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Abstract. Combining theoretical-based traditional attack method with practical-
based side-channel attack method provides more accurate security estimations for
post-quantum cryptosystems. In CRYPTO 2020, Dachman-Soled et al. integrated
hints from side-channel information to the primal attack against LWE schemes.
This paper develops a general Fourier analytic framework to work with the dual
attack in the presence of hints. Distinguishers that depend on specific geometric
properties related to hints are established. The Fourier transform of discretized
multivariate conditional Gaussian distribution on Zg is carefully computed and
estimated, some geometric characteristics of the resulting distinguisher are ex-
plored and a new model of dual attack is proposed. In our framework, an ad-
versary performs the BKZ algorithm directly in a projected lattice to find short
projection components, and then recovers them by MLLL algorithm to make a
distinction. This method relies on a reasonable assumption and is backed up by
naturally formed mathematical arguments. The improvements and the assump-
tion are validated by experiments. For examples, for a Kyber768 instance, with
200 hints, the blocksize can be reduced by at least 188 and the time complex-
ity can be reduced by a factor of greater than 2°°. After adding 300 hints to a
FireSaber instance, even in the worst case, the blocksize drops from 819 to 542,
and the cost drops from 225561 to 217472

1 Introduction

We are facing an urgent task of gradually replacing classical public key systems with
new ones because of the rapid advance of computing technology. Especially for the
coming era of quantum computer, concerns of threats to break several widely used
public key cryptographic schemes promote the innovations on post-quantum cryptog-
raphy. In 2017, the US National Institute of Standards and Technology (NIST) solicited
proposals for post-quantum cryptography (PQC) primitives including public key en-
cryption/key encapsulation mechanisms and digital signatures to prepare for the real-
ity of practical quantum computing. Proposals to PQC have come from several dif-
ferent areas. For examples, there were submissions of code-based, lattice-based and



multivariate-based schemes. In July 2022, NIST identified four candidate algorithms
for standardization. Among them, three candidates are from the family of lattice-based
cryptography. In particular, the two primary algorithms recommended by NIST — Kyber
and Dilithium — are both built on lattice hard problems.

There are two classes of well studied mathematical hard problems to support lattice-
based cryptography, one class is the NTRU problem and the other is the learning with
error (LWE) problem (as well as its variants). We shall say a bit more on the latter as our
discussion falls into this category. The LWE problem, proposed by Regev [29], is one of
the most important computational problems and is proved to be at least as hard as (quan-
tumly) solving some (approximate) shortest vector problems. There are many variants
of LWE such as RLWE (Ring-LWE) and MLWE (Module-LWE). It is mentioned that
learning with rounding (LWR) problem is another LWE variant with determined errors.
We have seen many exciting applications of LWE in post-quantum cryptography, for
examples, NIST PQC standard Kyber, the third round candidate algorithm Saber and
the second round candidate algorithms FrodoKEM, Newhope are all based on LWE.

In cryptanalysis, there are four notable types of attacks for public key systems based
on LWE. They are lattice attack, algebraic attack, BKW attack and attack based on the
failure of decryption. In practice, the fact that the number of available samples is re-
stricted makes lattice attack method an effective choice. This type of attack includes
dual attack and primal attack. The basic idea of both is to transform the problem into
searching short vectors in certain lattice, and then solve it by lattice reduction algo-
rithms. It is noted that the complexities for dual attack and primal attack are quite sim-
ilar for most cryptosystems.

This paper will mainly work with dual attack. This kind of attack was first pro-
posed by Micciancio and Regev [25] in 2009. In a dual attack, for a given instance
(A,b) € Z5*™ x Zy", the adversary looks for a large number of short vectors in certain
lattice and then calculates the inner products of b with (the first m entries of) these vec-
tors respectively. A distinguisher will be used to determine whether b is from an LWE
instance or a uniform instance by revealing the difference in the distributions of these
inner products in the two cases. Using this distinguisher, the secret can also be obtained
easily. Dual attack has been studied extensively since it was proposed. An optimization
of dual attack for LWE with small secret was suggested by Albrecht et al. [3] in 2014.
A further analysis of dual attack was given by Alkim et al. [6] in 2016. In [1], Albrecht
introduced the “scaling factor” and achieved further optimization for “sparse” small
secret. In 2021, Li et al. [21] proved that the cost function of dual attack is actually a
U-shape function and applied binary search to predict the minimum cost. In the same
year, Guo et al. [17] presented an improved distinguisher that in combination with a
guessing step. A new two-step lattice reduction strategy was also given.

With the rapid development of lattice-based cryptography, it is natural to consider
whether sensitive side-channel information can be extracted and how to assess the threat
of side-channel attacks. There have been many researches in this regard, see, for exam-
ple, [2,7,10,12,18,27]. In 2020, Dachman-Soled et al. [15] initiated a study of using
pieces of side-channel information about secret/error as “hints”, and integrating them
into the primal attack. The reduction of the cost of primal attack after adding those hints
was discussed. This opens a new direction of mixing the theoretical-based lattice attack



method and practical-based side-channel attack method to advance the cryptanalysis of
LWE schemes.

In this paper, we consider the idea of integrating hints into the dual attack. The
mathematical formulation and characterization of hints seem to make it a natural and
appropriate combination with dual attack. We shall use the Fourier transform in this
setting in an extensive manner.

The Fourier transform has always been a powerful tool as long as a right model
setup is provided. The dual attack against LWE schemes fits in such a situation well. It
has been proven that the Fourier transform of the so called discrete normal (or Gaussian)
distribution on the group Zg can be served as a distinguisher to identify the error distri-
bution from the uniform distribution [32]. Such a distribution is essentially a discretized
version of the normal distribution N (0, ‘7>2<Id)' Some invariant property of Gaussian
function under the (continuous) Fourier transform enables one to use the classical Pois-
son summation formula in a neat manner to achieve the desired result. [32] suggested
a refined Fourier analytic method by introducing and characterizing local widths and
calculated Fourier transforms of several more distributions to investigate the local be-
haviors of a distinguisher. Some of their ideas are influential and generalized further in
this work.

In the first part of this paper, we present an extensive study of dual attack using
Fourier distinguisher. We establish a general framework to deal with the discretization
of any type of multivariate normal distribution N (i, X). The particular interest here
is to cover the case of the covariance matrix X' being degenerate. Therefore the condi-
tional multivariate normal distribution derived from hints can be accommodated. It is
noted that the (continuous) Fourier transform of a general Gaussian function in an r-
dimensional space is still a Gaussian function, but due to the measure theoretical nature
of integration, care must be taken when we perform the Fourier transform of the Gaus-
sian function (i.e. pdf of N (u, X)) with a degenerate matrix . We are able to obtain a
nice expression of the Fourier transform of a discrete (multivariate) normal distribution
on Zg after a smooth application of the Poisson summation formula. A distinguisher is
thus implied.

The generality of the distinguisher is reflected by the dependency on more aspects
of each short vector and we can work with more geometrical features of the hints. More
precisely, it is only the length of some projected component of the short vector that
determines the distinguish advantage. This leads to a natural idea that we could simply
look for short components in the projected lattice and then recover them to the ones
belong to the original lattice. To make a distinction, some transformation may be nec-
essary in theoretical analysis. The above ideas indicate a new model of the dual attack
with hints, which is proposed in the second part of this paper. This new approach relies
on a reasonable assumption and is backed up by naturally formed mathematical argu-
ments. The lattice used in this approach has a lower dimension and a smaller volume.
By analyzing the relationship between the complexity of dual attack and the parameters
(i.e. volume and dimension) of the lattice, the performance of our model is proved the-
oretically. Some benefits have been discovered, making it seems natural and convenient
to add hints to a dual attack. Experiments verify the efficiency of our new model as well
as the assumption we based on. Multiple hints can indeed significantly reduce the cost



of the dual attack. For examples, for a Kyber768 instance, with 200 hints, the blocksize
can be reduced by at least 188 and the time complexity can be reduced by a factor of
greater than 255 After adding 300 hints to a FireSaber instance, even in the worst case,
the blocksize drops from 819 to 542, and the cost drops from 22%5-61 to 2174.72,

The paper is organized into 5 sections. Necessary preparations together with some
relevant mathematical background and useful algorithms are given in Section 2. In Sec-
tion 3, we develop a Fourier analytic framework for deriving distinguish advantages in
the presence of hints. The corresponding distinguisher is also given. Based on this, we
propose a new model of the dual attack with hints in Section 4, in which short vec-
tors are searched in a new lattice of a lower dimension and a smaller volume, and then
restored to make a distinction. This new approach relies on a reasonable assumption,
some explanations for it are also given. Experiments in Section 5 verify this assumption
as well as the efficiency of our new model. Some additional benefits of adding hints to
dual attack are also listed.

2 Preliminaries

In this section, we provide necessary preparations for the discussion of the integration
of hints to the dual attack against LWE-based encryption schemes. These include some
relevant mathematical background and useful algorithms.

2.1 BKZ

A lattice basis reduction algorithm transforms a lattice basis to a new one that consists
of short lattice vectors. This paper will mainly use the BKZ algorithm and its variants.

The Hermite factor The quality of the output of a lattice reduction algorithm can be
characterized by the Hermite factor. Let d < k be two positive integers and B € R**¢
be a matrix whose column vectors form a basis of a d-dimensional lattice L C R¥.
Then the volume/determinant of L is defined as vol(L) = det(L) = /det(BT B).

Definition 1. We say that a lattice reduction algorithm has a Hermite factor 0y, if its
output basis satisfies the following condition:

b1 < 6 det(L)7,
where the input is a basis of a d-dimensional lattice L and by is the first output vector.

The BKZ algorithm and its variants are generally regarded as the most common and
efficient lattice reduction algorithms. There is a blocksize parameter § in BKZ, which
determines the quality of the output vectors. To be specific, for a 3 that is not too small
(for example, 8 > 50), the Hermite factor is predictable by the following heuristic,
which has been experimentally verified in [13].

Heuristic 1 BKZ-3(5 > 50) achieves Hermite factor §o(f3) ~ (i (wﬁ)%) 2=

2me

4



The sieving algorithm One could choose to use sieving or enumeration as the SVP
oracle when performing BKZ. In this paper, we will be focusing on the former. As
assumed in [6], in this case, a typical run of BKZ produces a large number of short
vectors whose norms are all close to that of the shortest output vector.

