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Abstract. Strong lattice reduction is the key element for most attacks against lattice-based cryptosystems.
Between the strongest but impractical HKZ reduction and the weak but fast LLL reduction, there have been
several attempts to find efficient trade-offs. Among them, the BKZ algorithm introduced by Schnorr and Euchner
[FCT’91] seems to achieve the best time/quality compromise in practice. However, no reasonable complexity
upper bound is known for BKZ, and Gama and Nguyen [Eurocrypt’08| observed experimentally that its prac-
tical runtime seems to grow exponentially with the lattice dimension. In this work, we show that BKZ can
be terminated long before its completion, while still providing bases of excellent quality. More precisely, we
show that if given as inputs a basis (b;)i<n € Q"*" of a lattice L and a block-size 3, and if terminated after

n (Z—z(logn + log log max; Hb1||)) calls to a S-dimensional HKZ-reduction (or SVP) subroutine, then BKZ re-

n—1 4 3
turns a basis whose first vector has norm < 2762<ﬂ_1) 2. (det L)%, where yg < (3 is the maximum of Hermite’s

constants in dimensions < 3. To obtain this result, we develop a completely new elementary technique based on
discrete-time affine dynamical systems, which could lead to the design of improved lattice reduction algorithms.
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1 Introduction

A (full-rank) n-dimensional lattice L C R™ is the set of integer linear combinations > ; ;b; of some
linearly independent vectors (b;)i<,. Such vectors are called a basis and we write L = L[(b;);]. Since L is
discrete, it contains a shortest non-zero lattice vector, whose norm A;(L) is called the lattice minimum.
Computing such a vector given a basis is referred to as the (computational) Shortest Vector Problem (SVP),
and is NP-hard under randomized reductions [1,12]. The complexities of the best known SVP solvers are no
less than exponential [22,23,2,15] (the record is held by the algorithm from [22], with complexity 227+0(") .
Poly(logmax; ||b;||)). Finding a vector reaching A;(L) is polynomial-time equivalent to computing a basis
of L that is reduced in the sense of Hermite-Korkine-Zolotarev (HKZ). The aforementioned SVP solvers can
all be used to compute HKZ-reduced bases, in exponential time. On the other hand, bases reduced in the
sense of Lenstra-Lenstra-Lovasz (LLL) can be computed in polynomial time [16], but the first vector is only

guaranteed to satisfy the weaker inequality ||b1] < (4/3 + s)nTil -A1(L) (for an arbitrary ¢ > 0). In 1987,
Schnorr introduced time/quality trade-offs between LLL and HKZ [33]. In the present work, we propose
the first analysis of the BKZ algorithm [36,37], which is currently the most practical such trade-off [40,9].

Lattice reduction is a popular tool in cryptanalysis [27]. For many applications, such as Coppersmith’s
method for computing the small roots of polynomials [5], LLL-reduction suffices. However, reductions of
much higher quality seem required to break lattice-based cryptosystems. Lattice-based cryptography origi-
nated with Ajtai’s seminal hash function [1], and the GGH and NTRU encryption schemes [10,14]. Thanks
to its excellent asymptotic performance, provable security guarantees, and flexibility, it is currently attract-
ing wide interest and developing at a steady pace. We refer to [21,31] for recent surveys. A major obstacle to
the real-life deployment of lattice-based cryptography is the lack of a precise understanding of the limits of
the best practical attacks, whose main component is the computation of strongly reduced lattice bases. This
prevents from having a precise correspondence between specific security levels and practical parameters.
Our work is a step towards a clearer understanding of BKZ, and thus of the best known attacks.

Strong lattice reduction has been studied for about 25 years (see [33,37,34,7,32,9,8] among others). From
a theoretical perspective, the best known time/quality trade-off is due to Gama and Nguyen [8]. By building
upon the proof of Mordell’s inequality on Hermite’s constant, they devised the notion of slide reduction,



and proposed an algorithm computing slide-reduced bases: Given an arbitrary basis (b;);<y of a lattice L,
the slide-reduction algorithm finds a basis (¢;)i<, of L such that

lell < (1 +e)7p) 51 - (L), (1)

within 7g1ige = O( -log max; || b; ||> calls' to a (-dimensional HKZ-reduction algorithm and a (-

dimensional (computatlonal—)SVP solver, where vg ~ 3 is the 3-dimensional Hermite constant. If L C Q",
the overall cost of the slide-reduction algorithm is < Poly(n,size(B)) - Cukz(3), where Cukz(3) = 20(6) is
the cost of HKZ-reducing in dimension (3. The higher 3, the lower the achieved SVP approximation factor,
but the higher the runtime. Slide reduction also provides a constructive variant of Minkowski’s inequality,
as (letting det L denote vol(R™/L)):

le]l < (14 £)75) T 1 - (det L), (2)

From a practical perspective, however, slide reduction seems to be (significantly) outperformed by the
BKZ algorithm [9]. BKZ also relies on a -dimensional HKZ-reduction algorithm (resp. SVP-solver). The
worst-case quality of the bases it returns has been studied in [34] and is comparable to that of the slide

reduction algorithm. The first vector of the output basis (¢;)i<, satisfies ||e1]] < ((1 + s)fyg)% - A1(L).
Note that this bound essentially coincides with (1), except for large values of 3. A bound similar to that
of (2) also holds.? In practice, the quality of the computed bases seems much higher with BKZ than with
the slide-reduction algorithm [9]. With respect to run-time, no reasonable bound is known on the number
of calls to the -dimensional HKZ reduction algorithm it needs to make before termination.® In practice,
this number of calls does not seem to be polynomially bounded [9] and actually becomes huge when 5 > 25.
Because of its large (and somewhat unpredictable) runtime, it is folklore practice to terminate BKZ before
the end of its execution, when the solution of the problem for which it is used for is already provided by
the current basis [38,24].

OUR RESULT. We show that if terminated within polynomially many calls to HKZ/SVP, a slightly modified
version of BKZ (see Section 3) returns bases whose first vectors satisfy a slightly weaker variant of (2).

Theorem 1. There exists* C > 0 such that the following holds for all m and 3. Let B = (b;)i<n be a basis
of a lattice L, given as input to the modified BKZ algorithm of Section 8 with block-size (. If terminated

after texz 1= C (log n 4+ log log max; @ !Ll)lll/n) calls to an HKZ-reduction (or SVP solver) in dimension 3,

the output (cz)zgn is a basis of L that satisfies (with vg < (3 defined as the mazimum of Hermite’s constants
in dimensions < 3):

n—1

el < 203) X0t - (det 1)

3\»—‘

If L is a rational lattice, then the overall cost is < Poly(n,size(B)) - Cuxz ().

By using [18, p. 25|, this provides an algorithm with runtime < Poly(n,size(B)) - Cuxz(/5) that returns
n—1
a basis whose first vector satisfies ||¢1|| < 4(yﬂ)ﬂ_1 - A1(L), which is only slightly worse than (1). These

results indicate that BKZ can be used to achieve essentially the same quality guarantees as slide reduction,
within a number of calls to HKZ in dimension 3 that is no larger than that of slide reduction. Actually,
note that 7gkz is significantly smaller than 7s1ide, in particular with a dependence with respect to max; || ;||

! The component 8 of this upper bound is derived by adapting the results from [8] to our notations. A more thorough
analysis leads to a smaller term.

2 In [9], the bound ||e1]| < (75) CCENRE (det L)TlL is claimed to hold, but without proof nor reference. We prove a (slightly)
weaker bound, but we are able to improve on it if -, is replaced by any linear function. See appendix.

3 A bound (nB)" is mentioned in [9]. For completeness, we give a proof of a similar result in appendix.

4 The constant C is used to absorb lower-order terms in n, and could be taken small.




that is exponentially smaller. It may be possible to obtain a similar bound for the slide-reduction algorithm
by adapting our analysis.

