)/" vol(B,) ™™ < r == ¢*~*/" vol(B,,)~*/".
By our assumption,
|BZ(ar)| = vol(Bp(ar)) = a™r" vol(B,,) = a" det(L) < a"¢"*.
We can therefore apply Theorem [ to ar to get that

Pro e [N(D) < ar] < ¢ BR(ar)| = ga™.

Furthermore, for L < L, ., we have det(L) = ¢"~* with probability at least

1—kq* 17" which is essentially 1. In that case, GH(L) = r so the result above is

essentially true if we replace r by GH(L). By Lemma the distributions Cﬂ; kg

and L,, 1, are very close and therefore the same holds for £,, j 4. O

D Details on the informal application
Let v > 0 (we took v = 1/100 in Section [£.3) and let

d=v-pi/s(0ey/m/2m).

Recall that we assumed that |e| $ o.y/m/2m with high probabability. Hence,
we can assume that § < vp;/,(e). We want to satisfy the inequalities

M (Lg(A)) 2 7+ |lell and  pi/s(e) = p1ys(Ai(Lq(A)) — [lef| —7) > 26.
Let 1 = A (Ly(A)) — |le]| — 7. We can rewrite this condition as
p1/s(€) = prys(n+ llef]) > 26
< pis(e) = pis(n+llel]) > 2vpiyq(e)
& (1—=2v)pys(e) > p1ys(n)
& In(l—2v) > —ns? (772 - ||e||2)
=

—3v > —7s? (772 - ||e\|2> for small enough v
2 3v
& P> el + —
s

3
< n>ell+ 71/2 since Va2 + b2 <a+b
s

3v
& A(Lg(A)) > 2[le|| + 7+ 4/ 3

But recall that 7 = %\/m/277 and v is much smaller than 1 so /2% < 7. It

ms2
follows that the condition above is essentially equivalent to

A1 (Lq(A)) > 2e] + 7.
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E Details on the complexity estimates

The algorithm first computes a BKZ-8 reduced basis of LqL(Adual). By ,
Tyviomc (L;- (Adual),gs) =1n (é) . % -poly(n). Since € will be in the order of 1/N,
ln(%) will be a polynomial factor. Therefore, the complexity primarily depends

on n
1 o (2

A7 o (Aa) (35)

Recall the standard fact that vol(LqL(Adual)) =T1",

b;||. Using the Poisson

summation formula, we get that

1 H?Ll pqs/ E1 (Z)
A PqS(LqL(Adual))

T2 . r0s )
%pl/qs(Lé_(Adual))
vol(LE (Aduar)) ITiZ1 2|, | /0 (2)

e ol #rves (Bt (Aauan))
B [T Py 7gs(2)
P1/¢s(Lg (Adual))

<ITrs./e® (36)
i=1

where the last step is justified by the fact that p; /qs(L;- (Agua1)) = 1. Intuitively,
gs will be quite large so p; /4s (LqL(Adual)) ~ 1 so this inequality is quite tight.

To estimate this complexity, we need to know the length of the Gram-Schmidt
vectors by, ..., b, of the reduced basis. First we recall that the length of by = by
is given by the root Hermite factoﬂ Hpg which is defined by

b;

b1l = (HB)™ vol(Ly (Adqua))"/™

m—1 +§
By [29], we have that (Hg)™ < 275(/371) % where g is the f-Hermite number.
Experimentally, it has been verified [I8] that

3 1/2(8-1)
Hp ~ Hg = (%e(w)l/5> (37)

Since this assumption is standard in the literature, this is the one we will use for
our estimations. See [26] for more details on this point. We also need to estimate

1 1t is usually called § but we are already using § in our analysis.
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HE H For this, we can assume that the Geometric Series Assumption (GSA) [40]

holds for BKZ-$ reduces basis. The GSA is known to be reasonably accurate
when g < m and 8 > 50 which is the case in our experiments, but it does not
correctly model what happens in the last m — 8 coordinates [I]. This allows use
to use the approximation

for all : = 1,...,m. Note that a more accurate model than the GSA can be used
in conjunction of , however for the approximation of the next paragraph, we
will need to use the GSA.

While can be used to numerically estimate the complexity, by using
known tail-bounds on p, it is too expensive to compute in our optimizer which
will need to repeatedly evaluate this expression for many distinct values of
and s. Therefore, we need a simpler expression to approximate the complexity,
at least for the purpose of finding good parameters. To achieve that, we first
numerically verify that

—2(1—1
by|| ~ H; 2V ||by|

ps(Z) ~ 1+ 2™/ when s < 2. (38)
Next, we make the assumption that
by || < 2gs. (39)

Note that ’E;l < ||by|| when we assume the GSA. Let a = (¢s)2/||by||®, then
we can approximate log with

log % = ZlongBtH/qs(Z)
i=1
~ Z log (1 + 2exp (—71'((]8)2/‘
i=1

8 (14 2exp (~r(g9)*/ I 717

b;

2
) v

@
Il
_

.

<

X

s

I
<

log (1 + 26_7“"Héi>

3

<log (14 2e77™) +/
t=0

<log (142¢7™) + 2/ e~ 4y
t=0

o0

log (1 + Qefm‘Hét) dt

= log (1 + 26_”0‘) +

T By (o) (40)
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where E; is the generalized exponential integral defined by

[ee] e—a:t
1 t

The advantage of is that the generalized exponential integral is completely
standard and virtually mathematical software can compute it very efficiently.
Recall that this formula is only valid under assumption . Note that the
point of is to have a fast estimate of the complexity when optimizing the
parameters of the attack; for the final complexity estimate, one should always
use which is more accurate. In our experiments, we noticed that exp
was always overapproximating the complexity by a factor between 10® and 10°
depending on the parameters. We leave it as an open question whether a similarly
cheap to compute but more accurate formula can be derived.