Assumption 1 For a d-dimensional lattice L, given any of its basis as input, BKZ-[3

provides 2020758 short vectors in one run when using sieving as the SVP oracle, whose
1

norms are all close to 6o(3)¢ - det(L).

The cost of BKZ is usually estimated using some heuristic assumptions. When the
blocksize is set to /3, its runtime is generally considered as 267125 where ¢ is a con-
stant. In 2016, Becker et al. [11] showed that applying spherical LSF to sieving al-
gorithms leads to ¢ = 0.292 in the classical case, while when considering quantum
situation, the search process can be accelerated so that c is reduced to 0.265. As done
in [4, Footnote 5], in this paper, we shall calculate the cost of BKZ in a relatively accu-
rate way without ignoring o(83) as follows.

Assumption 2 When using sieving as the SVP oracle, the runtime of BKZ-(3 is

20.292,8—{—1644

classical case
Trz(B) = {20.265,8+16.4

quantum case

It is generally considered that the short vectors found by BKZ are non-directional,
that is, they have balanced coefficients. More precisely, each entry of the obtained short
vectors is assumed to be subject to the same Gaussian distribution independently.

Assumption 3 ( [16]) Let v € R? be a short vector found by BKZ, then each entry of

v follows a Gaussian distribution with mean 0 and standard deviation %.

2.2 Fourier Transform

The Fourier transform characterizes mathematical duality in that a function localized
in the time domain can be also viewed to spread out across the frequency domain. It
has been shown to be a very powerful tool for lattice theory. We will use the Fourier
transforms on the abelian groups R¢ and Zg respectively. The latter is also called the
discrete Fourier transform.

Definition 2. (1) For a rapidly decreasing smooth function f : R? — C*, its Fourier
transform f : R¢ — C is given by

fly) = / e ImISEY L f(x) da, Yy € RY.
Rd
(2) For a function f : Zg — G, its discrete Fourier transform f: ZZ — C is given by

-~ —2mi<z,y> d
fly) = Z e < f(z), Yy € Zy.
zeZd
*Ie., f and all its (partial) derivatives D f satisfy sup, cga |2 D” f ()| < oo forevery a, B €
N<. Such a function is said to be in the Schwartz space. The Fourier transform can be extended
to a larger family of functions, including probability density functions.



The following is a useful property of the Fourier transform of a function composed
with an affine transform.

Lemma 1. ( /26, Section 8.2.3]) For a rapidly decreasing smooth function f : R —
C, let M € R* 4 be an invertible matrix and h € R, then the Fourier transform of

f(Mxz+ h)is m . g2mihM~ y>f(M_Ty)

The next classical Poisson summation formula provides a fundamental way to link
a function with its Fourier transform in terms of periodic summations of the function
and its Fourier transform. This naturally involves a lattice and its dual.

Lemma 2. ( [30, Proposition 15]) Let L be a d-dimensional lattice and L* be its dual
lattice. For a rapidly decreasing smooth function f : R* — C,

S J@) = det(L) Y Fl).

zeLl yelL*

In our latter discussion, the Poisson summation formula will be used in a slightly dif-

ferent form. For a € R\ {0} and h € RY, we define g(x) = f(ax + h), and it is easy

to see that g(y) = ﬁ N f(g) according to lemma 1. Combining this with

lemma 2, the following corollary is obtained.

Corollary 1. Let L be a d-dimensional lattice and L* be its dual lattice. Given a &€
R\ {0}, h € R For a rapidly decreasing smooth function f : R — C,

st - S 5 e 7 (1)

z€L yeLx

2.3 Multivariate Normal Distribution

Definition 3. The singular value decomposition (SVD) of a matrix M € R™*™ (m >
n) of rank r is given by
M =UDVT,

where U € R™>*™ 'V € R"*™ are both orthogonal matrices, D is an m Xxn rectangular

a1

diagonal matrix of the form D = with oy > --- > o, > 0and
O(m:;)Xn

Opq1 = -+ =0, =0. The SVD for the case of m < n is similar.

When M € R™*™ is a symmetric matrix, we can simply consider its eigenvalue

decomposition (EVD). In this case, M = QDQT for an orthogonal matrix @) and
A1
A2
a diagonal matrix D. More precisely, D = . with {\;}7, being the
Am

eigenvalues of M, and the column vectors of () are the eigenvectors of M.

SVD makes it easier to give definitions of pseudo inverse and pseudo determinant
of a matrix. Specifically, let M € R™*"™(m > n) be a matrix of rank r, suppose its



a1

SVDis M = UDVT, where D = 0 ,01 > -+ > o, > 0. We define

Olm—n)xn

the pseudo inverse of D as D~ = or and the pseudo inverse of M as

O(m—n)xn
M~ = VD~UT. We define the pseudo determinant of M as rdet(M) = o1 -0 - 0,
These definitions will be very useful when considering degenerate multivariate normal
distribution.

Definition 4. Let d be a positive integer. For € R > and a symmetric matrix X €
Rdxd of rank r, we denote the (continuous) multivariate normal distribution with mean
w and covariance matrix X by Ny(u, ), whose probability density function(pdf) is

45 (2m) 2 -\ /rdet(Z)

Y

d ( ) { % . efé(xfﬂ)TEN(wfﬂ)v x 6 Iu + Span(z)
xTr) = .

else

As the entries of the secret and error are usually selected from Z, in the actual
schemes, the finite discrete version constrained on Zg needs to be considered. We give
the following definition.

Definition 5. Let d be a positive integer. For v € R® and a symmetric matrix X €
R¥%? we denote Ga,q(p, X) to be the (discrete) multivariate normal distribution de-
rived from Ny(p, X)) with the probability mass function (pmf) being

d
d, Ztezd f ,2(37 + tq) d
gu,qz'(x) = d“ (Zd) I X e Zq?
w, X

where f/‘f)z is the pdf of Ng(u, X).

Conditional multivariate normal distribution plays an important role in our analy-
sis. The following result is a straightforward derivation from properties of the standard
multivariate normal distributions (see also in [15]).

Lemma 3. Ler r < d be two positive integers. Let x ~ Ng(pz, X)) be a random
vector. For a matrix M € R™? of rank r and a random vector g ~ N,(0,X,), we
denote y = Mx + g. Then the conditional multivariate normal distribution (z|y) also
follows a multivariate normal distribution Ng(fi|y, Xy, ), where

Haly = Mo + ExMT(MExMT + Eg)il(y — M)
b)) :EﬁszMT(MEzMTJrEg)*lMEI ’

x|y

5 Sometimes the definition may need to be extended to ;1 € C.



In addition, we also need to use some notations about orthogonal projection when
analyzing the conditional distribution derived from hints.

Definition 6. Let X € R¥(t < d) be a matrix of rank t and F = Span(X). We
denote the orthogonal projection matrix onto F' by Il x or Il g, and its complement by
Il = I — IIx or Il = I — IIp. More specifically, [1x = X - (XTX)™. XT.

It is easy to see that the orthogonal projection matrix is symmetric and idempotent.

24 LWE

The Learning With Error (LWE) problem has been a popular problem, especially with
its exciting application in post-quantum cryptography. In the original definition of LWE,
the secret s is uniformly picked in Zj. Later, LWE in Hermite Normal Form (HNF) was
developed, in which the entries of s subject to the same distribution as those of e. In
2009, Applebaum et al. [8] showed that LWE in HNF does not lose security compared
with standard LWE and they gave a way of transforming the distribution of the secret
to be that of the error through Gaussian elimination.

Definition 7. For positive integers n,m, q, let x be a distribution over Z, with mean
0 and a small standard deviation of o, then the Decision-LWE (in Hermite Normal
Form) with parameters (m,n, q, X) is to distinguish pair

(A,b< U (Zg'")) and (A,b = As + e (mod q)), where A < U(Zg'*"),s + X", e < x™.

LWE in HNF is widely used in building cryptographic schemes. For example, NIST
PQC algorithms Kyber [9], LAC [24] and Newhope [5] all use the same distribution to
sample the entries of the secret and error. In this paper, we also focus on this case.

As mentioned earlier, lattice attacks are usually regarded as the most practical choices
due to the limited number of available samples. We consider dual attack in this paper.

Dual Attack In a dual attack, the adversary aims to distinguish between the LWE
instance and uniform instance by a distinguisher, with which the secret can also be
easily obtained. The steps of dual attack are described below. For a target instance
(A,b) € Zy*" < Zy', firstly, the attacker constructs a lattice & of dimension d = m+n
and volume ¢™ as follows:

Z = {(gy:) ez7d: ATx =y (modq)}.
It has the following lattice basis:

B = (QT Z”LX’”) € 7%,

Then, the attacker looks for short vectors in & and then uses them to make a distinction.

Broadly speaking, for each short vector w = (5), he/she calculates the value of (u, b)



(mod q). When b <+ U(Z"), (u,b) (mod gq) also follows the uniform distribution
over Z,, while if b = As + e (mod ¢), we denote S = (2), then

(u,b) =u” (As +e) =vTs +ule = (S,w) (mod q)

will be relatively small as S, w are both short vectors. The difference in the distributions
of (u,b) (mod q) in the two cases is key to the distinction.

A specific idea of constructing a distinguisher is given in [19]. For any pmf ¢ over
Zy, its bias is defined as B(¢) = Ey~g {e*¥] and it is easy to see that B(¢) = o(1).

Suppose that M short vectors w,; = (Z]> , J = 1,2,---, M are used in a dual at-
J
tack. Let f,; ) be the pmf of (u;,b) (mod q), j = 1,2,---, M. The attacker cal-

2mi(uy,b)

M-
j=1°¢

culates the sample average and it becomes closer to the true mean

Zfil B (f(uj b))

o as M increases. In fact, the so called “distinguish advantage” is rel-

. Z;\/LIB(fQL'b)) .
evant to the difference between the values of ———— -~ in the two cases. To be

S B (fu,0)) ‘

more precisely, it is 0 when b is from a uniform instance, and the larger A

7 is in the other case, the better the distinction will be.

Suppose that |w;|| < L,j = 1,2,---, M. In 2011, an estimation B (f<57wj>) >
202 w1203 272.02.02
e 2 > e &2 := € was given in [22], this means € can be viewed
as the advantage from w;. This method of calculating advantages is widely used, for
example, in [6,17,32]. According to the Chernoff-Hoeffding inequality as shown below,

M = O (2 ) samples are sufficient to amplify the success rate of the attack to a constant.