To achieve our result, we use a completely new approach for analyzing lattice reduction algorithms. The
classical approach to bound their runtimes was to introduce a quantity, sometimes called potential, involving
the current Gram-Schmidt norms ||b}||, which always strictly decreases every time some elementary step
is performed. This technique was introduced by Lenstra, Lenstra and Lovasz [16] for analyzing their LLL
algorithm, and is still used in all complexity analyzes of (variants of) LLL we are aware of. It was later
adapted to stronger lattice reduction algorithms [33,7,32,8]. We still measure progress with the ||b}||’s, but
instead of considering a single scalar combining them all, we look at the full vector (||b}||),. More specifically,
we observe that each call to HKZ within BKZ has the effect of applying an affine transformation to the
vector (log ||b}]);: instead of providing a lower bound to the progress made on a “potential”, we are then
led to analyze a discrete-time dynamical affine system. Its fixed-points encode information on the output
quality of BKZ, whereas its speed of convergence provides an upper bound on the number of times BKZ
calls HKZ.

Intuitively, the effect of a call to HKZ on the vector (log ||b}||)i<y is to essentially replace 3 consecutive
coefficients by their average. We formalize this intuition by making a specific assumption (see Section 4).
Under this assumption, the execution of BKZ exactly matches with a dynamical system that we explicit and
fully analyze. However, we cannot prove that this intuition is always correct (counter-examples can actually
be constructed). To circumvent this difficulty, we instead consider the vector p = (4 Z§:1 log [[b7][)i<n-
This amortization (also used in [11] for analyzing HKZ-reduced bases) allows us to rigorously bound the
evolution of g by the orbit of a vector under another dynamical system. Since this new dynamical system
happens to be a modification of the dynamical system used in the idealized model, the analysis performed
for the idealized model can be adapted to the rigorous set-up.

This approach is likely to prove useful for analyzing other lattice reduction algorithms. As an illustration
of its power, we provide two new results on LLL. First, we show that the SVP approximation factor y/4/ ?)ni1
can be reached in polynomial time using only Gauss reductions. This is closely related to the question
whether the “optimal LLL” (i.e., using LLL parameter 6 = 1) terminates in polynomial time [3,17|. Second,
we give a LLL-reduction algorithm of bit-complexity Poly(n) - 6(size(B)). Such a complexity bound was
only very recently achieved, with a completely different approach [29]. Note that close-by results on LLL

have been concurrently and independently obtained by Schnorr [35].

PRACTICAL ASPECTS. Our result is a (maybe pessimistic) worst-case quality bound on BKZ with early
termination. In itself, this does not give a precise explanation of the practical behavior of BKZ. In particular,
it does not explain why it outperforms slide reduction, but only why it does not behave significantly worse.
However, this study illustrates the usefulness of early termination in BKZ: Much progress is done at the
beginning of the execution, and quickly the basis quality becomes excellent; the rest of the execution takes
much longer, for a significantly less dramatic quality improvement. This behavior is very clear in practice,
as illustrated by Figure 1 of Section 2. Since most of the work performed by BKZ is completed within the
first few calls to HKZ, it shows that the BKZ performance extrapolations used to estimate the hardness
of cryptographic instances should focus only on the cost of a single call to HKZ and on the achieved basis
quality after a few such calls. For instance, it indicates that the strategy (adopted, e.g., in [14,13]) consisting
in measuring the full run-time of BKZ might be reconsidered.

Additionally, parts of the analysis might prove useful to better understand BKZ and devise reduction
algorithms with improved practical time/quality trade-offs. In particular, the heuristic modelisation of BKZ
as a discrete-time affine dynamical system suggests that the block of vectors on which HKZ-reduction is
to be applied could be chosen adaptively, so that the system converges faster to its limit. It would not
improve the output quality for BKZ, but it is likely to accelerate its convergence. Also, the second phase
of BKZ, the one that takes longer but during which some little progress is still made, could be understood
by introducing some randomness in the model: most of the time, the norm of the first vector found by
the HKZ-reduction sub-routine is around its expected value (a constant factor smaller than its worst-case



bound), but it is significantly smaller every now and then. If such a model could predict the behavior of
BKZ during its second phase, then maybe it would explain why it outperforms slide reduction. It might give
indications on the optimal time for stopping BKZ with block-size 3 before switching to a larger block-size.

Notations. All vectors will be denoted in bold, and matrices in capital letters. If b € R™, the notation ||b||
will refer to its Euclidean norm. If B € R"*", we define ||Bll2 = maxz—; [[B - || and we denote the
spectral radius of B by p(B). If B is a rational matrix, we define size(B) as the sum of the bit-sizes of the
numerators and denominators of its entries. All complexity statements refer to elementary operations on
bits. We will use the Landau notations o(-), O(-), O(-) and £2(-). The notations log(-) and In(-) respectively
stand for the base 2 and natural logarithms.

2 Reminders

For an introduction to lattice reduction algorithms, we refer to [28].

Successive Minima. Let L be an n-dimensional lattice. Its i-th minimum \;(L) is defined as the minimal
radius r such that B(0,7) contains > ¢ linearly independent vectors of L.

Hermite’s constant. The n-dimensional Hermite constant -, is defined as the maximum taken over all
A (L)2

(det L)Q/ dim(L) *

instead of < n. We use this modified definition to ensure that =, increases with n.) Very few values of ~,

are known, but we have v, <1+ % for all n (see [20, Re 2.7.5]).

Gram-Schmidt orthogonalisation. Let (b;);<, be a lattice basis. Its Gram-Schmidt orthogonalization
(b7 )i<n is defined recursively by bf = b; — 3, pi ;b7 with p1;; = (bz*,b;*)/Hb;kH2 for ¢ > j. The b}’s are
mutually orthogonal. For ¢ < j, we define b\ as the projection of b; orthogonally to Span(by)i<;. Note
that if L is an n-dimensional lattice, then det L = [, ||b}]|, for any basis (b;)i<, of L.

A few notions of reduction. Given a basis (b;)i<p, we say that it is size-reduced if the Gram-Schmidt
coefficients p; ; satisfy |p; ;| < 1/2 for all j < i < n. We say that (b;)i<n is 6-LLL-reduced for 6 < 1
if it is size-reduced and the Lovész conditions 6[|b}[? < ||b],4]|* + u?+17i||bf||2 are satisfied for all i < n.
For any 6 < 1, a §-LLL-reduced basis of a rational lattice L can be computed in polynomial time, given
an arbitrary basis of L as input [16]. We say that (b;)i<, is HKZ-reduced if it is size-reduced and for
all i < n, we have ||b}|| = Al(L[(bg-z))ingn]). An HKZ-reduced basis of a lattice L C Q" can be computed

in time 227t . Poly(size(B)), given an arbitrary basis B of L as input [22]. The following is a direct
consequence of the definitions of the HKZ-reduction and Hermite constant.

lattices L of dimension < n of the quantity (The usual definition restricts L to dimension n

Lemma 1. For any HKZ-reduced basis (b;)i<n, we have: Vi < n,[|b]|| < \/An—i+1 - ([[}= Hb;kH)n—llﬂ

The BKZ algorithm. We recall the original BKZ algorithm from [37] in Algorithm 1. BKZ was originally
proposed as a mean of computing bases that are almost (-reduced. 5-Reduction was proposed by Schnorr
in [33], but without an algorithm for achieving it. The BKZ algorithm proceeds by iterating tours consisting
of n — 1 calls to a #-dimensional SVP solver called on the lattices L[(bgk))kgigkw_l]. Its execution stops
when no change occurs during a tour.

