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Abstract

In this work, I look at a variant of the McEliece cryptosystem aiming
at reducing the key size. This scheme is based on correcting codes and it
relies on a simple probabilistic decoding algorithm. However the failures of
the decoding algorithm can be used to retrieve the secrete key. During my
internship I tried to reduce that decoding failure rate by introducing as little
complexity to the algorithm as possible. Here, I present a few variants of
the algorithm and look at how they perform on simulations. Finally I try to
find models on the evolution of certain quantities during the algorithm. The
knowledge of these evolutions could be used to improve the variants of the
algorithm.

Résumé

Dans ce document, je m’intéresse a une variante du cryptosysteme de
McEliece visant a réduire la taille des clés. Ce systeme se base sur la théorie
des codes correcteurs et utilise un algorithme de décodage itératif probabi-
liste simple. Cependant, les échecs au décodage peuvent étre utilisés pour
récupérer la clé secrete. Pendant mon stage, j’ai essayé de réduire ce taux
d’échec au décodage en introduisant aussi peu de compléxité que possible
dans I’algorithme. Ici, je présente quelques variantes de cet algorithme et je
regarde leurs comportements sur des simulations. Enfin, j’essaie de trouver
des modeles sur I’évolution de certaines quantités intervenant dans 1’algo-
rithme. La connaissance de ces évolutions pourrait étre utilisée pour amé-
liorer les variantes de 1’algorithme.
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Nomenclature

In this document, we will focus on the syndrome decoding problem: given H € F5*"
and s € F; we want to find e € F} such that He" = s. We will use the following way of
representing the different objects involved.

hl

J

| ¢ |

We will use the variable i to index a row of the matrix H and the variable j a column.

B(n,p) The binomial distribution with parameters n and p

d Hamming weight of a column

e An error vector

G A generator matrix

H A parity matrix

hi The i-th row of the parity check matrix H

h;  The j-th colum of the parity check matrix /

n Length of the code (in this document we always have n = n; - p)

no Number of circulant blocks in the parity check matrix



CONTENTS

P Dimension of the code
s A syndrome
w Hamming weight of a row

Proposed parameters in [MTSB13]:

Security ng D d t
80 2 4,801 45 &4
80 3 3,993 51 53
80 4 3,079 55 42
128 2 9,87 71 134
128 3 7,433 81 85
128 4 6,803 8 68
256 2 32,771 137 264
256 3 22,531 155 167
256 4 20,483 161 137




1
Context

Most of the cryptosystems used nowadays rely on problems such as the integer fac-
torisation or the discrete logarithm. Those problems could be solved in a polynomial
time with a sufficiently powerful quantum computer using Shor’s algorithm [Sho97] or
a variant [PZ03].

Even if the current state of quantum computing does not allow an attacker to break
widespread algorithms such as RSA; DH, ECDH or ECDSA, the threat is real if we want
long term secrecy. In response to that possible threat, the NIST ! will start a process to
standardise quantum-resistant cryptographic algorithms (or post-quantum algorithms)
in November 2017.

In this document, I will present a post-quantum cryptosystem using error correcting
codes (also known as code-based cryptography), a variant of the McEliece cryptosys-
tem [McE78] which uses QC-MDPC codes [MTSB13]. I will specifically focus on the
decoding algorithm of those codes for which there are security concerns [G]S16].

1. National Institute of Standards and Technology



N, N

Preliminaries

We are interested in decoding a type of linear error correcting code used in a variant
of the McEliece cryptosystem. In this chapter we shall therefore recall the definitions
and main results about those objects.

2.1 McEliece cryptosystem

Definition 2.1. An [n, k]-linear code C is a linear subspace of F?' of dimension k.

We say that such a code is of length n and dimension k. If ¢ = 2 we say that C is a
binary code.

The vectors of C are called codewords.

Definition 2.2. A generator matrix G of a code C C Iy is a matrix whose rows form a
basis of the linear subspace C.
Any vector v € F¥ can be mapped to a codeword ¢ € C with:

c=vG.

We say that we encode the message v as the codeword c.
A parity check H matrix is a matrix such that ¢ € C ifand only if Hc™ = 0.
For any vector y € [y, the vector H y" is called the syndrome of 3.