Lemmad. Let&q,--- , &y be real-valued independent bounded random variables with
& € e, dland E§j] = pj, j =1,2,---, M, then for all e > 0,

1 M 2Me?

Pr MZ(E;'—M) el <2-e @97,

Jj=1

3 Analyzing the Distinguish Advantage of Dual Attack with Hints
by Fourier Transform

As indicated in [15], during an actual attack against an LWE scheme, an attacker might
be able to get some “hints” about the secret and/or the error from sources such as side
channel information and decryption failures. Combining these hints with a primal attack
may leads to a more effective attack. In this section, we investigate the Fourier analytic
method in the dual attack in a great detail, some ideas in [32] are pushed further. Some



Fourier transform on Z‘qi produces a better distinguish advantage. This is done by inte-
grating hints into the dual attack and then applying the (continuous) Fourier transform
on a suitable space of a lower dimension. The latter step is mathematically critical.
These rigorous theoretical results support the accurate disclosure of the situation after
integrating hints to the dual attack. To be specific, we get the following conclusions.

1. Corollary 2 tells us that, in the presence of hints, the distinguish advantage from
each short vector found in & is larger (could be significantly larger provided that
sufficiently many hints are available).

2. Asdescribed in remark 3, adding hints makes the direction of a short vector in & an
indicator that affects its distinguish advantage. More precisely, unlike the previous
case where the advantage depends only on the length of the short vector, now it is
also affected by the distance between the short vector and the span of all the hint
description vectors.

3. A new distinguisher for the dual attack matching the case with hints is proposed
in algorithm 1. Some tricks are used to settle the problem that the argument of the
Fourier transform is different for each of the short vectors. Moreover, the effect of
this new distinguisher is shown in Section 3.4.

3.1 Integrating Hints into a Dual Attack

Given an LWE instance (A,b = As + e (mod ¢)) and a short vector w = Z found

in &. As mentioned earlier, in a dual attack, the attacker calculates (u,b) (mod g) to
distinguish the LWE instance from the uniform instance.

It is noted that if (A, b) is an LWE instance, then (u,b) = (S,w) (mod ¢). We
denote the pmfs of S and (S, w) (mod q) by fs and fg ., respectively. [32] contains
some indiction that @(1) = fg(w) can be used to estimate the distinguish ad-
vantage from w, for S from discrete Gaussian (unconditionally). The next proposition
extends a conclusion in [32] °.

Proposition 1. (1) Let x be a d-dimensional continuous random vector over R® with
pdf f. For any v € R%, we denote the pdf of (the random variable over R) (v, z) by
f<v’$>, then

J@(y) = f(yv), Yy €R.

(2) Let x be a d-dimensional discrete random vector over ZZ with pmf f. For any
v E Zg, we denote the pmf of (the random variable over Z,) (v, z) (mod q) by
f<v’$>, then

From (W) = Flyv), Yy € Zy.

® Our extension consists of four parts. Firstly, the result is generalized to the continuous case.
Secondly, the independence among the coefficients of the random vector is no longer required.
Thirdly, the pdf/pmf of each entry can be different. Finally, we prove that the case of v = 0
also applies to the proposition.

10



A proof of proposition 1 is provided in appendix A. Taking y = 1 in the above
proposition, we get f, ,)(1) = f(v). Hence, when b follows a uniform distribution
over Z‘qi, the pmf of (u, b) is constant over Z, and thus its Fourier transform takes value

0 at 1, ie., ]@\w(l) = 0. While in the other case, it becomes a non-zero complex
number J@(l) = m(l) = };(w) Therefore, the difference of the values of
]@ (1) for these two cases can be used to distinguish. In particular, a lower bound of

|;”;(w)| will be useful for estimating the advantage with respect to w.
Since we are focusing on LWE in HNF, it can be assumed that S ~ G4 (0,03 1)

. .. . . . d
in the original setup without any hints, i.e. fg = go’gz I, However, a more accurate
03 1a

posterior distribution of S can be derived if the adversary obtains some hints about S,
and the pmf of S also changes accordingly.

In particular, a hint is characterized as the specific value (.S, v) of the inner product
of S with some vector v, without knowing S. We call the vector v hint description
vector. For the case with multiple hints, the matrix representation is often used. Suppose
the attacker obtains ¢ hints about S, let Y € Z%** 7 be the matrix whose column vectors
are t linearly independent hint description vectors, then hints can be written in the form
of R=YTS € Z"*. According to lemma 3, the conditional distribution (S|YTS =
R) still obeys a normal distribution, whose mean and covariance matrix are

pn =Y (YTY) IR
Sp =021 -2y (YTY) lyT

Hence, we assume S ~ Ggq (1n, X5) and fg = gz’g s;, after integrating hints
R = YTS. Let V be the span of the column vectors of Y (i.e. V = Span(Y)), we
decompose S into S = Sy + Sy 1 with Sy, € V, S, € V. One important fact to
note is that, after adding hints, p, 2, can also be written as

pp =1IIy - S =Sy
Ih=02-(Ig—Ily) =02 - IIy

In summary, the mean py, actually gives the orthogonal projection Sy of S onto the
subspace V, while X}, is exactly the orthogonal projection matrix onto V- times ai,
and they satisfy y;, € Span(X},)*.

3.2 Estimating Distinguish Advantages by Fourier Analysis

From the above, we can draw the conclusion that after integrating hints R = Y7'S,

the distinguish advantage brought by each short vector w depends on gz’: oA (w). Thus,
a calculation of its value is needed and a tighter lower bound for its absolute value
is desirable. The (discrete) multivariate normal distribution on Zg is defined in terms

" To simplify the analysis, we assume that Y is an integer matrix here. Actually, we can also
handle the case of Y € R?*?, as we shall see later, it is Span(Y") that works. By multiplying
a large integer, we can always transform Y into an integer matrix. In addition, we notice that
the hints that are available in practice usually have integral coefficients.

11



of (continuous) multivariate normal distribution while its (discrete) Fourier transform
involves the (continuous) Fourier transform and the Poisson summation formula. For
the former, an interesting fact to note is that the Fourier transform of a (continuous)
multivariate normal distribution is still a (continuous) multivariate normal distribution
(without normalization).

Proposition 2. Let d be a positive integer, given 1. € R? and a symmetric matrix X €
RI*4 of full rank. Then for any y € RY, we have

d e_%“Tzil“-(%r)% d —2mi<p,y> | —2miyT Xy
(1) 7 s(y) = T e Ciniup(2my) =€ woe S
1, Tsx—1 —_—
d — e 2t ¥ H g v
(2) fux=(y) = em? Jam) STt s (35)-

For completeness, we give a proof of proposition 2 in appendix B. It is important
to note that, the matrix X' is required to be of full rank in proposition 2. However, as
mentioned earlier, the covariance matrix becomes Y, = oi - I ‘% after adding ¢ hints
R=Y7TS, thenrank(X};,) = d — t < d. Hence, further consideration is needed.

For the case where rank(X) = r < d, it is known that fj’ 5. is supported by
w + Span(X'). To avoid integration on a set with zero measure, we should perform
the Fourier transform on the abelian group Span(X') (an r-dimensional subspace). Now
suppose that the EVD of X is ¥ = QDQT, where D =diag{cy,--- ,0,,0,---,0}.
Then X~ = QD~QT. We write Dy, := diag{oy,--- ,0,} € R"™*", and denote the ma-
trix consisting of the first  column vectors of @ by Q... Then for any « € p+ Span(X'),

o) = e e BT e e LenatTET
’ (2m)2 - y/rdet(X) (27)2 - y/rdet(X)

_ 1 e 3tTeDTQT =0Tt 1 e 3#TDz
(2m)% - \/rdet(X) (2m)% - \/rdet(D)

u=(z1 - zp)T 1 1,Tp-1

= LeT2v Dy u:f&Dh(u).
(2m)2 - \/det(Dp)
It can be seen that there is a one-to-one correspondence between z € p + Span(X') and
u € R” described by the following relationships:

u=Qf (z— p)
r=pu+Qr u
3,2(55) = fg,Dh(U)

Thus, when rank(X) = r, fff’ 5 is actually equivalent to the r-dimensional normal
distribution function f§ p, (u).

Next, we turn to the discrete case. When z € Z% N (i + Span(X)), we have u =
QI (z—p) € (QF (2 — p))NR™ = L(QT) — QT p, where L(QY) refers to the lattice
taking Q7' as a set of generating vectors ®. Let P € R"*" be a lattice basis of L(QT),
ie. L(Qf) = L(P). In particular, since i, € Span(X},)* is always true after adding

T

8 As QT contains d(> ) -dimensional vectors, it does not form a lattice basis.
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hints, for the sake of simplicity, we will focus only on the case of 1 € Span(X)~+

in the

rest of our discussion. For any z € RY, let y=Xzandw = QTZ, then we have

0=<p,y>=p" QDQ"z=pn"QDw =" Q

T1wl

0

orwpe

o1W1
T
=p Qr

Or Wy

Since Q is orthogonal and z can be arbitrary, we conclude that 7 Q,. = 0. This implies

that u = QT x. So when z € Z¢

N (1 + Span(X)), we have u € L(QT)

= L(P).