Input : A (LLL-reduced) basis (b;)i<n, & blocksize  and a constant 6 < 1.
Output : A basis of L[(b;)i<n].
repeat
for k—1ton—1do
Find b such that b%*) is a shortest non-zero vector of L[(bgk))kgigmin(,ﬁﬁ,l,n)];
if §-||bg|| > ||b|| then
LLL-reduce(bl, ey bkfl, b7 bk, ey bmin(k+[3,n))~
else
LLL-reduce(bi, . .., buin(k+8,n))-
until no change occurs.

Algorithm 1: The Schnorr and Euchner BKZ algorithm.




3 Terminating BKZ

In this article, we will not analyze the original BKZ algorithm, but we will focus on a slightly modified variant
instead, which is given in Algorithm 2. It also performs BKZ tours, and during a tour it makes n—3+1 calls
to a G-dimensional HKZ-reduction algorithm. It fits more closely to what would be the simplest BKZ-style
algorithm, aiming at producing a basis (b;)i<y, such that the projected basis (bgk)) k<i<k+p—1 is HKZ-reduced
forallk <n-—-(0+1.

Differences between the two variants of BKZ. The differences between the two algorithms are the
following:

e In Algorithm 2, the execution can be terminated at the end of any BKZ tour.

e In the classical BKZ algorithm, the vector b found by the SVP solver is kept only if ||[b(*)|| is smaller
than § - [|b}||. Such a factor § < 1 does not appear in Algorithm 2. It is unnecessary for our analysis to
hold, complicates the algorithm, and leads to output bases of lesser quality.

e For each k within a tour, Algorithm 1 only requires an SVP solver while Algorithm 2 calls an HKZ-
reduction algorithm, which is more complex. We use HKZ-reductions for the ease of the analysis. Our
analysis would still hold if the loop was done for k from 1 to n — 1 and if the HKZ-reductions were
replaced by calls to any algorithm that returns bases whose first vector reaches the minimum (which
can be obtained by calling any SVP solver, putting the output vector in front of the input basis and
calling LLL to remove the linear dependency).

e Finally, to insert b in the current basis, Algorithm 1 performs an LLL-reduction. Applying LLL inside
the projected block (i.e., to bk b,gk), ... ,b,(ﬁ 5_1) would be sufficient to remove the linear dependency

while keeping b(*) in first position, but instead it runs LLL from the beginning of the basis until the end
of the next block to be considered (i.e., up to index min(k + ,n). This reduction is performed even if
the block is already reduced and no vector is inserted. Experimentally, this seems to improve the speed
of convergence of the algorithm by a small factor, but it does not seem easy to use our techniques to
analyze this effect.

Input : A basis (b;);<» and a blocksize .
Output : A basis of L[(bi)i<n].
repeat
fork—1ton—(+1do
Modify (bi)k<i<kts_1 5o that (b)) x<ichyp_1 is HKZ-reduced;
Size-reduce(bq, ..., bn).
until no change occurs or termination is requested.

Algorithm 2: BKZ’, the modified BKZ algorithm.

On the practical behavior of BKZ. In order to give an insight on the practical behavior of BKZ
and BKZ’, we give experimental results on the evolution of the quantity J’% (the so-called Hermite
factor) during their executions. The experiment corresponding to Figure 1 is as follows: We generated 64
knapsack-like lattice bases [25] of dimension n = 108, with non-trivial entries of bit-length 100n; Each
was LLL-reduced using £plll [4]| (with parameters 6 = 0.99 and n = 0.51); Then for each we ran NTL’s
BKZ [40] and an implementation of BKZ’ in NTL, with blocksize 24. Figure 1 only shows the beginning
of the executions. For both algorithms, the executions of about half the samples consisted in ~ 600 tours,
whereas the longest execution stopped after ~ 1200 tours. The average value of % at the end of the
executions was ~ 1.012.

Cost of BKZ’. In order to bound the bit-complexities of BKZ and BKZ’, it is classical to consider several
cost components separately. In this article, we will focus on the number of tours. The number of calls to
an SVP solver (for BKZ) or an HKZ-reduction algorithm (in the case of BKZ’) is < n times larger. A
tour consists of efficient operations (LLL, size-reductions, etc) and of the more costly calls to SVP/BKZ.
The cost of the SVP solver or the HKZ-reduction algorithm is often bounded in terms of the number of
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Fig. 1. Evolution of the Hermite factor ¢ de‘t‘bLl)Hl 7 during the execution of BKZ and BKZ’.

arithmetic operations it performs: For all known algorithms, this quantity is (at least) exponential in the
block-size (. Finally, one should also take into account the bit-costs of the arithmetic operations performed
to prepare the calls to SVP/HKZ, during these calls, and after these calls (when applying the computed
transforms to the basis, and calling LLL or a size-reduction). These arithmetic costs are classically bounded
by considering the bit-sizes of the quantities involved. They can easily be shown to be polynomial in the
input bit-size, by relying on rational arithmetic and using standard tools from the analyses of LLL and
HKZ [16,15]. It is likely that these costs can be lowered further by relying on floating-point approximations
to these rational numbers, using the techniques from [26,30]. To conclude, the overall cost is upper bounded
by Poly(n,log||B||) - 2 . 7, where 7 is the number of tours.

4 Analysis of BKZ’ in the Sandpile Model

In this section, we (rigorously) analyze a heuristic model of BKZ’. In the following section, we will show
how this analysis can be adapted to allow for a (rigorous) study of the genuine BKZ’ algorithm.

We first note that BKZ’ can be studied by looking at the way the vector « := (log ||b}||); changes during
the execution, rather than considering the whole basis (b;);. This simplification is folklore in the analyzes
of lattice reduction algorithms, and allows for an interpretation in terms of sandpiles [19]. The study in the
present section is heuristic in the sense that we assume the effect of a call to HKZg3 on x is determined by «
only, in a deterministic fashion.

4.1 The sandpile model and its dynamical system interpretation

Before describing the model, let us consider the shape of a f-dimensional HKZ-reduced basis. Let (b;)i<s
be an HKZ-reduced basis, and x; = log||b}||. Then, by Lemma 1, we have:

B
. 1 1
Vi< B, z; < ilog')/ﬁ—i—i-l + m JZZQZ'] (3)

Our heuristic assumption consists in replacing these inequalities by equalities.
Heuristic Sandpile Model Assumption (SMA). We assume for any HKZ-reduced basis (b;)i<g, we
have z; = }10gYg_is1 + 57 Doy ; for all i < 8, with @ = (log [|b}|)i<s.

Under SMA, once ), z; (i.e., |det(b;);|) is fixed, an @ of an HKZ-reduced basis is uniquely determined.

Lemma 2. Let (b;)i<p be HKZ-reduced, x = (log [|b|); and Elz] = >_,_5%. Then, under SMA, xg =
Elx] — I's(8 — 1) and: -



Vi< B, xi=E[x] — (B —i+1)Ip(i—1)+ (8 —14)Is(3),

with Tp(k) = "1 logQ# for all 0 < k < n.

i=n—Fk

Proof. SMA is equivalent to the following triangular system of linear equations:

. B
. B—i+1 1
Vi < B, ;= ——logvg_i11+ —— Z;.
BT R ﬂ—zj:;1 !