Definition 2.3. The Hamming weight of a vector v € Fy is the number of its non-zero
components:
wt(v) = [{i [ vi # 0}/
The Hamming distance between two vectors v, w € Iy is the Hamming weight of
their difference:
d(v,w) = wt(w —v) = |[{i | v; # w;}.
The minimum distance of a code C is the minimum distance between two distinct

codewords:
A(C) = min d(cq,ca).

c1,C2 eC
c1#ca
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Intuitively, correcting codes add redundancy in a message so that the noise which
is added during transmission can be removed. A noisy codeword will be at a certain
distance of a codeword. If that distance is small enough, we can find the codeword which
hopefully corresponds to the transmited message.

Definition 2.4. Let C be an [n, k|-linear code of miminum distance d, ¢ € C be a code-
word and e € F” be an error pattern of weight less than 451, We write v = ¢ + e.
We say that we decode the message v if we find ¢ € C knowing v.

If the code C has a minimum distance of d, we can detect up to d — 1 errors and, in
theory, correct up to | 41| errors.

In practice, for the decoding process to be fast, we add a structure to the code C. For
example, Reed-Solomon codes are based on polynomials over finite fields and decod-
ing can be achieved using a variant of the extended Euclidean algorithm (among other
algorithms).

In this document we will talk about MDPC ! codes which are derived from the LDPC 2
codes. They both use a probabilistic decoding algorithm which requires a sparse parity
check matrix.

Definition 2.5. The McEliece cryptosystem uses the family of the Goppa codes*. The
main idea behind the system is that we can give a way to encode a mesage (the public key
(&) without revealing the decoder (the private key (S, G, P)).

C < Goppa(n, k,t)
G generator matrix for C

S . G = SGP
S random k x k invertible matrix
P rapdom n X m permutation m e {Oll}k
matrix e
e+ {0,1}"
A_ Ip—1 le| =
c=¢ P R c=cd+e
m = Decode(¢)
m=mS~!

Here we denote by Goppa(n, k, t) the family of Goppa codes of length n, dimension
k and capable of correcting ¢ errors.

The security of the McEliece cryptosystem relies on the difficulty of decoding a ran-
dom linear code. The best algorithms to solve this problem are all variations of the Prange
algorithm [Pra62].

1. Moderate Density Parity Check
2. Low Density Parity Check
3. The definition of a Goppa code is out of the scope of this document.
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2.2 MDPC-McEliece

Goppa codes are interesting in such a scheme because they provide a high error cor-
rection capacity and they have a parity check matrix which is hardly distinguishable from
arandom matrix. But their main issue is the key size which prevents some lightweight or
embedded usages. In [Aug+15], the proposed parameters for 128 bits of post-quantum
security for the McEliece cryptosystem are n = 6, 960, k = 5,413, ¢ = 119, this gives a
public key size of & x (n — k) = 8,373,911 bits.

Definition 2.6. As their names suggest, LDPC * and MDPC° codes have respectively
a parity check matrix of low and moderate density. Here the density of the matrix is
defined by the weight of its rows.

For LDPC, rows have a constant weight (usually less than 10). For MDPC they have
a weight which scales in O(y/n) where n is the length of the code.

LDPC codes are widely used in telecommunications. A cryptographic scheme has
been proposed using LDPC codes [BCGMO07] in a McEliece variant where they replace
the Goppa codes. However a weakness was later found [BC07] which could break the
system. The proposed fix used matrices with a specific structure which has been broken
in [OTD10]. Finally in [BBCO08] a more general structure was proposed fixing these is-
sues. As in the McEliece cryptosystem, (.S, G, P) would be the private key, and the pub-
lic key would be G = SGP with G the generator matrix of an LDPC code. In [BBCO08],
P has to be an invertible matrix of moderate weight.

In [MTSB13], authors took a different approach. They directly generate a parity
check matrix of moderate density. Such a modification circumvents all the previous at-
tacks on the LDPC-McEliece system. This generates codes with a worse decoding cap-
ability but it is still good enough to use the usual decoding algorithms. Note that this
system does not require the matrices P and S as in the original McEliece system.

Definition 2.7. The MDPC-McEliece cryptosystem works as follows.

H random k xn matrix with rows

of weight w G

G = (I;|G) a generator matrix

corresponding to H m € {0,1}"*
d=mG
e+« {0,1}"
le] =t

c=c +e

m = Decode(¢)

4. Low Density Parity Check
5. Moderate Density Parity Check
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As for the original McEliece system, for 128 bits of post-quantum security, MDPC-
McEliece would require huge key size. But it becomes interesting if we use a quasi-cyclic
version of the MDPC codes.

Definition 2.8. A circulant matrix is a matrix such that it is uniquely determined by its
first row. Indeed each row is the cyclic permutation with an offset of one of the row just
above it.

mo My -+ Mp- mp
my Mo Ty T Mp—1
mo -+ My mo mi
my Mo --- my mo

The set of circulant matrices of size n x n over a field K is isomorphic to K[ X | /(X" —
1).