We are now ready to compute the (discrete) Fourier transform of the pmf gZ’ ; of the

(discrete) multivariate normal distribution over Z

d
a

We combine the above analysis with

the Poisson summation formula to deal with this computation regardless of whether the
rank of X is full or not. The specific calculation process is as follows. For any y € Z¢,

— —2mi<z,y> —2mi<zy> 37 ded,z(z+tq)
D S Y P PR (e
zezd zeng "
] S ST e
= fd Zd) " !
w,x zezd tezd
1 —2mi<z+tq,y> d
e b ST el PR
w,x zezd tezd
. 1 72m<L —2mi<a,y> d
B @z Z ¢ Sz ()
", zezd
1 —2mi<z,y> d
S TP DRI e R
P> zezdn(p+span(X))
uw=QT = 1 _2mipd Qrusy)
7 ' . a “Jo.p,, (W)
e @2, o
_2mituy) —2mi(u.Qf
s ST )
e e C— -1\ 9
4 o (z%) weL(P) (27)2 - \/det(Dn) Py -
_2milpy) . < 2WQZy>
S ) )
= : ’ ‘ fr
452 (2m)% - \/det(Dn) ue;f’) -
_2midu,y) " =
o . o ' 1 o @m Z A 27Tk_27rQ7Ty
IEs@h (2m)E . JaouDn) et (L(P) , oy 0Pk q
_2milp,y)
e a . Z (QF)Q - 1|27 kiQLTy
4 o (24) dEt(L(P)) kEL*(P) \/m o !
_2miduy) 1 Qr
Prop.2 € ? ’
. fq b
NN SR
e 4q 1 - * Q.
_ . ST o
5@ det(P)]T0Pn !
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While on the other hand,
ez = Y s = > 15 (@)

zezd zeZdN(p+span(X))
u=Q7 = ” Prop.2 1 — u
—rt > i, (u) > - N (—)
r=ptQru ey " wer(py (2m)2 - \/det(Dy) 0Py \27
Cor.1 1 2m)" .
, : : 52k
(27) % - \/det(Dyn) det(L(P)) keLZ*(P) 0,Dy,
-
1 (27{-)§ -7 Prop.2 1 —
— CFT L (omk) == fo.p, (k)
[ det(P)| ke;m det(Dp) 0Ph [det(P)] ke;m - Pn
1 —
T o (LT(P)).
Gy o )

To sum up, we get the following expression for gi’qxz

T QTly o T Qly
amicuys 10,0y, (L*(P) - %) _2mi<py> 0.0, (L* (Qr) - %)
q . = e q .

gty =e — = — p
e Ts b, (L*(P)) 7o b, (L*(QT))

q°

,VyeZ

—

Next, we shall derive a lower bound for gﬁ’qx(y) to estimate the advantage each

—

short vector can bring. Applying proposition 2 to the above expression for gZ’qE and

using the definition of fg p-1> We have
' h

% T
> _@em2 | fr o (k — @
i  2mi<py> keL*(P) |\ /det(D,) °0.D;" q
gu,Z‘(y) =e€ 1 : (2m 5
Zk L*(P - fr 71(27"1{")
€L*(P) | fdet(D,) “0,D;
T T T
-1 (27rk727r @ y) Dy, (%kfzﬂ%)
_2mi<p,y> ZkEL*(P) e
=e q .
Z 6—%(27rk)T~Dh~(27rk)
kEL*(P)
2T T,
—ox?kT Dy k 4r2yT QD k 27y Q;Dher
_2mi<p,y> ZkEL*(P)e e q - e q
—=e q .
—272kT Dy k
D okerspy €T h
. mi<py> g o . . .
This means that e™ ¢ . gu’qE(y) is a positive real number which can be bounded
;
below in the following manner
2T
o 2,T ar2yTQ, Dyk
2ricpy> o 72W2yTQ;~D;LQ?y ZkGL*(P)e 2m%k" Dk | o q
e a ’gu,z(y) =e€ 4 : —272kT Dk
ZkeL*(P) € '
an2yTQ, Dyk —4ar2yTQrDpk
e a +e q
9.2, T T —272kT Dk
_, 272y ZQTDhQTy .ZkeL*(P)e . 5
- > e—2m2kT Dyk
keL*(P)
2T T, —2m2kT Dy k o 2. T T,
S I gudey Spern(p) © e
= 2T DRk

EkEL*(P) e?m
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—2724TQDQTy —272yT 52y
= e q = e q2

What we have discussed actually proves the following theorem.

Theorem 1. Let d be a positive integer. Let X € R¥*? be a symmetric matrix and
p € Span(X)*t. Suppose that rank(X) = r and the EVD of ¥ is ¥ = QDQT,
where D = diag{o1, -+, 0,,0,---,0}, 0y > 0,4 = 1,2,--- ,r. We define D, =
diag{oy, -+ ,0,} € R™ ", and denote the lattice taking QI as a set of generating
vectors by L(QT). Let L* (QF) be the dual lattice of L(QT), then

r T Qry
D0 () = o 6.0, (L* (@r) *T) o e 7
g,u.,Z' y)==¢€ F\ (L* (QT)) , y q
O,D;L T
Furthermore, we have
2mi<py> g dq _2n2yTwy
e g 5(y) = g#ﬁ;(y)‘ >e @, WyeZl

As we mentioned in Sectig)n2 2.4,2 it has been proven that a short vector w in & gives
2n202 wl|

a distinguish advantage ¢~ +> . 'This can be interpreted by the above theorem as
the case where &' = 021, and p = 0 since w” - 0214 - w = o2|jw||?. Theorem 1
improves the argument not only to the case of a general nonsingular symmetric Y/, but
also to the case where X' is degenerated. We note that the latter case requires a careful
and non-trivial proof and this proof reveals some useful information.

Besides the extension of X, y is also generalized to/tE an arbitrary (non-zero) vector

in Span(X)*. According to theorem 1, in this case, QZ’,qz(y) is a complex number and
its argument changes with y. This leads to the need of making some adjustments on
the distinguisher, and the details will be discussed in Section 3.3. Fortunately, as we

—

shall see, the lower bound of gfjfg(y)‘ given in theorem 1 still indicates the advantage

727r2wTEh'w
from w can be e a2 after adding hints, recall that 3, is the covariance matrix

of (S|YTS = R). This can be made more explicit in the following corollary.

Corollary 2. Given hints R = YTS. Let V = Span(Y). For any short vector w &
Z\{0} found by BKZ, we decompose it into w = wy +wy L withwy € V,wy, . € V*.

27262 w12
_ X v
Then the dual attack advantage from w is e a2

Proof. This is simply because

wTEhw:wT'aiH\J; ~w:0i~w€L SWyL :Ui”vaHQ. O
Remark 1. As mentioned in assumption 3, it is generally believed that the short vectors

found by BKZ in £ have balanced coefficients, and hence belong to Zg.

Remark 2. Corollary 2 shows the improvement of hints over dual attack. The advantage
27202 ||wl|? 27262 lw,, | |12
— X — X A% .
with respect to w goes from e @ toe @ thanks to hints R = Y75,
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As wy, 1 is a projection of w and |Jwy 1 ||? = ||wl||? — ||wy||?, the advantage is increased
27202 ||wy |2

by a factor of e a* after adding hints.

Remark 3. Although short vectors returned by BKZ are of similar lengths, the distin-
guish advantages with respective these vectors are different. As corollary 2 asserts that
the lengths of their orthogonal projections onto V'* are the determining factors. To be
specific, when the length of w is fixed, the closer the direction of w is to V, the greater
the distinguish advantage is. In other words, the direction plays some roles when hints
exist. On the other hand, it may be a better option for the adversary to shift his/her focus
from the length of w to that of wy, ..

Remark 4. It can be seen in theorem 1 that y has no effect on gﬁ”lz . More precisely,
C2n2uwT sy _2r%oR w17
the final advantage e a2 =e 2 is independent of p,. This seems

reasonable because of the independence between Sy and Sy, .. In particular, as Sy =
Lp, has already been given by the hints, the unknown part of (S, w) (mod ¢) is actually

(Syr,wyr) = (S,w) — (Sy,w) = (u, by — (up,w) (mod q).

This quantity will replace (u, b) to construct a new distinguisher in the next subsection.

3.3 A NEW Distinguisher

Now, let us post further explanations about how to build a distinguisher during an actual
dual attack with hints. Some details should to be noted when the case is extended to

w 7 0. Suppose that M short vectors w; = ZJ e, 5=1,2,---,M are used. In

J
the original distinguisher described in Section 2.4, the advantage of each short vector is
to add up before taking the absolute value, that is, the adversary will calculate

" - o C2mi{pp,wy)
B (fswp) _ DI Fstwn) _ Sihaanin, ) w0

M M M M

——
d,q )
Iun.=n (w;)

However, this is a sum of M complex numbers with different arguments, a lower
bound of its absolute value can no longer be obtained by a common lower bound of
M
{ } . It should be pointed out that this situation does not occur without
j=1
hints as the secrét/error vector is always picked from a distribution with a mean of 0.
In this subsection, we propose a new distinguisher that can handle this problem by
some interesting tricks. Its essential idea is to rotate the Fourier transform with respect
to each of the short vectors into a real number respectively, this achieves a similar effect
as taking the absolute value.
Another thing to notice is that, as mentioned in remark 3, now wy, . is the only com-
ponent that determines the advantage from w. So in the new distinguisher, its length will

be used as a criterion for selecting short vectors, instead of w. To be specific, suppose
that the adversary uses M short vectors {w; }}L, that satisfy [|(w;)y.| < 1,1 <j <

—

d
gu’hq,zh (w;)
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2mi(pp,wy)  —2mwi(uj.b)
Z?il € 4 '€ a
M

M, then as M increases, the “rotated” arithmetic mean
becomes closer to

2m‘<uh,wj> 27Ti<p.h,wj> /\

Sie B (fe) ) Sie T M)

M M
27”7<th“1_7‘> .
SMie a So(ug) _

- 0 b U(Zy)
= 2 :
m . _ 27r2">2<H(“’J')VJ- H 2 2.2
2;\4:1 e q Fs(wj) > Zj‘il e @ >e e :2Xl — ¢ b« LWE
M = M = '

In the actual attack, only the real part is considered, that is, the adversary calcu-
ZM coS(M)
j=1

q

lates i and checks if it is closer to O or e. According to the
Chernoff-Hoeffding inequality (lemma 4), if b <— U(Z}"), then

M 5
Pr ZCOS(QF(<Mh,wj>_<Uj)b>)) 2% < 2. H

i=1 ¢

On the other hand, the probability Pr {Zj\il cos (M) < g} is even

a2
smaller when b is from an LWE instance. Taking M = O (}2), we can make e s

a constant, and hence achieve a high success rate of the dual attack. The specific algo-
rithm of this new distinguisher is given in algorithm 1.

Algorithm 1: Distinguish

Input: Short vectors {w;} 7, of length no more than / found by BKZ in &Z.
Output: 0 for b < U(Zy") and 1 for b <— LWE.

sum < 0;

for j = 1to M do

L sum 4 sum + cos (—Qﬂ(w“wj%(u‘”b)));

q

if sum > 5 then
‘ return 1;
else
L return O;

It is known that, in the original dual attack, the value of (S, w) = (u,b) (mod q)
is used to distinguish, as S, w are both short vectors. However, as mentioned in remark
4, after adding hints R = Y TS, the component p, = Sy is available and it is a
better estimation of S than 0. To put it more clearly, Sy .+ = S — py, is shorter than S.
Hence, a better distinction will be obtained by calculating (Sy-1, w) = (u, b) — (up, w)
(mod ¢q). As we shall see, that is exactly what algorithm 1 does. The construction of
this new distinguisher is very natural.