Let y; = me xj, for i < 3. Then yg = x5 and y; = ﬁgil (yi+1 + %log ’75—i+1) for all i < . By induction:

B—i
, _ , log vj41

Taking ¢ = 1 and noting that y; = 3 - E[x] gives yg = 3 = E[z] — [3(8 — 1). Now:
g-iy
Vi< B,y = (ﬂ—i-i—l)(IE[:B] —Fg(ﬁ—l)—kzl()i?H) =(B—1i+1)(E[x] —I(i—1)).
j=1

The result derives from the equality z; = y; — yit1. a

We now exploit SMA to interpret BKZ’ as a discrete-time linear dynamical system. Let (b;);<, be a
lattice basis and & = (log ||b}]);. Let 8 < n be a block-size and o« < n — 4+ 1. When we apply an HKZ

\

reduction algorithm to the projected sublattice (bga)) a<i<atp—1: We obtain a new basis (b;),<,, such that
(with =’ = (log [|b"[]),):
a+6—1 a+6—1
Z T = Z z; and Vi & [, + B —1], o), = x;.
= =
Under SMA, we also have:
1 1 a+p-1
Vi€ lo,at+f—1], ;= 5 108Ya+6-i + atfd—i ; /.
By applying Lemma 2, we obtain @’ = A . z 4+ ¢(®), with:
L 0if i<a
BB (@) B+a—i—D)Isli—a+1)—(B+a—i) (i —a)
33 (a+B-1) —Ig(p—1) if i=a+p-1
1 0 if i>a+0.

We recall that a BKZ’ touris the successive (n— 3+ 1) applications of an HKZ-reduction algorithm with
a=1,...,n—[F+1 (in this order). Under SMA, the effect of a BKZ’ tour on x is to replace it by Az + g



with g = g+ 4 An=6+1) . (g(n=F) 1. A("=B) . (| )) and:

(1) B

1 1

&1 1
2 B2 B

L@

,1.n—ﬁ —1)»—8 . , :
e i
B=D"F (=D Bl

ﬂ'll*ﬁﬁ'l ﬁnfﬁurl ﬁQ B (n)

The rest of this section is devoted to studying the discrete-time dynamical system @ «— A - x + g. Its
solutions and speed of convergence respectively provide information on the output quality and runtime of
BKZ’ (under SMA). Overall, we prove the following theorem.

Theorem 2. Under SMA, there exists C > 0 such that the following holds for all n and (3. Let (b;)i<p be
given as input to BKZ’g and L the lattice spanned by the b;’s. If terminated after Cg—i(log n+log log max; %)

®lle <1, where x; = log (deqc% for all i

and x> is the unique solution of the equation x> = A - x> + g with E[x>°] = 0. This implies that:

tours, then the output (¢;)i<n is a basis of L that satisfies | x — x

n—1 3 1
n

+,
lerl) < 203) ™77 - (det L)

If we replace yg by a linear function that bounds it (e.g., vg < ), then the constant % above may be
replaced by 1;312 + ¢ (with € > 0 arbitrarily close to 0 and 3 sufficiently large).

4.2 Solutions of the dynamical system

Before studying the solutions of * = A - & + g, we consider the associated homogeneous system.
Lemma 3. If A-x =z, then € span(1,...,1)T.

Proof. Let £ € R™ such that A-x = x. Let 7 the largest index such that z; = max;x;. We prove by
contradiction that i = n. Assume that i < n. We consider two cases, depending on whether i < 3 or i > (.
Recall that applying A(® to a vector y consists in replacing ya, . . . s Ya+B—1 by their mean, and in leaving
the others constant. As a result, the maximum of the y;’s cannot increase.

Assume first that i < 8. Let ' = AW . x. By definition of i, we must have x;1; < ;, and there-
fore max;<p ) < max;<g ;. By choice of i, we also have max;<, 2 < max;<, z;. But = Aln=p+1) .
A@ g’ which leads to the inequality max;<, r; < max;<, 3;3 We obtained a contradiction.

Now, assume that i > (. Let ' = ACBD .. AW .z and 2’ = ACF+2) . &/, We have max;<p ;1:; <
maxj<, ; = x;. Moreover, we have xfi_ﬁﬂ =...=2a, <z and for all j > ¢, a:; = z; < z;. This implies
that max;_gio<j<n a;g < z;. Since & = A=B+1) . AG=B13) 57 we obtain that max;_gio<j<n Lj < ;.
In particular, we obtain the contradiction x; < x;.

So far, we have proven that x,, = max;<, x;. Symmetrically, we could prove that =, = min;<, z;, which
provides the result. a

It thus suffices to find one solution to € = A - & + g to obtain all the solutions. We define & as follows:

i = (n—B+1)

i+6—1— ., .
[ sFnlosns + gL S i< p
g; if i>n—0



Lemma 4. We havex =A-T+g.

Proof. Note first that for any « and any x, we have > (A
implies that:

n n

> (AW x4 gl@); =) . (4)

i=1 i=1

Let Z©) = Z and @) = A . gD 4 (@) for o € [1,n — B + 1]. We prove by induction that:

a+6—1 a+6—1
Z ac = Z T; and fl(-a):@ if idla+l,a+p8—-1]. (%)
i=a+1 i=a+1

This holds for v = 0 since Z©) = Z. Let o > 1. By the induction hypothesis and equality of the columns
o,...,a+ -1 of AW we have A® . gD = A . F and hence T = A . g + g(®) This directly
implies that @(a) =7, when i € [a, & + § — 1]. Combining this with (4) gives:

a+[-—1 a+pB-1
> w= 3 m )
Since 7 = 1 5 log g + ZO‘JFB Lzl , we obtain (using (5) and the definition of Z):
a T35 2 g :
a+ﬁ 1

H

7 = logw+ Z

Combining this equality and (5) allows to complete the proof of (x).
It remains to prove that Egn_ﬁﬂ) =7, fori>n—pF+2 Fori>n—[+1, we have:

n

—(n—p+1) _ 1 , 1 —(n=B+1).

Zi 95 log Yn—i+1 + n_ix1 Z@ T,
By Lemma 2 and the definition of g(®=#+1) this implies that :C( —A+D =3 ZJ o p41 7 *gn AtL) +g§n_ﬁ+1).
As a consequence (using (5) and the definition of T):

1 n n
1 _ 1) —B+1 —B+1) _ —
" = =7 Z g =2 3 g g =g =,

n—pG+1 J =n—p+1

Overall, we have proven that A - T + g = 2 At = 7. a

Fact. Given M}, € R¥*% a,b € R¥ and ¢ € R, we define M,, € R™ " for n > k, as follows:

C...c...aT

bl---|bl M,

Then, for any n > k, we have x(M,)(t) = (n — k)" * 1. x(Myy1) — (n — k — 1)t" % . x(My,).



Proof of the fact. We prove the result by induction. It clearly holds for n = k and n = k£ + 1. Assume
now that n > k + 1. We have:

(t—c) —c - —c|--- —a® - 2t —t 0
—cC (t_c)..._c..._aj *t(t*C)*C‘ 7a1’
- —c
tIn—Q - Mn—? 0 tIn—Q - Mn—2
—-b
=2t X(Mnfl) —t*- X(Mn72)~
The result follows by elementary calculations. O

We now provide explicit lower and upper bounds for the coordinates of the solution .

Lemma 5. For alli <n — 8+ 1, we have (gj ) logvg <@ — Tp—p41 < =i — logvs.

Proof. We prove these bounds by induction on ¢ for i = n — 3,...,1. Recall that

,8 i+6-1
j =i+1
We first consider the upper bound on Z; — Z,,_g1;. Since we defined Hermite’s constant so that (7;); is
increasing, we have T,_g41 > --- > Tj,. Therefore:

i

— log 3.