Definition 2.9. A QC-MDPC°® code is a code whose parity check matrix H consists in
no blocks which are p x p circulant matrices where p is a prime number. Those blocks
have the same row weight and column weight d. The row weight of the parity check
matrix is therefore w = ngd.

HO Hno

H= Q @

As for circulant matrices, quasi-cyclic matrices are entirely described by their first
row. For the QC-MDPC-MCcEliece cryptosystem, this yields public keys of size 32, 771 bits
for 128 bits of post-quantum security.

The security of the system relies on the two following problems:

— decoding ¢ errors in a quasi-cyclic [n, n — p| linear code;

— deciding whether the code spanned by some block circulant p x n matrices has a

minimum distance less than w.
Both problems are NP-hard in the non quasi-cyclic case. They are conjectured hard in
the quasi-cyclic case and we can choose the parameters n, p, w, t such that it takes at
least 2" operations to solve them for x-bit security.

6. Quasi Cyclic Moderate Density Parity Check
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2.3 Decoding algorithms for the MDPC codes

Decoding from a random linear code is usually hard. For MDPC (or LDPC), there
are efficient algorithms, they use the fact that the parity check matrix is sparse.

Those decoders can be split into two categories:

— hard decision algorithms: they operate on data consisting of 0 and 1;

— soft decision algorithms: they can use all the values in-between.

Soft decision algorithms have better correction capabilities but are more complex to
implement. Hard decision algorithms are better suited for an embedded implementation
at the expense of the correction capability.

In the next following sections, we will detail a hard decision algorithm — the bitflip-
ping algorithm — and a soft decision algorithm — the belief propagation algorithm.

For convenience, we will sometimes consider a vector v € [} as the set of indices of
its nonzero values:

v={ie{l,...,n}|v; #0}.
We will frequently need to use the cardinality of the intersection of two vectors. For
this, we will use different equivalent points of view:

b ol = (h,v)z = oy
k

We will call

— m the transmitted message,

— ¢ = m( the corresponding codeword,

— e the error pattern,

— y the received noisy codeword (y = ¢ & e).

We recall that the syndrome s = Hy' is zero if and only if  is a codeword. So we
have

S:HyT:HcTEBHeT:HeT:@h;.
j€Ee

We will say that the elements in e are erroneous positions or errors. The goal of the
decoding process is finding the vector e.

Foranyi € {1,...,p} we say that the i-th equation is satisfied if |h; N y| (or equival-
ently |h; N e|) is even and unsatisfied if it is odd. The equation can be written as:

Z hjiei =0 mod 2.
=0

We have achieved the decoding process when we have a vector y such that its syndrome
is zero 7.e. when all the equations are satisfied.
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2.3.1 Bitflipping

The bitflipping algorithm was first proposed by Gallager in [Gal63] to decode LDPC
codes. It relies on the fact that each bit of the syndrome tells us if the corresponding
equation is satisfied or not. Thus if a position is involved in many unsatisfied equations,
it is probably an error.

The algorithm relies on the computation, for each position j, of a counter with the
formula o; = (A}, s)z. This counter is the number of unsatisfied equations involving
the position j.

The algorithm is iterative and on each iteration it will compute all the o values and
flip the positions for which the counter is over a certain threshold. When we have flipped
all the errors, y is a codeword and so its syndrome is zero.

Algorithm 1 The bitflipping algorithm

procedure BITFLIPPING(y, H) >y = (y,...,yn) € {0,1}"
while HyT # 0 do >H = (hy,...,h,) € {0, 1}Fxn
s+ HyT

forj=1,...,ndo
if o; = (s, h, )z > threshold then

Yy 1—y;
return y

It is really simple but the hard part is choosing a threshold. In the LDPC case, the
column weight is as big as a few units but for MDPC it can be as big as 161 and a bad
choice of threshold can make the decoding process fail (this will further be discussed in

chapter 4).
In the case of MDPC, decoding is usually achieved in less than ten iterations.

2.3.2 Belief propagation

In [Gal63], the author describes another algorithm which he calls “probabilistic de-
coding” it is now more commonly referred to as a belief propagation algorithm or sum-
product algorithm.

The basic idea behind this algorithm is that we want to get a good estimation of the
probabilities P(c; = 1 | y) and P(c; = 0 | y) where y is the received vector (a noisy
codeword) and c is the sent codeword. The estimation of these probabilities is made

iteratively.
First we compute the conditional probabilities for the each equation to be satisfied or

not knowing the components of y affected by this equation. Then we compute the con-
ditional probabilities for the components of y knowing the probabilities of the equations
they are involved in. We then iterate the process. This can be seen as a probability tree.