17



Remark 5. Tt has been proven that this distinguisher works for all w € & that belong

to Zg. This range can be extended further since if w’ —w € V,i.e. wy,, = wy 1, then

prifppw)  —ami(say  _2{Swyi) o 2miSwli) amigupe’)  —2ei(saw)
e q - e q = e q = e q = e q - e q

This means that two vectors have the same orthogonal projection onto V- can give the
same distinguish advantage. This idea will be used later in Section 4.2.

3.4 The Effect of the New Distinguisher

In the previous subsection, we have established a new distinguisher for the dual at-
tack with hints. Given ¢ hints R = Y7S and a short vector w in &, an advantage

—2n202 wy, ||2 ) )
e a? can be achieved, where V' = Span(Y') and wy . is the orthogonal
27\'2(7)2(\\wv||2
projection of w onto V1. As it was remarked, this is an e @ -times increase

compared to the distinguish advantage without any hint.

Now, let us show the difference in the advantages of the same vector before and after
the integration of hints. Let m™*, 3* represent the optimal number of samples and the
optimal BKZ blocksize respectively when finding w in & without hints. To get vectors
of the same length for comparison, we still use m* and 3* when hints exist’. Following
the balance assumption of BKZ, we can estimate the improvement as follows:

2_2 2 52 2 (d—t 2 2_2 2
_27r o‘XHwVJ_H _27\' UX(T)HU’H _27\' o‘XHwH d
e a2 ~e q2 =|e a2

L.e. it is approximately the original value to the power of %. This is used in table 1
to display the distinguish advantages for several LWE schemes, with numbers of hints
being 0, 50, 100, 150, 200, 300 and 400.

Table 1: The effects of different numbers of hints on the enhancement of advantages.
schemes m* B* 0 50 100 150 200 300 400

NewhopeSlZ 569 382.67 2739.7 2737.9 2736.0 2734.2 2732.4 2728.7 2725.0
Kyber768 690 619.80 2—64.3 2—62.1 2—59.9 2—57.7 2—55.5 2—51.1 2—46.7
FireSaber 944 819.20 278540 278248 278047 277845 277644 277240 276747
Frodo1344 1275 924.91 2796.0 2794.1 2792.3 2790.5 2788.6 2785.0 2781.3

As we can see from table 1, hints produce a large increase in the advantages. That
is to say, if the dual attack is still executed in the original lattice &, with multiple
hints, each short vector w can bring a significantly improved advantage at the same
search cost. However, a more efficient new model of the dual attack with hints will be
presented in the next section.

® In fact, with hints, the optimal number of samples and blocksize m},, 3; will change after
rebalancing. But to make the comparison more intuitive, we still use the same sample number
and blocksize. The discussion of calculating m},, 8, will be given in the next section.
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4 A New Model of the Dual Attack with Hints

From Table 1, hints can indeed increase the advantage from each vector, thus reducing
the number of vectors needed as well as the blocksize 3 required. However, on the other
hand, for a smaller 3, an increase in the length of the short vector found inevitably leads
to a decrease in its advantage. Unfortunately, in general, the positive effect of hints on
the advantage is relatively small compared to the negative impact of the decrease in
B. Moreover, because of the near-orthogonality of vectors in high-dimensional spaces,
very few of the short vectors found in & are close to V' to provide high advantages.
In conclusion, if we still perform the dual attack in the original lattice &, [ cannot be
drastically reduced by adding hints, so neither can the attack cost.

In fact, there are two fundamental reasons for the limited cost reduction. The first
one is that we do not change the lattice for finding short vectors, which has a high
dimension and its volume is not small. So the cost of performing BKZ in it cannot be
low. The other cause is that we do not have a limit on the projection lengths of short
vectors, and the vectors with high advantages cannot be screened out. For these reasons,
in the following, we shall suggest a new model of dual attack with hints that can settle
both problems simultaneously and further reduce the complexity. More specifically,
firstly, as described in Section 4.1, short vectors will be found in the projected lattice.
Then, we recover the corresponding vectors in Z by the method given in Section 4.2.
Some transformations in theoretical analysis are performed to extend the input range of
algorithm 1 to fit these recovered vectors. Finally, a complete dual attack process and
its complexity analysis are summarized in Section 4.3.

4.1 Searching Short Vectors in a New Lattice

As mentioned earlier, for each w, wy 1 is the only component that determines the ad-
vantage. If we still look for w in &, not only is the attack expensive, but we can only
control the length of w, not that of wy, .. One key point is that, it may be more efficient
to search wy, 1 directly in the projected lattice by BKZ to make sure wy 1 is as short
as possible, and then find a w € & that satisfies IIi> - w = wy + . Let us describe the
process in detail.

After obtaining ¢ hints R = Y'7'S, we construct a new lattice as follows:

Py =11 - Z.

It is easy to see that £, 1 is made up of the projections of the lattice vectors in &
onto V1. Compared to the original lattice, its dimension is reduced by ¢. Using the
idea described in [15], a lattice basis By, . of &, 1 can be easily calculated by the
LLL algorithm, or more precisely, the MLLL algorithm, which will be discussed later
in Section 4.2. The specific steps are as follows:

1. Compute B’ := II;- - B, where B is a basis of & given in Section 2.4.
2. Apply the MLLL algorithm on %’ to eliminate linear dependencies. Delete ¢ zero
vectors in the output result and the remaining d — t vectors form %y, . .
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Given the new basis, the volume of the new lattice can be obtained directly since
vol (Zy 1) = |det(PBy )| But in fact, a proper estimation of vol (&1 ) can be ac-
quired with an overwhelming probability by a mathematical means even without calcu-
lating 98y, . We shall use a slight extension of the Fact 14 of [15] to predict the volume
of the projected lattice.

Proposition 3. Let L be a d-dimensional lattice and X = (v1 vz ---v:) contains
linearly independent vectors of R%. Suppose that X = (ajv1 agve --- ayv;) forms
a primitive set'® of vectors of L, a; € R*,i = 1,2,---t, then L' := Il - Lis a

. . . _ vol(L) _ vol(L)
(d — t)-dimensional lattice and vol(L") = TS e TR

We provide a straightforward and elementary proof of this result in appendix C. As can
be seen from proposition 3, if L is an integer lattice, then X € Z?** and , /det ()? TX ) >

1. This implies that the projection lattice must have a smaller volume. On the other hand,
we can find the primitiveness of the hint description matrix Y with respect to £ is a
determining factor in vol (£, 1 ). According to the definition and properties of the dual

_A
lattice, it is easy to verify that =7 = ( 0 o 7 ) is a basis of Z*. We decompose
nxm g n
: Y mxt nxt
YintoY = V- ,where Y7 € Z , Yo € Z™%, then
2

Ly =4 —YTA+ Y]
Tgp-T _ (vT vT m q | _ (vT 1 2
It is easy to see that for any hint description matrix Y € Z%**, qY" consists of ¢ linearly
independent vectors of Z as ¢Y7%B~T ¢ 7. Moreover, for any vector v € & N
Span(Y’), suppose that v = Y o where o € R?, then we have

TB T —ol YT T — o7 <Y1T

7Y1TA + }/QT) c Zd
q

Hence (Y2 — ATY7) - @ € gZ™. A large number of experiments show that o € ¢Z*
is always true when taking Y < U(Z*?). This leads to the fact that qY is a set of
primitive vectors of <. Then, from proposition 3, the volume of the new lattice is

vol(&) B gt
¢'-\/det(YTY)  £/det(YTY)

ey

vol (ng) =

Admittedly, there are a few exceptions. Equation (1) may not be true when the great-
est common divisor of all entries of (Yo — ATY7) is not 1. But this only happens with
a very small probability. The above analysis is summarized as the following heuristic.

10 Recall that a primitive set T' of lattice vectors is the one that can be extended to a lattice basis
of L, namely, L N Span(T") = L(T).
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Heuristic 2 Given hints R = YT S with hint description matrix Y € 7.3, the volume
n—t
of Ly isvol (Py1) = \/ﬁ with an overwhelming probability.

Given the dimension and volume of &y, ., the cost of the search phase can be cal-
culated. Specific complexity analysis is given in Section 4.3. It is worth noting that,
vol (&1 ) < vol(Z) is always true, whether equation (1) is true or not. This is advan-
tageous to the adversary in a dual attack. We give an explanation in the following.

Remark 6. The hints we are addressing here are of the type “perfect hints” in [15], but
the way of integrating them is like that of the “short vector hints” in [15]. In fact, for a
short target vector £ in some integer lattice L, if the attacker gets a hint r = (£, v), then
he/she has two ways of optimizing the attack:

Way 1: Let £ = (§> U = <_Ur>, then (£,7) = 0, ie. £ € Span(v)*. Let L be a

properly selected lattice containing £, as the Kannan’s embedding is used to construct
L in [15], then we can search £ in the new lattice L N Span(v)~.
Way 2: Actually » = (£, v) gives the orthogonal projection of £ onto Span(v):

(€, v) r

§y i = s V= U
[[o][? [l
we can just convert the target vector to the rest of the unknown component of &:

fvi = f - fvv

i.e., the orthogonal projection of ¢ onto Span(v)=. It will be looked for in the new lattice

I épan ) L. (Or similarly, the projection components of its dual vectors are searched
in Hﬁpan(v) -L*)

In general, as can be seen in [15], the first way usually increases the volume of the
lattice, i.e. vol (L N Span(v)*) > vol(L), while the second method always results in
a reduction in the volume of the lattice, that is, vol (17 §pan(v) - L) < vol(L). The reason
the first way is more suitable for a primal attack is that, the increase in the volume
of the lattice makes the primal attack easier. To be specific, as the length of the target

(&
vector | s | is fixed, the longer the other vectors in the lattice, the easier it is to find the
1
target vector!!. But instead, in a dual attack, the short vectors found in & (or L) will
be used to make a distinction by calculating the inner product. The shorter the lattice
vectors, the smaller the inner product, the more effective the attack. This explains why
it is better to use the first approach in the primal attack, but here, we tend to choose the
second one to improve the dual attack.