Vi>n—0, Ty —Tp-pt1 <0< 3

Using the induction hypothesis, we obtain:

+6—1 . .
- I} ‘ <n—j _ n—i _
T < ——logvg + —— logvg +Tpn_p+1 | = =——logvs + Tn_ga1-
I ﬁ—lj; Iy A R T

We now consider the lower bound on Z; — @,,_g4+1. It clearly holds for i = n — 8+ 1. We now prove it
for i € [n —2(8 —1),n — f]. For that specific situation, we use the identity:

i+6—1
. _ s Z
Vi€ [n—2(8-1),n- 8] ﬁfiZWlogwﬂLi Z%Jr > T (6)
J=i+1 j=n—pF+1
As (Z;); decreases, we have H-Mﬁ Z?i 1ﬁ+ ;> ﬁ D imn-pi1Tj = Tn—pi1 — 31ogyg. This implies:
1 i+6-1 log i+8-1 n—j 3
_ _ 3 -
S L > T, ___o ~ 7). 7
ey p—— nz%ﬂxj > Ty ﬂ+1+i+25—n—1jnz_;3+1<ﬁ—1 2) (7)

Using the induction hypothesis, we also have:

n—_3 .
1 _ _ log s n—j 3

- > — ——

nTpi 2 T 2 Teen T D (ﬂ—l 2 ®)

Now, plugging (7) and (8) into (6) gives:

10



- _ B 1 i +10g,yﬁi+ﬁ Yl 3 nei 3Y, .
Z; —— -~ 10 Lp— E — = | = - = 0] Tn— .

j=i+1
When i < n —2(8 — 1), the proof for the lower bound is similar to that of the upper bound. a
As the set of solutions to = A-x + g is T + Span(1,..., 1), the value of Z is only interesting up to a

constant vector, which is why we bound Z; — ¥, _g41 rather than 7;. In other words, since > of Theorem 1
is  — (E[x]);, the Lemma also applies to . It is also worth noting that the difference between the upper
and lower bounds %log g is much smaller than the upper bound % logys (for most values of 7). If we
replace g by (3, then, via a tedious function analysis, we can improve both bounds so that their difference
is lowered to %log 3. In the special case 3 = 2, the expression of T is T; = T, + (n — i) log 2.

4.3 Speed of convergence of the dynamical system

The classical approach to study the speed of convergence (with respect to k) of a discrete-time dynamical
system g1 := Ay - @k + gn (where A4,, and g, are the n-dimensional values of A and g respectively)
consists in providing an upper bound to the largest eigenvalue of AT A, . It is relatively easy to prove that it
is 1 (note that A,, is doubly stochastic). We are to show that the second largest singular value is < 1 — %,
and that this bound is sharp, up to changing the constant 1/2 and as long as n — 8 = 2(n).

The asymptotic speed of convergence of the sequence (A% - x) . 1s in fact determined by the eigenvalue(s)
of A,, of largest module (this is the principle of the power iteration algorithm). However, this classical fact
provides no indication on the dependency with respect to @, which is crucial in the present situation. As
we use the bound ||A - x| < ||A,|% - ||z]|, we are led to studying the largest singular values of ATA,,.

We first explicit the characteristic polynomial x,, of AT A, . The following lemma shows that it satisfies
a second order recurrence formula.

Lemma 6. We have x4(1) = Pt - 1), Xgp1(t) = Pt —1)(t — ) and, for any n > j3:

52
_ . _ 2
Xn+2(t) = (2ﬁ(ﬁ 15)2_‘_ 1)t ! : Xn+1(t) - <ﬁﬁl> t2 : Xn(t)'

Proof. We have A%:Aﬁ = Ay and dimker(Ag) = 3 — 1, thus tﬁ_1|xﬁ(t). Since Tr(Ag) = 1 we have x4(t) =
tP(t — 1). The computation of AgﬂAﬁJrl gives:

B+(B-1)?* |p-1
B3 82

T
Aji1Api =

=2 Y
B2 B

If y1+---+yg = 0and ygy1 = 0, then A£+1Aﬁ+1-y = 0, hence dimker(AgHAﬁH) > [f—1and tﬁ_l\xﬁ+1(t).
It can be checked that A£+1Aﬁ+1 -(1,---,1)T = (1,--- ,1)T. Finally, since Tr(Ag+1Aﬁ+1) =1+ % we
have x5 (t) = 1771 (t = 1)(t — 5).

For n > 1, let C}, be the n x n bottom-right corner of A£+5_1An+ﬂ_1. Note that for n,i,j > 1, we have
Cnij = Cn—1,i—1,j—1, Which means that we can write C,, as:

Cnll ‘Cn12 o Cpln
Cn21

C, =
Cn—l

Cnnl

11



2
Moreover, we have ¢,11 = <%) Cn2o + 5—12, Cpil = %cmg and c,1; = %cngi for all 4 > 1. Subtracting

% times the second column of tI,, — C, from the first column and subtracting % times the second row

from the first row gives:

28%—26+1 1 -1
/@[325 t_ﬁz _ﬁTtO 0
— BT,
B
X(Cn)(t) = 0
: tIn—l - Cn—l
0

By expansion on the first column and then on the first row we obtain:

-1

2 - 2
weno = E=2ENE e - (457) # e,

Since the [ first columns (resp. rows) of AZ " ﬂ—lAn 4+p—1 are identical, we obtain, by the previous Fact, that
Xntg-1(t) = Bt x(Cr)(#) — (B — 1)t? - x(Cp—1)(t). This implies that the x,,’s satisfy the same second
order relation as the x(Cy)’s. O

We finally study the roots of x,,(t). The proof of the following result relies on several changes of variables
to link the polynomials y,(¢) to the Chebyshev polynomials of the second kind.

Lemma 7. For any n > § > 2, the largest root o %(I) 8 in [1 — %, 1-— %}

Proof. Let X,,(t) be the polynomial #"x,(1/t). Then, by Lemma 6, we have X3(t) = 1 —t, X5.,1(t) =
(1-1) (1— #), and, for n > :

28(B—1)+1)L -1 —1\?
Xnt2(t) = tn+2( s ;;— )2 * Xn+1 (1) — (ﬁﬁ 1> %‘Xn (1)

- o o 2
-0 a0 - (5 .

n—03 — /
Let 7(¢) = 28(8—1)(¢ —1) and ¢, (') = (%) Zalor) We have wp(t) = 1, g () = 2t~ 25
and, for n > 3:

Unsa(t) =2 <g_1 g1 ()

=2t" Py (t') — Pu(t).
As a consequence, the 1,’s are polynomials (in ¢'). Now, let (U,)n>0 be the sequence of Chebyshev poly-

nomials of the second kind, i.e., Uy = 0, U; = 1 and Uy, 42(t') = 2t - Up11(t') — Un(t') for n > 0. These
polynomials satisfy the following property:

3 >"+1‘ﬂ,xnﬂ(1f(t'>>_< 3 >"—5'xn<1—7<t'>>

sin(nx)

Vn >0, Vo € R\ {2km; k € Z}, Uy(cosz) =

sinz
It can be proven by induction that ¢, = U,_g41 — %Un_ﬁ for all n > 3. By the Fact given below, this
implies that there exists t(, € [cos 7ig, oS m} such that ¢, (t() = 0 and ¢, (t') > 0 for all ¢’ € (¢, 1).

n—p
We have X, (1 — 7(t;)) = (%) 7)) (th) = 0, hence to = (1 —7(th)) " is a root of x,(t). Since

12



the image of (¢),1) by ¢’ — (1 — 7(#))~! is (to, 1), we obtain that to is the largest root of y,(t) smaller
than 1. We now compute bounds for ¢o. We have 2(n — 3 + 1) < 2n so cos T < t’ < cos 5. It can

be Checked that for u < 7, we have cosu < 1 — 187u2 so 1 — ﬁ <ty <1-— 17 27 This leads to
s 2
1+( 6)2>1 7 (1 )21‘1’%3(5—1)2 ﬁ%,andthusl G B)2<t0<1 lﬁi'

To conclude, let ¢, (t) be the polynomlal X"( ) . By using Lemma 6, it can be checked that ¢, (1) =

n—B
(%) %, which implies that ¢,(1) # 0. This proves that 1 is never a multiple root of x,, which

completes the proof. O

Fact. Let n > 2 and f(x) = W - % . Si:igln:f). The smallest positive root of f belongs to [ﬁ, ﬂ .