CHAPTER 2. PRELIMINARIES 8

HNEN NEEN EEN NEEN BEEN EEN EEE EEEN EEER BEENE EEE EEN tierlequations

tier 1

root equations

root

Here we have represented by a circle the positions of the vector to decode and by a
square the parity check equations. This tree corresponds to a parity check matrix where
every row and every column have a fixed weight of four.

Given this tree where the root is j, we will call Tj([) the subtree going up to the /-th
tier.

We will assume that the values ¢y, . . ., ¢, are all independent and that the tree has no
loop.

In our case, we know P(c; =0 | T (0)) and P(cj =1] T'O)) from the parameters of
the cryptosystem, they are respectlvely equal to -t and £

To compute P(c; = 0 | T (I+1) ) and P(c; = 1 | T (e ) when I > 0, we proceed
iteratively and each iteration c0n51sts in two steps that We will have to repeat for all the

positions j.
First step.
(
P <5i ¢ =0, Tj(1+1)>
. . 1
= Y PGle=0dc i er\ ) I (o)
{eyrli'ehi\{3}} g'€hi\{j}
P (sile; = 1,11
. . 1
= Y PGlo=tiglien\h) I P
{ {c;rld'€hi\{5}} 3'ehi\{7}
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Second step.

p (cj —0 Tj(1+1)> =K. P(cj =0) H P (si/ cj = O,Tj(,l+1)>
i'eh] \{i}

Pl = -pte=0) TT (o =27
i'eh] \{i}

It is not necessary to compute the factor K explicitely, we can use the fact that

P(ej=1 ") =1,

T]-(I+1)> + P <C] — O

The algorithm will first compute the probabilities concerning the equations which
will then be used to compute probabilites concerning the positions. This is called a es-
sage passing algorithm.

Details on how to these computations can be done in practice are given in [Mac99].

Since we are computing probabilities, this algorithm requires the use of floating-point
or fixed-point values. It usually needs many iterations to achieve decoding.

2.4 A key recovery attack using decoding failures

In [GJS16], the authors describe a way to recover the private key in the QC-MDPC
scheme.

They call spectrum the set of all the existing distances between two ones in a vector.
The decoding algorithm will have a slightly smaller probability to fail when the error
vector’s spectrum and the private key’s spectrum have a nonempty intersection. Thus
if we provide enough generated messages to a decoder which signals decoding failures,
we are able to recover the private key’s spectrum by looking at the distances in the error
vectors triggering the least failures.

Then they provide a reconstruction algorithm to recover the private key from the
spectrum.

Authors compare two cases: the CPA case where the attacker can build the error
vector and the CCA case where the error vector is truly random. They claim that full
recovery of the key can be done in 240 million calls to the decoder for the CPA case and
356 million for the CCA case using the 80-bit security parameters.

In this attack, the decoding algorithm used by the authors has the same fixed threshold
for all the iterations. In [M'T'SB13], better approaches were suggested knowing that using
a fixed threshold does not give the best error-decoding capability.
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Objectives

The main goal of my internship at Inria Paris was improving the bitflipping algorithm
used with QC-MDPC codes.

The need for an improvement in the decoding algorithm comes from the fact that it
currently fails with a small probability.

This probability can actually be measured if we run many simulations. If we want to
use this scheme it is important to limit those failures. It is also important to have a better
understanding of the way it works if we want to implement it efficiently.

Also, in response to the attack using the decoding failures, an obvious countermeas-
ure would be diminishing the failures until the attack is not practical.

During my internship I first tried to get a better understanding of the different de-
coding algorithms for MDPC and LDPC codes by searching and understanding the work
already done on them. I tried to introduce some ideas coming from the soft decoding al-
gorithms into the bitflipping algorithm. I then implemented them and ran simulations to
see how much of an improvement could be expected from each technique.

Finally I tried to have a more theoretical point of view in order to understand where
the improvements come from.
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State of the art

If we look at variants of the bitflipping algorithm for LDPC codes, it is often pro-
posed to flip all the positions reaching the maximum counter value. For LDPC codes,
the counters range over a small interval (typically [0; 3]) but for MDPC codes that inter-
val is bigger. Such a choice would thus require many iterations since not many positions
would be flipped per iteration.