4.2 Recovering w from wy, . to Make a Distinction

As the attacker calculates (u,b) — (up, w) to distinguish, the process of recovering w
from wy 1 is necessary. Although theorem 1 and corollary 2 only work for w € ZZ,

" As reported in [23,31], the \;-gap ;—; among the successive minima of a lattice especially its
A2-gap often provides more efficient SVP search algorithms.
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from some ideas in remark 5, under certain assumption, it is enough to restore any
w € Z that satisfies H‘J; ~w = wy1 "2 In fact, an idea of recovering such a w is
already included in the steps of computing By, . .

The LLL algorithm was proposed by Lenstra et al. [20] in 1982, to reduce the in-
put lattice basis to another one with better orthogonality. One of the disadvantages of
LLL is that the input must consist of linearly independent vectors. In 1987, Pohst [28]
overcome this limitation. A modification of the LLL algorithm named the MLLL algo-
rithm was given, whose input range was extended to a set of spanning vectors of the
lattice. We want to point out that, in addition to its major contribution in terms of elim-
inating linear dependence, there is also a “relation matrix” H in the algorithm given
in [28] (also can be seen in [14, Section 2.6.4]), which records how the output basis is
represented by the original generating vectors.

Let us go back to the dual attack with ¢ hints R = Y7 S. Let ay,--- , aq be the d
column vectors of . Recall that V' = Span(Y') and we denote ; = IIjF -y, i =
1,2,---,d. It is easy to see that {v;}¢_, is a set of spanning vectors of #y 1. Given
this set as input to MLLL, it will output an LLL-reduced basis (1, ,(g—+ of Ly 1

and a relation matrix H = (h;;) € Z4*(¢=Y) such that

d
CJ :Zh1j717]:132a 7d7t'
i=1

These d — t equations are the key to recovering w. The recovery process is divided into
the following two steps.
~Step 1: Find z; € Z, j = 1,2, ,d — t, such that wy. = 391 2.

By applying the Gram-Schmidt orthogonalization to (3, - - - , (4—¢, Wwe could get
Cika aC:;—t and Hjk = <CJ’*<k2>7 -7 = 1727"' ’d_t; k= 172a"' 7j_ 1
1€kl
We represent wy 1 as a linear combination of (7 ,--- ,{j_,, 1.e.
d—t ¥
w 157 .
Wyl = chg;, where ¢; = <||ng”§]>, j=1,2,---,d—t.
j=1 J
These {c; ;l;f will be used to obtain {z; }?;f. On the one hand, forg € {1,--- ,d — t},

d—t
(o) = (5066 )= I

Jj=1

12 Actually, there are infinitely many vectors in Z that satisfy this condition. We just need to get
“an202 [|uy P
any one of them, no matter how long it is, the advantage from it is always e T
Moreover, according to remark 9, only one of them can be used, otherwise a high correlatlon
will be raised.
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On the other hand,

d—t d—t
(wy1, ) = <sz<j,<;> > 2 (GG
j=1 Jj=g

d—t j—1
sz <CJ* + ZMMCE?C;
Jj=g k=1

d—t d—t 2)
2 — 2 — 2
* *
= 2 lGIT+ D0 g IGIT =120+ D2 zimi | 6]
Jj=g+1 j=g+1
By comparing the above equations, we have
d—t
Cg=2g+ Y Zitjg 9= 1,2, d—t.
Jj=g+1
Hence, we could calculate z4_¢, 2q—¢t—1,- - - , 21 1n sequence:
d—t
Zg = Cg — Z Hj.g * Zjs g=d—t,d—t—1,---,1
Jj=g+1
- Step2 : Recover w from wy, ..
Now we can represent wy, 1 using {v; }&_, as
d—t d—t d d d—
e = 3= Y (L) = 2 F st
j=1 j=1 i=1 i=1 j=1
It obviously corresponds to a vector w € & as follows:
d d—t
w = Z kiai7 where ki = sz‘hij.
i=1 j=1
Remark 7. 1t is easy to see that the MLLL algorithm to ~1,--- , 74 and the Gram-
Schmidt orthogonalization procedure on (y,--- ,(q—¢ do not need to be repeated for

each wy .. In fact, as can be seen in [28], the MLLL algorithm keeps track of the
Gram-Schmidt orthonormal basis, its length and the projection coefficients {y; 1} of
the current lattice basis during the running time. As a result, let B; = [(¥[|* and
Mk = <C] ’Ck) , with minor modifications, we could make MLLL directly output

C;a Bja Hj ks ]: 1a27"' adft; k:]-v?v 7j713

aswell as (1, - - - , (4—¢ instead of performing the Gram-Schmidt orthogonalization pro-
cedure again. However, the {c; ?;i and {z; }?;f corresponding to each wy, 1 need to
be solved one by one.

Using the method above, we could attach each wy 1 to a corresponding w € &
that satisfies IT;> - w = wy 1. However, since these w’s may not belong to 74, a further
transformation is necessary in theoretical analysis. In fact, our distinguish process relies
on the following assumption.
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Assumption 4 For each short vector wy 1. found by BKZ in &y, ., there exists a w' €
Zg, such that wQ/L = wy L.
We remark that this is a reasonable assumption as explained in the following. From

assumption 3, for each vector wy, 1 found by BKZ, its coefficients are balanced, and it
will correspond to a w’ also of short length, such that ITi+ - w’ = wy 1 and |Jw'|| ~

—L|wy + || Since in the dual attack against actual schemes, |/ =% -[|wy 1 || < Vdg

is always true, the probability of w’ € Zg is extremely high. One can think that each

entry of w’ follows a normal distribution with mean 0O and standard deviation de%/%t”,

and then estimate the probability

d
q
2

Pr [w'GZZ} = |erf ﬁ
Wy, L
V2

; 3

where erf is the error function erf(x) = % foqc e‘yzdy. Experiments show that this
probability is always 1 in all schemes in Section 5.

Under assumption 4, each w € & recovered by the above method can still be used
in algorithm 1 (even though it may not belong to Zg). This is because

2y w) 2mi(S,w) 2mi(S, 1 w) 2miS,wy, 0 ) 27"i<s=’w§/¢> 2rmi(pp,w') 2ri(s,w")
e q e q —e q —e q — e q —e q e q

Suppose that M short vectors {(w])vL} | that satisfy ||(w;)yo|| < 1,1 <j <M
are found. As discussed above, the MLLL recovers {w; }j:1 C & and there exist
{w} }L, C Z¢ such that (w v = (wj)y,1 < j < M. The attacker calculates

iy 27mi(pp, wJ> 727r1.<'u. ,b)
q .
2j=i® = and it is easy to see that it becomes closer to 0 as M in-
creases when b is uniformly random. While on the other hand, if b is from an LWE
2mi (g, w)) 2mi(sw) )

M
. _ ., e a -e a .
instance, the value becomes 2o i . Since theorem 1 and corol-
lary 2 apply to w; € Zg, j=1,2,---, M, we know the above value is getting closer
to
2_2 2_2 .
2mi g, 0! B _2mTox (’g VLH _2mTox (’gﬂ)viH 220212
SMoeT @ s N $M, e q xMie a o =z
M - M M -

as M increases. Therefore, the distinguish procedure can be performed as before.
Furthermore, the processes of recovery and distinguish can be done together. More
specifically, for each (w; )y 1, the attacker recovers the corresponding w;, computes the

27 ((p,wj) —(uj,b))

. ) and adds it to the previous sum just like algorithm 1.

value of cos (

Remark 8. Assumption 4 is only used for the theoretical analysis. The adversary does

M .
not need to figure out what exactly {w; }j: are when performing an actual attack.

1

Remark 9. As we know, the independence among random variables is a requirement
of Chernoff-Hoeffding inequality. In fact, in the original case, the independence among
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{(S, wj>}j1vil comes from (w;,wg) ~ 0 forany 1 < j < k < M. This approxi-
mation is based on two assumptions — the balance assumption of BKZ and the near-
orthogonality assumption of high-dimensional spaces. After adding hints, the indepen-
dence becomes dependent on ((w;)y L, (wg)y+) ~ 0. It should be pointed out that
{(wj)ys }Jle are exactly the outputs of BKZ now, and they still belong to a high-
dimensional space (although the dimension goes down by ¢). To sum up, the indepen-
dence before or after the integration of hints relies on the same assumptions under
different dimensions. Our algorithm may results in a (negligible) loss of independence.

4.3 Summary and the Complexity Analysis

Let us start with a summary. In our new model, we divided the process of dual attack
with hints into three parts: search, recovery and distinguish. First, we apply the way
given in Section 4.1 to use BKZ to find enough short vectors wy 1 in & 1. After
performing the MLLL algorithm of vy, - - - ,y4 whose complexity is much lower than
BKZ, the recovery&distinguish process for each wy-1 will be carried out one by one.
Now let us consider the cost of the dual attack with hints under this new model.
In the following, we shall give a discussion on the choice of the optimal number of
samples m; , the optimal BKZ blocksize j3;; to search wy ., and a total cost model of
the dual attack with ¢ hints R = Y7'S under heuristic 2. Suppose that the adversary
uses m samples in a dual attack and he/she applies BKZ-5 on &y, 1, then the length
G K
(det(YTY))20d-8)
27720)2(1(01,5)2
bringing an advantage e(d, ) = e~ >

of each short vector found is I(d, 5) = , where d = m + n, thereby

To reach a constant success rate, from lemma 4, the attacker needs O (E%ﬁ) short
vectors in &y, . . Thus, according to assumption 1, the process of BKZ has to be repeated
at least R(d, 8) times, where R(d,3) = max {1, . Then the cost of the

search phase is

1
ez(d,B)-20'20755 }

T.(d,B) = TBK Z(8) - R(d, ).

Now the attacker needs to perform the recovery&distinguish procedure on R(d, 3) -
20-20758 short vectors in £, one by one !3. Since most of the variables involved in this
process belong to R, we will use “flop” which could denote one addition, subtraction,
multiplication or division of floating point numbers to express the complexity of this
process. For each wy, 1, the complexity of each step in this process is as follows:

— calculate {c; z;’i: As wy L, (F € R?, d multiplications and d — 1 additions are
required for each inner product <UJVL NS > Hence, calculating all {c; }ﬁ;’i costs
2d(d — t) flops.