Proof of the fact Since sin is an increasing function on [0, %], we have sin(nz) < sin((n+ 1)z) for all
0<z < (n+ y- This implies that f(z) > 0 on this interval. We also have f (Z) = —1 < 0. The result
follows from the intermediate value theorem. ad

Proof of Theorem 2. The unicity and existence of £°° come from Lemmata 3 and 4.

(k)
Let (bz(-k))ign be the basis after k tours of BKZ’g and a:z(-k) = log %. The definition of > and

a simple induction imply that xk) — oo = Ak(w(o) — ). Both 2 and x> live in the subspace & :=
Span(1,...,1)%, which is stabilized by A. Let us denote by Ag the restriction of A to this subspace. Then
132

the largest eigenvalue of A?Ag is bounded in Lemma 7 by (1 — 5

). Taking the norm in the previous
equation gives:

2
o) — 2l < el -2 - 2%z = p(AF A2 - [o® — o< < (1= £5) " 2 - 2]

on?

The term [|2(© — 2| is bounded by [|£©]y + [[®[]2 < (logmaxi %) n + n°M). Taking the

logarithm, we obtain log [|2(®) — ||y = O(log n + log log max; %). This implies that there exists C
such that ||2®) — 2*||y < 1 when k > C”—i(logn + log log max; %).

We now prove the last inequality of the theorem. By Lemma 5 and the fact that ) ;" G417
1 .
16} (mﬁf’_ﬁﬂ — %log 73) > Pap’ 5o+ Z?:n_ﬁﬂ (%(n —i) — %log 75>, we have:

xoo—xoo—iﬁ<(n—1)10gvﬁ—li 1Og’yﬁ(n—i)—§lo = ni_l—i—% lo
R A B—1 n\B-1 281 ) = \aa—1) " 2) *"
Using the inequality xgk) < 23° + 1 and taking the exponential (in base 2) leads to the result. ad

5 Analysis of BKZ’

We now show how the heuristic analysis of the previous section can be made rigorous. The main difficulty
stems from the lack of control on the ||b}|’s of an HKZ-reduced basis (b;);<g. More precisely, once the
determinant and [|bj| are fixed, the [|b]|’s are all below a specific curve (explicitly given in Lemma 2).
However, if only the determinant is fixed, the pattern of the ||bf||’s can vary significantly: as an example,
taking orthogonal vectors of increasing norms shows that [|bj|| (vesp. [|bj||) can be arbitrarily small (resp.
large). Unfortunately, when applying HKZ within BKZ’, it seems we only control the determinant of the
HKZ-reduced basis of the considered block, although we would prefer to have an upper bound for each
Gram-Schmidt norm individually. We circumvent this difficulty by amortizing the analysis over the ||b}||’s:
as observed in [11], we have a sharp control on each average of the first ||b¥||’s. For an arbitrary basis B :=

(bi)i<n, we define ,uECB) = %Zgigkbg |br]], for k < n.

Lemma 8 ([11, Le. 3|). If B = (b;)i<g is HKZ-reduced, then ,u,({: ) < B k log I'3(k) +uﬂ for all k < (.

13



5.1 A dynamical system for (genuine) BKZ’ tours

We now reformulate the results of the previous section with the MEB) s instead of the log ||b}||’s. This amounts

to a base change in the discrete-time dynamical system of Subsection 4.1. We define:

W= =
LI =

, A=PAP"! and g=P-g

Lol

Sl e

1
Note that u(B) = P 2B where %) = (log ||b?||); and pB) = (M(B))i.

(2

Lemma 9. Let B’ be the basis obtained after a BKZ’ tour given an n-dimensional basis B as input. Then
pB) < A. B 4G, where the inequality holds componentwise.

Proof. Let « <n — (+ 1. We define A@ = pA@) p=1 and 5(0‘) = P-g®. Let B(® be the basis after the
first « calls to f-HKZ (starting with indices 1,...,«). We first prove that we have:

QB < Jle),  (BED) | s(a) ()

This vectorial inequality can be checked by making A@ and §(°‘) explicit:

1 ifi=jwithi<aori>a+pg-1
o) _ a;l 1—.%>ifi€[a,a+ﬂ—2]andj:a—l
N W#H) ifiela,a+pf—2land j=a+4-1
0 otherwise,
o) _ [ og Iy(i — oo+ 1) if i € [0, 00+ B — 2]
! 0 otherwise.

We provide more details on the proof of (9) in appendix.
Now, let v(©) = u(B(O)) = p and v(@ = Al@) . yla=1) +§(a). We prove by induction that ,u,(B(&)) < plo),
For a > 1, we have (successively using (9), the induction hypothesis and the fact that A(®) > 0):

N(B(a)) < Al .H(B(a—l)) +§(a) < Al@) . yla—1) +§(a) — pla)

The result follows, by taking « =d — (3 + 1. O

5.2 Analysis of the updated dynamical system

Similarly to the analysis of the previous section, it may be possible to obtain information on the speed
of convergence of BKZ’ by estimating the eigenvalues of AT . A However, the latter eigenvalues seem
significantly less amenable to study than those of AT A. The following lemma shows how to short-circuit the
study of the modified dynamical system. For a basis B € R™*" given as input to BKZ’3, we define B 0 =B
and Bl as the current basis after the i-th BKZ’ tour. We also define u™ = P - 2.

Lemma 10. Let B € R™" a basis given as input to BKZ’g. Wlog we assume that ,uSLB) = pse (since

(B) _

L, Llog|det B|, this can be achieved by multiplying B by a scalar). We have:

k]

k/2
vk >0, <n, p?) <+ (1 logn) 2 (1= £5)7 27D — 2]l
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Proof. First, by using Lemma 9 and noting that A- pu = pu™> + g, it can be shown by induction that
(k] T 0]
ptB) — poe < AF (P — ), (10)

Now, we have || A% - (uB*) — )|y = [|[PARP~L - (B — p) |y < [Py - [|4* - (@B — 2)]..
Thanks to the assumption on ,u,(zB), we know that z(B"”) — 2> ¢ Span(1,...,1)*, which is stable under A.
As in theorem 2, we introduce the restriction Ag of A to this subspace. By the results of Subsection 4.3,

we know that the largest eigenvalue of AL - Ao is < (1 — %) Therefore:

~ (0] o [0] . (0] o
JAR - (u B — )|y < ||Pll2 - |AE - (2B —2) ]Iy < | P2 - | Aellh - lz P — 2|,

T H\1/2 3? k12 (Bl
< p(PTP)Y '<1_2n2> @B — 2|,

where p denotes the spectral radius. Now, the sum of the coordinates of any row of PTP is < Yo %

<
1 +1Inn <1+ logn. This gives p(PTP) < 14 logn. The result follows. ad

Lemma 11. There exists C > 0 such that the following holds for all integers n > 3, and ¢ € (0,1].

Let (b;)i<n be a basis of a lattice L, given as input to the modified BKZ’ algorithm of Section 2 with block-

size (3. If terminated after C”—g(log Z +loglog max; %) calls to an HKZ-reduction (resp. SVP solver)

in dimension (3, the output (¢;)i<n is a basis of L that satisfies:

n—1

“5+5
lesll < (142)y,™" 7" % - (det )™

3=

Proof. Wlog we assume that pu, (B [0]) = py°. The proof is similar to that of theorem 2. We know that:

1 n—1 3
= = L e+ < (o + g ) loE (1)

i fe%}
We have log ((Hlog");gﬁf{s])_m “2) = O(log 2 + log log max; ||b;||) so there exists C' > 0 (independent

of ) such that for any k > C’g—;(logg + log log max ||b;||), we have:

k
(1+1ogn)? (1= £5)7 [a(BY) — 2]z < log(1 + &),

This gives p1(B*) < u$° +log(1 +¢) < (Mn(B[O]) + 2(%77_11) + %) log s + 1. Taking the exponential (in

base 2) leads to the result. O

Theorem 1 corresponds to taking e = 1 in Lemma 11. Also, when 3 = 2, plugging the explicit expression
n—1

of > into (11) leads to the improved bound |c1]| < (14¢€) - (7y2) 2 - (det L)%

6 Applications to LLL-Reduction

In this section, we investigate the relationship between BKZ’s reduction and the notion of LLL-reduction [16].
Note that analogues of some of the results of this section have been concurrently and independently obtained
by Schnorr [35].