4.1 Algorithm originally proposed

In the original paper [MTSB13], the proposed algorithm suggests subtracting a small
value A (usually A = 5) to the maximum counter value and taking that value as the
threshold.

In [Cho16] the choice of thresholds was made by a fixed table giving a good threshold
value on average for each iteration step.

Both techniques are not always satisfying. In figure 4.1a, the distributions of the coun-
ters are shown in different color depending on the fact that they correspond to erroneous
positions (#;) or not (). A good choice for the threshold is the one corresponding to
the red dashed area: it maximises the difference between the number of errors removed
and the number of errors added.

If we choose the algorithm from [MTSB13], with a non negligible probability, the
maximum counter value will not give the best threshold. If that maximum is too high
the choice for the threshold will be high as well. We might do an iteration in which we
just flip a few errors hence not being as efficient as we could be. On the other hand if
the maximum is too low we will be under the good threshold and it will flip many goood
positions thus adding many errors. If we add too many errors we might get a decoding
failure.

A first improvement would be using what was proposed in [Chol6]: choose the best
threshold for each iteration based on an average value determined with a lot of simula-
tions.
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In figure 4.1a we have the average distribution for the counter values. In figure 4.1b we
have the average distribution for the counter values when then syndrome weight is higher
than its average value (in this case |s| = 2, 100). Compared to the other distributions we
can see that everything is shifted to the right. Thus in this case the good threshold based
on the average distribution (28) will be too low and will probably lead to a failure.

The next section presents the works from [Chal7], in which the influence of the syn-
drome weight on those distributions was determined. It allowed a great improvement in
the decoding failure rate of the algorithm.

4.2 Improvements using the syndrome weight

Chaulet showed that the distribution of the counters can be well approximated by
random variables following binomial distributions. The probabilities involved have been
conditioned by the syndrome weight to give a more precise approximation and it has been
used to choose better threshold values.

We will use the following values to get a better estimation of the distributions for a
specific iteration.

Definition 4.1. We call F; the number of equations affected by exactly [ errors. It is the
number of rows for which the intersection with the vector e has a cardinal of exactly /.

E={ie{l,...;p}||hNe| =1}
Definition 4.2. For a position j, we define o; as the counter value of j that is:
o; = |th Ns|={ie{l,...,p}7 € hy,|h; Ne|isodd}|.

Definition 4.3. For a position j, we write H, the event {j ¢ e} and #, the event {j €
e}.

We can see 0 as a random variable for which the distribution differs whether we are
under hypothesis #, or #,. Experimentally the following assumption can be made.

Proposition 4.4. Under hypothesis H,:
g5 ~ B(da pO) :

Under hypothesis H,:
Uj ~ B(d7 pl) .

Where B indicates the binomial distribution. The value of a counter can be seen as repeat-
ing d times the independent identically distributed Bernoulli trials consisting in determining if
[{h: N e}|isoddforalli e h).

The probabilities p, and p; can be calculated on average.
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Proposition 4.5. In proposition 4.4, we can take:

= P(|{h; Ne}|isodd|Hy) = Z (l(g# :

lodd
. ~ ()6
= P(’{hZ N 6}’1&0@%’7‘[1) = Z W .
ll;?n -t

This proposition supposes that the error vector is randomly taken out of the vectors
of length n and weight ¢.

The next proposition allows a better knowledge of the values F for all /; which we
will use to give better estimates for the probabilities py and p; on a specific instance.

Proposition 4.6. We have the following equations involving E,:

Z Ly =p; (4.1)
Z E = (4.2)
lodd
Zaj = w|s|; (4.3)
j=1
Y o= Z LE; ; (4.4)
Jee Lo
Do =lsl+) (1=1)E; (45)
jee Lot
Y op=(w-1)s| - > (I-1)E. (4.6)
JEe Vo

(4.7)

Proof. Foranyrowi € {1,...,p}, |h; Ne|isunique. This implies (4.1).

Foranyi € {1,...,p}, s; = lifand only if | 2; N e] is odd, implying (4.2).

We can prove (4.3) by using the definition of o;. We will use the fact that for any i
and j, we have i € h] <= j € h;. Equivalently, using indicator functions, for any
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i)j) 1h7,(j) = 1hT(2)

J

n n n p
o= ns|=> Y 1,7s(2)
j=1 j=1

=1 i=1

=33 1 01.6) = >0 1 ()L6)

j=1 i=1 j=1 i=1

-3 10 (Su0)-

We can then use the fact that each row of H has a fixed weight.
Similarly we can prove (4.4):

Y= b nsl =YY Liraui)1e()

jee jee j=1 i=1
n p n p
= > L (OL0)1eG) = DD Tnne(5)1(0)
=1 i=1 j=1 i=1
p n p
=) L) =D 1B
i=1 j=1 i=1
¢ odd ¢ odd
The remaining formulas are clearly implied by the others. O

During the decoding, for each iteration, we need to recompute the syndrome to check
if the decoding is done. Its weight can be used to condition the probabilities involved in
the distributions of the counters. To do so, we use the results of proposition 4.6.