— calculate {zg}z;fi: d—t— g multiplications, d —t — g additions and one subtraction
are required for calculating z,. Then {zg}g;ﬁ take % X2+ (d—t) =

(d — t)? flops in total.

'3 Since the calculations of different w1 ’s is independent, it is easy to implement this pro-
cess in parallel for multiple wy 1 ’s. We only consider the time complexity of the non-parallel
implementation here.
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— calculate w: Each k; needs d — ¢ multiplications and d — ¢ additions, moreover, d — 1
additions between d-dimensional vectors and d d-dimensional scalar multiplication
are required to obtain w. Therefore, the total number of flops spent in this step is
2(d—t)-d+(d—1)-d+d-d=4d*> — 2dt — d.

— calculate sum: Besides two inner products, one subtraction, one multiplication, one
division, and one addition, we also need a cosine operation. In practice, a cosine
operation is not much slower than a division operation, so we can assume that a
cosine operation costs ¢y flops, where ¢ is a small constant. Thus, about O(d)
flops are required in this step, which is much lower than other steps.

To sum up, only considering the second-order terms, we can roughly get the total
time complexity of the recovery&distinguish processes for all short vectors is

Trea(d, B) = R(d, B) - 2°2°7°F . (7d® — 6dt + t*).

As the entries of the basis of the projected lattice are generally not integers, we can
also view the complexity of the search phase as the number of floating point operations
needed. Therefore, the time complexity of the whole dual attack is

Th(d, B) = { R(d,pB) - (20'2925 4 2020758 . (7d® — 6dt +t*)) classical case
’ R(d, B) - (202658 4 2020756 . (74® — 6dt +t°)) quantum case
In the following, we mainly consider the case of ¢ < min{m,n}, i.e. the number
of hints does not exceed the numbers of the entries of s and e 4. Actually, under this
condition, an important fact from our experiments is that, for the parameters in the
actual schemes,

Th(dv 5) ~ Ts(da 5) > Tr&d(d7 B)

is always true in both the classical case and the quantum case. With the assumption
Tr(d, B) = Ts(d, 8), we can further ease the calculation of the attack cost.
It has been proven by [21,25] that in the original dual attack (i.e. t=0 ), the optimal

dimension d* of the dual attack is a function of /3, to be specific, d* = %. We

find that after adding ¢ hints R = YTS, anice relation between the optimal dimension
dy, and 3 is still available:

In(do(3))

In fact, (4) is the only zero of the derivative of I(d, §) with respect to d :

dn(B) = +t @

9 |t . ( qn—t ) a—
ol(d, B) 0 Vdet(YTy)
ad ad

e - = n—t _
= 537{' -In(do) - S o + §g*t . qit ¢ - In " . !
V/det(YTY) det(YTY) Vdet(YTY) ) (d—t)?

14 This seems reasonable as it is hard to get so many hint. On the other hand, it may not make
sense to analyze security in terms of dual attack whent > m or ¢t > n.
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1 gt

d—t q" ' a=t o (x/dec(YTw)

=57 | —— < |n(8o) - — L
V/det(YTY) (d—1)

Hence, the adversary just needs to search for the optimal 3}, such that
i, = min {1 (d5.(8). )} ®
Then the number of samples required is
mp, = dy (Br) —n. (6)

The whole process of the dual attack with hints is summarized in algorithm 2.

5 Discussion and Experiments

In 2020, Dachman-Soled et al. [15] put forward the idea of integrating “hints” about
the secret and/or error obtained through side channel information to the primal attack.
They showed the fact that hints do reduce the cost of primal attack by experiments. In
this paper, this idea is extended to the dual attack, some additional benefits of adding
hints to the dual attack compared with the primal attack are found.

The “primitive” requirement is a big limitation when integrating perfect hints to
a primal attack. In order to estimate the attack cost after adding a perfect hint, it is
necessary to ensure the hint description vector is a primitive vector of the dual lattice
of the current lattice. The hints will be added one by one following the steps described
below. First, the attacker needs to convert the hint description vector to a primitive
vector of the dual lattice of the current lattice. Then he/she adds the converted hint to
the lattice and gets a new lattice. The basis, volume, mean and covariance matrix of this
new lattice are all need to be recalculated '°. When adding the next hint, it also needs to
be converted to a primitive vector of the dual lattice of the new lattice. This process will
be repeated ¢ times when adding ¢ hints R = Y'T'S. However, the case of the dual attack
is much simpler. It can be seen from our previous analysis that, the ¢ hints can be added
at once. In particular, not only the primitiveness, but even the linear independency is no
longer required. As can be seen from corollary 2, it is only the span of Y that matters.

The effect of hints on the dual attack is very intuitive. Even though the adversary
searches short vectors in the original lattice & by BKZ, the total cost will sztilz)l be re-

27202 |wy |

duced since the advantage of each short vector w increases by a factor of e i .
We have mentioned a more effective attack, in which the search process is performed
in the projected lattice &, of a lower dimension and a smaller volume. In particular,
heuristic 2 is useful for predicting the volume and thus the attack cost without calculat-
ing a new basis. Even when heuristic 2 is not used, the calculation of the new basis is
required only once. So the dual attack with hints has a simple cost model as discussed
in Section 4.3. In addition, the influence of the number of hints on the cost of the dual

15 As the computation is heavy, two lightweight implementations with limited functionality are
also proposed in [15]. They maintain less information, but can only be used under certain
conditions.
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Algorithm 2: Dual attack with hints Y7'S = R.

Input: LWE parameters A, b, ¢, n, oy, hint description matrix Y.
Output: 0 for b < U(Zy") and 1 for b < LWE.

Set t < the number of columns in Y;

Set 57, 4 ming {Th, (d;(8), B)}:

Set d < dj,(B5);

Setm <+ d — n;

Set L < I(d, Br);

2n20l L2

Sete e &

Set (1 a2+ aq) (Im Oan> ;

AT ql,

for i = 1t0 R(d, 5;) do

L perform BKZ ({1, - -, Ca—¢) to find short vectors in 3‘9/).

Set Ty1 <+ Io—Y(YTY)"'Y7T;

for i =1t0ddo

| Setry; « IIy 1 -«

Cj?C;athu‘]',k (G=1-,d=tik=1,--- :jfl)’H: (hZJ) «— MLLL(’VL 7711);

sum < 0;

for each wy, 1 found by BKZ do

forj=1tod—tdo

forg=d—ttoldo
s <+ 0;
forj=g+1tod—tdo
L s=s5+2g" ljg;

| 29 =cg —s;

w < 0;

fori =1t0ddo
ki (*0;
forj=1tod—tdo
L ki< ki+ 2z hijs

L w<—w+ ki ag;

sum <— sum + cos (w),

q

if sum > £ then
‘ return 1;
else
L return 0;
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attack is very clear, to be specific, as the number of hints increases, the total cost is
bound to get lower.

However, when perfect hints are added to a primal attack, the situation is a bit more
complicated. To simplify the analysis, let us consider the case with only one hint first.
We denote &’ to be the lattice used by the attacker in a primal attack. As mentioned in
remark 6, an increase in volume makes the primal attack easier. But this may not occur
after integrating a hint » =< v,S >. To be specific, the volume of the new lattice will
increase by a factor of ||T||, where ¥ is the primitive vector transformed from v with
respect to (&’)*. It should be pointed out that although the original hint description
vector v is usually an integer vector, v may not belong to Zg after being made primitive.
This is because (Z’)* is not an integer lattice '®. So the case of ||7]| < 1 may occurs.
It is even more complex to predict the case when multiple hints are added to a primal
attack. The attacker has to add hints in turn and makes actual calculations.

Besides several benefits mentioned above regarding the primitive requirement, the
number of hints added each time, and the prediction of the cost after adding hints,
another advantage of adding hints to the dual attack is that an additional embedding
like the Kannan’s embedding is no longer required. Based on this, we believe that the
integration of hints to a dual attack may be more natural. Although it depends on as-
sumption 4, the fact that the probability in equation (3) is always 1 in all schemes we
test may make us more optimistic about this assumption.

In this section, we will show the effect of hints on the dual attack by experiments.
Using multiple hints, the cost of the attack can be greatly reduced. We mainly consider
the case of t < min{m,n}. Some hints of a similar form to the ones used in [15] are
integrated !” and the substantial reduction in cost is verified.

In table 2, we show the relationship between the total cost of the dual attack and the
number of added hints in Kyber768 both in the classical case and in the quantum case.

The time complexity of the search phase in the classical case is denoted by Ts(c), while

that in the quantum case is written as TS(Q). T,4.q represents the time complexity of
the recovery&distinguish process for all short vectors. The optimal number of samples
m;, and the optimal blocksize §; after adding hints are also given. m; is the optimal
sample number predicted by equation (6), experiments show that there is only a very
small difference between mj and m; . The situations of other schemes are shown in
appendix D. We remark that although [ is an integer in practice, regarding it as a real
number gives a better estimate of m; . One can simply round it to an integer.

It can be seen from table 2 that, adding multiple hints can significantly reduce the
cost of dual attack against a Kyber768 instance. Surprisingly, with 200 hints, even in
the worst case, the blocksize can be reduced by 188 and the time complexity can be
reduced by a factor of 255 Further, if more hints are available, such as 250 hints, the
instance will be reduced to only 128-bit safe against the dual attack in the classical case
and 118-bit safe in the quantum case.