Reminders on the LLL algorithm. The LLL algorithm with parameter § proceeds by successive loop
iterations. Each iteration has a corresponding index k, defined as the smallest such that (b;);<y is not §-LLL-
reduced. The iteration consists in size-reducing (b;)i<x and then checking Lovész’s condition § Hb}:,_lHQ <
165 11% + ,uz,kflﬂbzlez. If it is satisfied, then we proceed to the next loop iteration, and otherwise, we

swap the vectors by and by_;. Any such swap decreases the quantity IT((b;);) = [[i, ||b}]?"~*+1) by
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a factor > 1/6 whereas it remains unchanged during size-reductions. Since IT((b;);) < 20(*size(B)) and
since for any integer basis IT((b;);) is an integer, this allows to prove termination within O(n?size(B)) loop
iterations when § < 1. When § = 1, we obtain the so-called optimal LLL algorithm. Termination can still
be proven by using different arguments, but with a much larger bound 2P°%() . Poly(size(B)) (see [3,17]).
An iterated version of BKZ’;. We consider the algorithm Iterated-BKZ’s (described in Algorithm 3)
which given as input a basis (b;)i<, successively applies BKZ’; to the bases (b;)i<n, (bZ@))ggign, s
(b(nfl))n_lgign. By using a quasi-linear time Gauss reduction algorithm (see [39,42]) as the HKZy algorithm

7
within BKZ’s, Algorithm Iterated-BKZ’s can be shown to run in quasi-linear time.

Input : A basis (b;)i<n of a lattice L.
Output : A basis of L.
for k:=1ton—1do
Apply BKZ’s to the basis (bﬁ"’))kgign;
Let T be the corresponding transformation matrix;
Update (b;)i<n by applying T to (bi)k<i<n.
Return (b;)i<n-
Algorithm 3: Iterated-BKZ’s Algorithm

Lemma 12. Let B be a basis of an n-dimensional lattice, and € > 0 be arbitrary. Then, using Algo-
rithm Iterated-BKZ’, one can compute, in time Poly(n) - O(size(B)), a basis (b});<,, such that

n—i
2

n 1
" 4 N n—it1
visn o< wea (3) - (TDern) ™ (12)
j=i

Proof. We first prove that (12) holds for the output of Iterated-BKZ’s. The remark at the end of Section 5
shows that (12) holds for i = 1 after the first step of the algorithm. The following steps do not modify the
first vector of the basis, nor do they modify the right hand side of (12), hence the inequality holds. Now,
Iterated-BKZ’y starting from Step 2 is equivalent to applying Iterated-BKZ’s to the basis (bZ(Q))QSiSn. It
follows from the case i = 1 and a direct induction that (12) holds for all 7.

We turn to analyzing the complexity. First, note that HKZ in dimension 2, i.e., Gauss’ reduction, can be
performed in time O(size(C)) given basis C' € Q**2 as input (see [39,42]). Standard techniques allow one to
bound the bit-sizes of all the vectors occurring during an execution of BKZ/ (and hence Iterated-BKZ’s),
by a linear function of the bit-size of the input. This completes the proof. a

A close analogue of the optimal LLL. Let B = (b;)i<, an integral basis output by Iterated-BKZ’s.

. . . . . i i e )|2(n—it+1)
For i < n, we let p;, g¢; be coprime rational integers such that % = (%)(n )=o) ”%?LW‘ By (12), we

know that p;/¢; < (1+¢)"**1. Note that p;/q; is a rational number with denominator < 90(n*+size (B)) e
can thus find a constant ¢ such that, for all i, the quantity |p;/q¢; — 1| is either 0 or > 9—c(n*+size (B)) Hence,
if we choose € < ﬁ.Z_C(”QJFSize(B')), all the inequalities from (12) must hold with £ = 0. Overall, we obtain,
in polynomial time and using only swaps and size-reductions, a basis for which (12) holds with € = 0.

A quasi-linear time LLL-reduction algorithm. BKZ’y can be used to obtain a variant of LLL which
given as input an integer basis (b;)i<, and § < 1 returns a 6-LLL-reduced basis of L[(b;)i<y] in time Poly(n)-

O(size(B)). First, we apply the modification from [18, p. 25] to a terminated BKZ’s so that the modified

algorithm, when given as input an integer basis (b;)i<, and € > 0, returns in time Poly(n) - O(size(B)) a
basis (b})i<pn of L[(b;)i<n] such that ||b}]] < (1 + £)2(4/3)" A1 (L). The complexity bound holds because
the transformation from [18, p. 25| applies BKZ’y n times on bases whose bit-sizes are Poly(n) - O(size(B)).

We then iterate this algorithm n times on the projected lattices (bgk))kgign so that the output ba-
sis (¢;)i<n of L[(b;)i<n| satisfies:

Wi <n, e < (1+€)%(4/3)" A (L6 )i<i<al). (13)
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It follows from inequalities and the size-reducedness of (¢;)1<i<y, that size(C') = Poly(n) - size(B).
We call §-LLL’ the successive application of the above algorithm based on BKZ’s and LLL with param-
eter . We are to prove that the number of loop iterations performed by ¢-LLL is Poly(n).

Theorem 3. Given as inputs a basis B € Z"*" of a lattice L and 6 < 1, algorithm 6-LLL’ algorithm
outputs a 0-LLL-reduced basis of L within Poly(n) - O(size(B)) bit operations.

Proof. With the same notations as above, it suffices to prove that given (c¢;)i<y as input, algorithm §-LLL
terminates within Poly(n) - O(size(C)) bit operations. Let (c ")i<n be the output basis. As size-reductions
can be performed in time Poly(n) - O(size(C))), it suffices to show that the number of loop iterations

of 6-LLL given (¢;)i<y, as input is Poly(n). To do this, it suffices to bound % by 2Pe(n),

First of all, we have Al(L[(cg-i))igjgn]) < Xi(L), for all i < n. Indeed, let vy,...,v; € L be linearly

independent such that max;<; ||v;|| < Ai(L); at least one of them, say v, remains non-zero when projected

orthogonally to Span(c;);j<;. We thus have Al(L[(c§2))i§j§n]) < |lv1]] € Ai(L). Now, using (13), we obtain:

11((¢:)i<n) H||cl [2=i+D) < 20( S)H)\ (n=is1)

On the other hand, we have (see [16, (1.7)]) A\i(L) < max;<;[|c}| < (ﬁ)i_lﬂc’fﬂ, for all i <n. As

a consequence, we have IT((c})i<n) > 2~ o(n?) . [T, \i(L)2™=*1 | This completes the proof. O
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A  Bounding the number of tours in the original BKZ algorithm

A bound (n3)" is claimed in [9]. The authors kindly explained to us how to prove a similar upper bound.
We give the proof, for the sake of completeness.