Proposition 4.7. In proposition 4.4, we can take:

w

o= P e}lisodd M. s)) = g | (w=Dlsl =D~ DE |

=0
lodd

: 1 S
1= P(|{hi 0 e}isoddi My, |s]) = — | |s| + ;u —1)E,

Lodd
In the bitflipping algorithm, the goal is to flip as many erroneous position and as little

good positions given a counter value. To express this in terms of probabilities, we want
to find a threshold 7" such that

P(jeelo;>T)>P(jdelo; >T).
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Using the Bayes’ theorem this becomes
Plo;j>T|jee)P(jee)>Po; >T|j¢e)P(j&e).

And if we use the fact that we have binomial distributions this becomes

<&1—p0>T> n—t (1—p0)d

pol—pi t l—p)

A good threshold can therefore easily be found as long as we can estimate ¢, py and p;.
The first value can be estimated by using the fact that the number of errors is correl-

ated to the syndrome weight.

The other two involve the value ¢, the syndrome weight |s| which we can compute
and the value Zlf:d% (I — 1)E;. The values of E; becomes really small for [ > 4 (see
I

figure 4.2). So far(,) a choice has been made to use an average value in the computation
since the values do not vary too much. The following formula can be used to determine
the average values. They suppose that the error pattern e is randomly chosen among the
vectors of length n and weight ¢. This is true for the first iteration but because of the
way the algorithm works, it will not be true for the other iterations. This is discussed in
section 5.2.1.

Proposition 4.8. On the first iteration, forany | € {0, ..., w}, we have:

(1) ()
.

E[E] =p
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(b) Distribution of counter values when |s| = 2,100

Figure 4.1 - Distribution of counter values separated whether the position is erroneous
or not
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_5__
Decoding QC-MDPC codes

5.1 Empirical improvements

In this section I will present variants of the bitflipping algorithm that aim at reducing
the decoding failure rate while keeping the simplicity of the algorithm. Results in terms
of decoding failure rate are given in section 5.1.4 (page 23).

5.1.1 Dynamic decoding

In the bitflipping algorithm, the dominating operations are the computation of the
counters and the computation of the syndrome. The computation of the syndrome is
done at the beginning of the decoding process and then it is updated depending on the
flipped positions. It is the multiplications of the sparse quasi-cyclic parity check matrix
by a vector of length 7.

During an iteration we need to compute the counters (h, s)z forall j € {1,...,n}
or equivalently s " H in Z. It is the multiplication of the sparse quasi-cyclic parity check
matrix by a dense vector of length p. Here we try to limit the number of counter compu-
tations thus computing a smaller amount of dot product rather than the whole matrix-
vector multiplication.

We do so by observing that any one in the syndrome corresponds to an odd number
of errors among the w positions involved in the parity equation. So we know that for
an unsatisfied equation, at least one of its w positions is an error. Knowing that, we can
simplify the algorithm.

We select the w positions corresponding to an unsatisfied equation and then we only
compute the corresponding counters. As with the classic bitflipping we will flip a position
if its counters is over a certain threshold.

This algorithm has the advantage of being really fast and really simple when we only
have a few errors to decode. However it greatly increases the decoding failure rate.

Two issues can increase the complexity of this algorithm. First we can have good
positions with a high counter value, if we flip them we will increase the number of errors
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Algorithm 2 The dynamic bitflipping algorithm

procedure DYNAMIC BITFLIPPING(y, H) >y = (y,...,yn) € {0,1}"
while Hy™ # 0 do > H = (hy,..., hy) € {0, 1}F>xn
s < HyT

fori=1,...,pdo
if s; # 0 then

for j € h; do
if o; = (s, h, )z > threshold then
yj < 1=y

return y

(as with the classic bitflipping). Second we can have no counter over the threshold in
a given unsatisfied equation. This means we would have computed w counters but not
found any error.

5.1.2 Grey zones

We know the distribution of the counters corresponding to a good position and the
distribution of the counters corresponding to an erroneous position (see figure 4.1). In
the classic bitflipping algorithm, we use the fact that a high counter is more likely to
correspond to an error so we flip that position. Yet some positions had a high counter
but not high enough to be flipped, they still are more likely to correspond to an error. We
will refer to these positions with a “high but not high enough” counter as “grey”, and
the set of grey positions as the “grey zone”.