16 By contrast, the primitiveness of v with respect to the integer lattice & is considered in dual
attack.

'7 This kind of hints is the one with the least volume reduction ( i.e. det(Y7Y) = 1) . So the
experimental results given in this section show the effect of hints on the dual attack in the worst
case.
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q))

Table 2: The relationships between m},m7, 85, log,(T?), logy (TSV), logy (Tra)

and ¢ respectively in Kyber768.
tomp omp B logy(TE7) log,(TXV) log, (Trea)

0 690 693.79 619.80 197.38 180.65 152.44
50 656 655.79 572.16 183.47 168.02 142.44
100 614 616.67 524.85 169.66 155.49 132.49
150 576 577.15 477.88  155.94 143.04 122.61
200 535 537.21 431.30 142.34 130.69 112.80
250 495 496.81 385.14 128.86 118.46 103.07
300 456 455.90 339.45 115.52 106.36 93.43
400 370 372.31 249.75  89.33 82.58 74.45

700 200
—m

600 —-B

500 150

400 100

300

200 50

100 200 300 400 0 100 200 300 400

o

Another interesting thing is that, m;j, 3/ are both the same in the classical and
quantum cases, as they are well predicted by equations (5) and (6). It is worth noting
that this occurs not only in Kyber768, but in all schemes in appendix D. Moreover, the
logarithms of costs log,(7s) and log,(7).¢q) decrease linearly with respect to ¢ in all
schemes, as do mj, and ;. It should be pointed out that, to show the fact that T}, ~ T in
all schemes both in the classical case and in the quantum case, we use a more accurate
cost model of BKZ as described in assumption 2 which may leads to a difference of
216-4 times compared with the core-SVP model used in most other papers. However, it
is the change in cost after adding hints that should be observed.

Finally, attention should be paid to the security with side channel information, the
leakage of information should be avoided as much as possible. Especially for those
schemes whose original security margins are small, a few hints would put them over
the edge. For example, as can be seen in appendix D, just several hints can make a
Newhope512 instance be less than 128-bit security against the dual attack.
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The proof of proposition 1

The so called unit impulse function 6(x) is given by

_JH+oocx=0 .
o(x) = {0 else and g O(x) dx = 1.

It is an important tool in our proof. One of the most commonly used properties of it is,
0(x) and constant 1 are the Fourier transforms of each other.

In the following, we shall give a proof of proposition 1(1) for the continuous case.

This proof can be easily extended to the discrete case using the unit impulse train in
parallel.
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First of all, we give the proof for the case where the coefficients of = are inde-
pendent of each other. In this case, we can decompose f(z) as f(z) = fi(z1) -

fa(xa)--- fd(:cd) Since < v,z >= Zd L vz, we have fo, o5 = ®§l:1fvjwj, then
Jevas =TI, Fosa;- As the pdf of v;a; is

1o (=) o,
Joja;(x) = \Tﬂfj (vj)vj7507 j=1,2,---,d,
o(x) v; =0
the Fourier transform of f, ., (z) is
— Lf/(zy)zi v;] - f(v )= f.(v.)v.;éo )
foo,(y) = To;199 oy )WY [ 1vil - vy 7(UiY) vj L i=1,2-.d.
1 (% =0

Moreover, because when v; = 0, the pdf f; also satisfies

1= / fi(w)dz = / Fi(@) - ePTST0 dy = F(0) = fi(vsy),
R R
the result can be combined to

foje; (y) = fj(vjy), j=1,2,---.d.

Hence, we have

d
f<v :Jc> H fvja:] H ij yv)

Now let us consider the general case. We denote the covariance matrix of x by X,..
By performing EVD on X, we have

AL
QZIQT = = D7

where A1, -+, Aq are the eigenvalues of X, and @ is an orthonormal matrix. Let y =
QR and we denote the pdf of y by g, then

1 -1 T ~ T
9W) = ==y [ (@ y) = f(Q y)and g(z) = f(Q" 2).
) = gy /(@) = F(@QTy) amdg(z) = F(Q"2)
We denote the covariance matrix of y by X, then X, = QX.Q" = D is a di-
agonal matrix, thus the coefficients of y are independent of each other. Then ¢(y) can

be decomposed as g(y) = g1(y1) - - - gn(yn). Since < v, 7 >= vz = vTQTQzr =<
Qu,y >, and we have

— ~ ~

Fevam(2) = fequys(2) = 3(2Qu) = F(QT - 2+ Qu) = [(zv).
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B The proof of proposition 2

Since Y is a real symmetric matrix, we could perform the EVD of it and obtain

A
sTes—| =D,
. N
where A1,---, \g are the eigenvah\l/fﬁ of X, and S is an orthonormal matrix. Then
X1

oY)
SDST = X. We denote A = . and B = SA, it can be easily

e
proven that BBT = X, so det(B) = y/det(X), then

— 1 Vv .
,il,z(y):/ (2)76 Le—w) Tz a—p) 2T > o
T

z=x—p 1 e—%sz‘*lz . e—27‘ri<z+,u,y>dz
" (

=2 <,y >
€ ’ 7%ZTE_IZ . 6727ri<z,y>dz

T 2m i o) Jan

—27mi< >
~—Bu e TSIy

d

(2m)% \/det(2)

—2mi<p,y>
€ e zul ATSTE ™ S Au | —2mi<Buy> 5.
R

1, T T —1 .
_1,TBTx~ 1By _2ri<B
/ e 2" YL e TS BRY> det(B)du
R

(2m)%
—2mi
— 6(7”?;@/ e—%uTu . e—27riuTBTydu
2m) 2 n
e 2> ~ 3 [(ut2niBTy)" (ut2niBTy)+an?yT BTy
2m)2 n
—2mi
27'(' 2 n
ef2m'<u,y> _672Tr2yTEy 1 T 12
_ ( )d / ef§||u+27rzB y” du
2m)2 n
—2mi<p,y> —2n2yT 5y a 2 T
_ e e . (27{_)5 — 6727ri<,u,y> . 67277 y Xy
d
(2m)#

T

6727r2(yTZ‘y+%p,Ty) 7%;LTZ‘_1;J, . 6727r2 [(y#»ﬁzilu) -2-(y+%271u)]

=e€
e—%uT271H . e—% [(27Ty+i271,u,)T2(27ry+i271,u)]

= eiéuTZ_lu S (2my) - (Zﬂ-)%

eié“TE_l" . (271')%

= dot(2) Jiz-rp s (2mY).

det(Z-1)

Then (1) has already been proved. Taking X’ = X!, // = —i X'y and z = 2wy in (1),
we can easily prove (2).
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C The proof of proposition 3

Let us start with the proof for a simple case where a; = 1,1 < i < t. As X = (v v2
- vy) is a primitive vector set, it can be extended to abasis B = (v1 -+ vt Ugy1 -+ Uq)
of L. We write F' = Span(X ), then for any j > ¢ + 1, v; can be decomposed into

t

_2 : 1

v; = a;kVE + Ui,
k=1

with v~ € F-. And it is easy to see that B, := (vj5, --- v,) is a basis of L’. Then
forany 7 > t + 1, we have

t
(v, v5) = <vl,Zajkvk+v > :Zajk <vi7vk>+<vi,vjl>.
k=1

t
Hence, for j > t+1,when1 < i <t, (v;,v;) = Zajk; (vi,v), whileift+1 < 4 < d,
k=1

vz,vj g a]k (v, vg) < v, 5 > Therefore,

(vi,v1) -+ (v1,v¢)  (V1,Ve41) - (U1, vq)
(L) = det(BTB) = det <’Ut7’U1> <Utvvt> <Utvvt+1> <’Ut,’Ud>
vol(Z) et( ) ¢ (Ver1,v1) * o+ (Veg1,08) (Vo1 Veg1) oo (Ve va)
(Va,v1) -+ (va,v¢)  (Va,vi1) - (Va,va)
(v1,v1) -+ (v1,v1) 0 0
— | det (ve,v1) - {ve,vr) 0
(Ut+1,vl> (Ut+1,vt> <UtL+1,UtL+1> <Ut aUd>
(va,v1) -+ (va,ve)  (vg,via) e <'Ud7'Ud>
(v1,v1) -+ (v1,ve) (vit1, vy -+ (vt va)
= |det . | det
<vi7’U1> <vf’vt> <U¢%7U#;L1> <’U5[,’Ui[>

Vdet(XTX) - y/det(BT - By ) = 1/det(XTX) - vol(L

The third equal sign holds by adding column k(1 < k < t) multiplied (—a;) in turn
to column 5 for ¢t + 1 < 5 < d. In summary, we have

vol(L)

vol(L') = m

whena; =1,9=1,2,--- ¢
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As for the more general case, we define X = (a1vy -+ apvy), then

vol(L') = vol(L) _ vol(L) .
det(XT - X) lar--ad- Vdet(XTX)

D Experiments on some actual schemes

Table 3: The relationships between various parameters and ¢ in Newhope512.
tomh my B logy(Ti7) logy(1E”) logy (Tra)

0 569 572.72 382.67 128.14 117.81 102.37
50 520 523.96 336.26 114.59 105.51 92.54
100 472 474.61 290.44  101.21 93.37 82.83
150 423 424.60 245.29  88.02 81.40 73.24
200 373 373.85 200.90  75.06 69.64 63.78
250 319 322.28 157.37  62.35 58.10 54.45
300 268 269.79 114.71  49.90 46.80 45.29

600 140
:g‘ og,(T)
500 120 —log,(T)
—log,(Tg)

400 100

300 80

200 60

1000 50 100 150 200 250 300 400 50 100 150 200 250 300
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Table 4: The relationships between various parameters and ¢ in FireSaber.

Compowg B logy(T?) log,(TL”) logy (T )

0 944 948.70 819.20 255.61 233.49 194.68
50 905 908.29 772.39 241.94 221.08 184.97
100 863 867.65 725.82 228.34 208.74 175.11
150 823 826.72 679.49 214.81 196.46 165.40
200 782 785.53 633.43  201.36 184.26 155.74
300 699 702.22 542.19  174.72 160.08 136.59
400 616 617.53 452.29  148.47 136.26 117.69
500 531 531.21 364.00 122.69 112.96 99.11

1000
7 B ~log,(TL)
800 —log,(T{¥)
200 2 s

—109,(Trg4)

600 150

400 100
0 100 200 300 400 500 0 100 200 300 400 500

t t

Table 5: The relationships between various parameters and ¢ in Frodo1344.

tomp o my o By logy(TE) logy (TX7) log, (Tra)

0 1275 1279.91 92491 286.47 261.50 217.44
100 1192 1194.57 843.43  262.68 239.91 200.39
200 1104 1108.56 762.70  239.11 218.52 183.48
300 1019 1021.80 682.79  215.77 197.34 166.74
400 934 93423 603.80 192.71 176.41 150.18
500 845 845.74 525.85 169.95 155.75 133.81
600 752 756.23 449.09 147.53 135.41 117.68
700 663 665.52 373.69 125.52 115.43 101.81

1400 300
—gn —log,(T!%)
1200 = _ @
250 log,(T¢")
1000 —10g,(T )
800 200
600
150
400
200 100
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
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