First, note that during the execution of BKZ (Algorithm 1), the basis (bgk))kgigmin(k+ﬂfl,n) given as

input to the SVP solver is always LLL-reduced. Now, we modify the call to LLL following the call to the

18



SVP, as follows. If the SVP solver did not find a sufficiently short vector (i.e., d-[|by | < ||b]| in Algorithm 1),

then we proceed as in Algorithm 1. Otherwise, we first call LLL on b, b*)| b,gk), ey brjin(k+5_1 n) to remove
the linear dependency, we apply the appropriate transformation matrix to by,...,b,, and then we call LLL
again on the vectors by, ..., byink48,n)-

Suppose the call to the SVP solver is successful. The modification above ensures that the projected
basis b,gk), . ’bfrlfi)n(k—kﬂ—l,n) is reduced both before the call to the SVP solver and before the second call to

LLL. Furthermore, by a standard property of LLL, the vector found by the SVP solver is the first vector
of the basis before the second call to LLL. Overall, the effect on the ||b}||’s of a call to the SVP solver and
the first call to LLL is as follows:

e ||b}|| decreases by a factor <6,
o ||b}|| remains constant if j & [k, min(k + 8 — 1,n)],
e ||b}]| does not increase by a factor > 20 if j € [k+1,min(k+B—1,n)] (because the former and new 167’

approximate the successive minima of L[(bgk))kgigmin(k-&-ﬁ—l,n)] (see, e.g., [6, Th. 18.12.1]).

To conclude, consider the quantity [[,.,, Hbf]\[%]nﬂﬁ. From the above, it always decreases by a
factor < % during a successful call to the SVP solver followed by the first call to LLL. It also always
decreases during a LLL swap (see [16]). Finally, it never increases during the execution of BKZ. As the
input and output bases of BKZ are LLL-reduced, it always belongs to the interval

H()\iZin)[%]nf’i“rl’H(}\i2n)[%]n7i+l |

i<n i<n

where the \;’s are the successive minima of the lattice under scope. This implies that the number of calls
to the SVP oracle is O(8)". O

B Improving the constant g in Theorems 1 and 2

Theorem 1 asserts the following bound on the output of the modified BKZ algorithm:

n—1

+3 1
ledll < 2(75)*7 "% - (det L)

We show that that there exists a universal (and efficiently computable) constant K such that for sufficiently
large 6 and n > (3, we have:

1 In2

el < K - 8750 R ~(det L)

The base [ of the power could be replaced by af (a < 1) provided that v < «f holds for sufficiently
large (.

1
n

Proof. In the present work, we only used the facts that 7, is an upper bound on the Hermite constant and
that v, < Ypa1. Since v, < n, the proofs also hold with ~, replaced by n.
Let y; =0 and 341 = % Z] 1 Y5+ ’*1 log(i + 1) for i > 2. We have:

-1
Yir1 — Yi = Zy] log(z +1) - 7:%
1 =
,Zy] log(i + 1) ; i_lzyj+2( )logz
Jj=1 Jj=1
1+ 1 )
57 log(i+ 1) — = log
i

1 1
= §(log(i +1)—logi) + % log(i + 1).



Let (b1,...,b,) be an BKZ-reduced basis and 7; = log||b}||. Wlog, we may assume that ||b}|| =
Under the SMA, we have T; = y,,—ij+1 for all i € [n — 8+ 1,n]. We proceed as for Lemma 5: we compute
upper and lower bounds for any fixed point (Z;); of the dynamical system @ < A-x + g. It then suffices to
combine them, as in the proof of Theorem 2.

A lower bound on 7;. We prove by induction on i =n — G+ 1,...,1 that we have:

Weum—ﬁ+u,m—mmm4z<g:;—okgﬁ

This trivially holds for i = n — + 1. As in the proof of Lemma 5, we now consider i € [n—2(6—1),n— f],
for which we have (Eq. (6)):

B ﬁ i+8—1
xi:2(ﬂ1)0gﬁ+<z%+ Z m]) (14)

Jj=i+1 j=n—0G+1
The following sequences are concave:
 (yr)i1<k<p: 1t suffices to show that ygy1 — y, = %(log(k +1) —logk) + ﬁ log(k + 1) is non-increasing;
For k > 3, both (log(k+1) —log k) and 5 log(k + 1) are non-increasing; It can be checked by hand that
Ya—Ys Sys—y2 < Y2 — Y1
e (ys— k+1)1<k<ﬁ By symmetry.
(k Z] 1Ys— ]+1> e See [41, Le. 5] for example.

® (zk)rep g defined by zk =z Z? fjgﬂ z;: This is a simple translation of indices.

Since (zy)x is concave, we obtain

k.
k-1 _ log6 k-1 _ logﬂ
Zk > 21+(z,g—z1)ﬁ = Tp—pB+1 _7ﬂ = Tpn—B+1 — Z::T (15)
Using the previous equation with £k =14 + 28 — n — 1 gives:
1 L log G A1 n—j
—_ Tj > Tp— —_ —-1]. 16
i+2ﬁ—n—1,z Tj 2 Tpn-py1+ - 123 —n—1 Z (6—1 ) (16)
j=n—p+1 Jj=n—pF+1

Using the induction hypothesis (on each z; for j € [n — B+ 1,7+  — 1]), we also have:

1 s logﬁ n—j
D S e L o (=) )

Jj=i+1 ] =i+1

Then, we plug (16) and (17) into (14). The end of the proof is similar to that of Lemma 5 (where the
constant % is replaced by 1).

An Upper bound on 7;. Starting from the equation y;+1 — y; = & (log(i + 1) — logi) + 4 log(i + 1), we
obtain:
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for some universal constants C7 and C5.
Let f(z) = 22 log? v+ 1 logx. Let I = [exp(1), B]. As f is concave on I, we have f(z) < f(g)—l—f’(g)(x—
g) for all = € I (for sufficiently large 3). We have f(g) < F(B)—1221og B+ C5 and |f(£) — 10§f| < % for
1

2 2 B
some universal constants Cs3, Cy. Since z — log? z is continuous and bounded on [1,exp(1)], we obtain, for
any x € [1, 4]:

In2 IOgﬁ(m—é)—l—Cg,

< ——1
1) < 18) ~ 21086+ 280 (0
log 8 1—In2
3-1 2
for some universal constants C5, Cs. The same holds for the y;’s (for i < ), as y; < f(i) + Ca:

log 3 . 1—-1In2
-8+

ﬁ_
= f(P) + (z = 0) +

IOgﬁ + 067

Yi <yg+ log 8+ C7,

for some universal constant C'.
A change of variable gives the following inequality on the Z;’s for i > n — 5+ 1:

_ n—t 1+In2
xi—xngHS(ﬂ_l— 5 >logﬁ+0(1).

It can be proved by induction that it also holds for all i < n (as in the first part of the proof of
Lemma 5). O
C Additional details for the proof of (9)

Using the following explicit value for P~1
1
-1 2
pl— -2 3 7
—-n+1 n
it can be checked that:
1 ifi=jwithi<aori>a+pg-1

(e azfl(1—%)1“6[0@@4‘5—2]andj:a—l
ij

(O“W—%w ifielo,a+p—2]and j=a+p3-1
0 otherwise,
(o) _ [ og Ta(i — a4+ 1) if i € [a, a0+ 3 — 2]
9 = 0 otherwise.
Ifi<a—Tori>a+f—1 then u®") = (A€ yB 4 g, = P Jra<i<atp-2,
we have (noting ,ugB) = ﬁ > icrlog||bf|| for any I C [1,n]):
. (B(® B(e) . B(a)
il = (@ =p )+ (-t 1)ME04,1'] )
(a—1) . . . (a=1)
< (a— 1)#&51 ) 4+ (B—i+a—1)loglgli—a+1)+(i—a+ 1)Mfojia+g,)1}
| —a+1 (a-1) : . T -Dli—a+1) b
=0 - 0 - )l 4 i Dlog (i -t 1) 4 IV AR D) me
This completes the proof of (9). O
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