The main idea behind this improvement of the algorithm is to keep track of those grey
positions to save some computation time. As with the dynamic decoding, we try to limit
the number of counter computations. For a few grey iterations we will focus only on the
grey zone and only compute the counters of the grey positions. Those lighter iterations
will require only a few hundreds counter computations rather than thousands for a full
iteration.

The basic principle is as follows:

— we compute all the counters,

— we flip the positions whose counter is higher than a specified threshold,

— we select the positions for which the counter was above a threshold (lower than

the precedent one),

— we do regular iterations restricted to those selected positions until nothing gets

changed or until we reach /; iterations,

— repeat all these steps until the word is decoded.

In the simulations, empirical values were chosen to select only a few hundreds posi-
tions and I was set to 10.

From simulation on a high number of instances, we can see in section 5.1.4 that this
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Algorithm 3 The grey zone bitflipping algorithm
procedure GREY BITFLIPPING(y, H) >y = (y1,---,
10 > H = (hy,... "y
G+ 10
while Hy™ # 0 do
s HyT
if [ is a multiple of /; then
G+ 0
for j € {0,...,n} do
if o; = (s, h; )z > threshold then
G+ GU{j}
for j € G do
if o; = (s, h; )z > threshold then
yi < 1=y

I+ T+1
return y

~—

e {0,1}"
{07 1}k><n

n

~—
M

algorithm does not only reduce the complexity but it also decreases the decoding failure
rate.

Most of the choices in dimensioning the constants were done empirically. There are
some ways to improve the algorithm by choosing better thresholds (the one deciding on
which position to flip and the one deciding on which positions get selected in the grey
zone). In section 5.2.3, we propose a way to make a better choice for the threshold used
during the grey iterations.

5.1.3 Multi-bitflipping

With the grey zones, what we do in a way is adding some information on each position
telling that it is a bit more likely to be erroneous and therefore we focus on those marked
positions for a few iterations. We can see some similarities between this idea and what
was done in [NV14] for LDPC codes. In this paper, the authors define variants of the
bitflipping algorithm by giving each component of the vector to decode an additional bit of
information about its “strength”. These algorithms greatly improve the decoding failure
rate over the original bitflipping algorithm, and in comparison to the belief propagation
algorithms, they have a lower complexity but a higher decoding failure rate.

For each bit of the vector to decode, they add a bit which tells if the bit is “weak” or
“strong”. A weak bit will be easier to flip than a strong one.

The generic structure is described in algorithm 4. Here the additional information is
given by the vector z containing (b—1)-bit unsigned integers. A higher value corresponds
to a weaker position. First all the values are set as strong. Then this information as well
as the counter will be used to choose the evolution of y and z. This function will be
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explicited below.

Algorithm 4 The b-bitflipping algorithm

procedure b-BITFLIPPING(y, H) >y = (y1,...,Yn) € {0,2° = 1}"
z < (0,...,0) > H = (hy,..., hy) € {0, 1}Fxn
while Hy™ # 0 do

s HyT

forj=1,...,ndo
0j<—<s,th>Z

(ij Zj) <~ f(yja Zjs Oj)
return y

In the paper, they proposed a 2-bit algorithm which is really specific to LDPC codes
with a column weight of 3 so the function f: {0, 1}? x [0, 3] can easily be described by a
4 x 4 table. In the paper, authors also proposed to try every possible function f and keep
the ones performing the best. They reduced the sample size using graph isomorphisms.
This is not something we can do since the graph reduction leaves too many possibilities
to try given the high degree of each node for such graphs with MDPC codes.

I tried to adapt their algorithm to the case of MDPC codes. I made the following
choices for the function f, which permits the use of an arbitrary precision b as long as we
can find a good function ¢ described below.

(1 - Y, (2b_ 1)[_}(2+g(0)) 1fZ—|—g(0—) > 2b—1
(v, 2[+]g(0)) otherwise '

f(y7z70) :{

Here the symbols [—] and [+] indicate saturating operations for integers of precision (b —

1).