F Quantum dual attack

F.1 Proof of Theorem

Proof. Let B = Aqual and L = Ly(Aguess). Then L + Ly(B) = Ly(A). Our as-
sumptions are therefore exactly that of Lemma@whlch we can apply to get that

with probablhty at least 1 —¢™ -2~ 2NS*) gver the choice of W = (W1,...,Wn)
_ PN
from D L(B)gs = DLj‘(Adual)qu7 we have
gw(e) >gw(e+x)+n (41)

for all x € L\ Ly(Agual), where gy is defined in @D Furthermore, A has full
rank and m > n so its columns are linearly independent over Z, and

L \ Lq(Adual) - Lq(AgueSS) \Lq (Adual) = Lq (AgueSS) \qu- (42)

Let ' = /2. Assume that we are in the case where W satisfies the above
inequalities and consider the run of Algorithm (3 l ON 1M, Nguess, Ndual; 4, N,7n/,
(A,b), Ow. Let Sguess € Zg**™* and ASguess = Sguess — Sguess- Recall that for
X €Ly,

gw (x = Z cos(27w; Tx/q)

and that since b = As + e, we have

gw (b — Aguességuesa = N Z]_ cos( 27TW (AguebbASgue>5 +e)/q)
= gW (AguessASguess + )

We claim that for all §g,es5, With probability at least 9/10, we have

/

|O/(§guess) —agw (AguessAgguess + e)' <n.
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Indeed, O'(8guess) returns A9w (b — AguessSguess) where A was built by Theo-
remwith " = 1—10, e =1’ and ¢. Therefore, with probability at least 9/10, we
have

|AOW (b - Aguességuess) —gw (b - Aguessgguess” < 'f]/ = T]/2

and the equations above conclude.

The reasoning above shows that O is a (real) bounded-error oracle for gy +17'.
Therefore by Theorem [§] the algorithm will correctly return, with probabability
at least 9/10, a value Sgyess that maximizes O. We claim that when this happens,
Sguess = Sguess- Assume the contrary, for sake of contradiction. We have

Io(éguess) — gw (b - Aguessgguess” < 7]/

and A
|O(Sguess) —agw (b - Aguesssguess)‘ < 77/-

Recall that by ,
gW(b - Aguesssguess) = gW(e) > gW(e + X) +n

for all x # 0. But since Sguess 7 Sguess Dy our assumption, we have that b —
AguessSguess = € + x for some x # 0. Hence,

O(gguess)

since 21 = 1. But this contradicts the fact that Sguess Was maximizing O. There-
fore we must have Sgyess = Sguess and the algorithm is correct. Note that the
entire argument was under the assumption that holds for W, which we al-

m 279(N62)

ready argued holds with probability at least 1 —q over the choice of

w.

Regarding the complexity, the algorithm in Theorem [§] makes an expected
O(+/q"==) queries to O and uses poly(log(n)) qubits. By Theoremlﬂ each call
to O makes

O (v 10g(10)) = O(n ™)

queries to Oy and requires O(log(n~!) + poly(log(N))) qubits.

G Comparison with [23]

G.1 Rewrite of Heuristic [I] into Heuristic 2]

Similarly to our algorithm Algorithm[2} and as was made clear by the analysis of
Section [37] only works with g-ary lattices. Therefore we can specialize the

o1



heuristic to L = Ly(A) where L is random in the sense that A is sampled from
U(Zy>™). The dual of L is L;- (A) by Section In a similar way to what we
did in the proof of Lemma [7} we can “integrate” the 1/¢ factor directly in the
score function which because gy defined in @D and therefore the set W becomes
a subset of L;- (A). The target tgpp corresponds to the error e of our algorithm
and is sampled according to a discrete Gaussian Dz, ., instead of a normal
distribution. Care must be taken at this point since the normalization factor in
the exponent of the normal distribution is 1/2 whereas it is = for the discrete
Gaussian. This means that Dz, ., corresponds to N(0,0%) where o = o./v/2m.
We reflect this change in value of e. Finally, note that Heuristic [I] assumes that
L has determinant 1 which is clearly not the case of Ly(A). Instead of rescaling
L, we observe that the only place where this makes a difference is the Gaussian
Heuristic: [23] defines GH(m) as the typical value for a m-dimensional lattice of
volume 1. In contrast, we define GH(L) as the typical value for a m-dimensional
lattice of volume det(L).

G.2 Analysis of the value of s
Recall that we choose s such that

Nguess ln(Q) _ e(msz—QTrKZ)Ug
100(poly(m) + nlogy(q))

Note that the left-hand side is less than 1 and so its value is 1/P where P is a
polynomial in m,n and In(q). Hence, we need to take

2
2 —In(P) 2« 4 Im —In(P)
2 _ 27T _ . = 1-n/m
3 m * mo?2 m 3\ 2me? * mo?2

4 —In(P
:7q2(17n/m)+ n(P)

3e mo?

Since P is polynomial, the second term of the right-hand side is negligible com-
pared to the first one and therefore

4
SR —
3eq

We want to verify that it satisfies , that is
g" ™ > (L 4 20,) Ve

In our choice of parameters, n = 2m/3 so 1—n/m = 1/3 and q is large so ¢
is much larger that 20.+/e. Hence to satisfy the condition it is essentially enough

to satisfy
s> \/éqn/m—l

which is trivially satisfied since s is very large (multiple of ¢'~"/™) and the
right-hand side is very small.

1-n/m

1-n/m
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