0 ifz 4y <0 0 ifr—y<0
ey =42 =1 ifoty>2"" -1 al-y=q2"" -1 fo-y>2"" -1
r+y otherwise T —y otherwise

With this choice, a higher strength (lower values of z) will be harder to flip and a
lower strength (higher values of z) will be easier.
We now have to find a good function g. I chose to rely on the function

P(jee]| aj)>
P(j éeloj)
We already know how to estimate the conditional probabilities (see section 4.2). And in

fact the threshold used in the state of the art decoder is the smallest value for which this
function is positive. This function is also affine which facilitates computations.

o: 0j>—>10g(
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Figure 5.1

I chose the function g as a discretisation of ¢. For example in figure 5.1, g is defined
as:

—1 if¢(0)) € (—o0, —2.4)
oy ] 60 € [-24.0)
I\ = if ¢(0;) € [0,2.4)

2 if(o;) € 2.4, +00)

In this figure, two graphs are given: one corresponds to a number of errors of 84 the other
one with 100 errors. Intuitively, the choice of the function ¢ has been made so that when
errors increases, the most uncertain zones — the ones around the threshold — are bigger
since the slope of ¢ will decrease.

Using the same empirical choices, I also implemented a 3-bit variant whose results
are given in figure 5.2. This algorithm is further discussed in section 5.2.3.

This algorithm can greatly decrease the decoding failure rate. However, it necessit-
ates more memory. If we use b bits of precision, the memory necessary for the values of
the n positions will have to be multiplied by b.

5.1.4 Results

To compare the results of the different algorithms, we use the decoding failure rate:
the number of decoding failures among a sample of instances scaled to the size of the
sample. If we use the state of the art for decoding, the decoding failure rate is already low
enough to be hard to measure on simulations (it is about 1071°). So, to compare those
different algorithms, I have taken the 80-bit security parameters (n = 9,602, p = 4,801,
t = 84) but I have increased the number of errors ¢. In figure 5.2, we can see the decoding
failure rates in function of the number of errors with a logarithmic scale on the y-axis.

The limit curve for the multi-bitflipping algorithm is calculated by using 64-bit preci-
sion floating-point numbers and using the transition probabilities detailed in section 5.2.2
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with parameters that we could not obtain in a normal decoding process since they require
to know the error vector. Its only purpose is to give an idea of the best that can be achieved
by keeping the same algorithm structure.

—-— [Chal7]
1071+ ——  Grey bitflipping
2-bitflipping
1072 ¢ 3-bitflipping
o —eo— Limit of multi-bitflipping
g 107 | —+ Dynamic bitflipping
<]
2
= 107 4
&
S 1075 ¢
Qo
8
Q 1076 1
1077 ¢
1078 |

84 86 88 90 92 94 96 9% 100 102 104 106
Number of errors ¢

Figure 5.2 - Decoding failure rate of the different variants of the bitflipping algorithm for
oversized error weights

5.2 Theoretical analysis

When dealing with probabilistic decoding algorithms, we often make assumptions of
independence between the bits of the vector to decode or the bits of the syndrome. In this
section we will make such assumptions, find models and compare them to average values
concerning the evolution of different quantities between the two consecutive iterations.

5.2.1 Evolution of the syndrome during the decoding

In proposition 4.8, we gave a way to estimate the average values of F; for any [ €
{0,...,w} on the first iteration. This estimation does not work anymore in the next

iterations (see figure 5.3).
In this section, we will look at the changes between the first and the second iteration

in terms of the the number of erroneous bits affecting each equation.
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Recall that when decoding at the beginning of the first iteration, we have a syndrome
s and we want to find e such that s = He' knowing H. After a first iteration, some
positions will be flipped which will have the effect of correcting as well as mistakenly
adding some errors. We denote by f the set of positions which were flipped and thus, on
the second iteration, we will have to decode

s =He' =He' @ Hf'

withe' =e® f.
Since f represents the positions that were flipped between the first and the second
iteration, in the algorithm described before, we have

f={jlo; =T}

where T is the chosen threshold.
We remind that for each row ¢ € {1,...,p}, the corresponding syndrome bit s; is
the parity of the number of bits in ¢ and in h;:

si=1|h;Ne| mod 2.

We would like to determine the transition probabilities from |h; N e| to |h; N €'].

The bitflipping algorithm works by counting the number of unsatisfied equations
(nonzero syndrome bits) involving a certain position, hence the nonzero syndrome bits
will have a different (higher most likely) probability to be changed than the zero syndrome
bits.

We therefore have to condition probabilities with the fact that the parity equation
considered is satisfied or not.

To explain what is happening to the syndrome bits between two iterations, we can
reorder the columns of the parity check matrix to obtain the situation in the following
diagram. We know that the rows of H all have a fixed weight w by construction. We
consider a specific row h;. We suppose that the cardinality of the intersection between
h; and the vector e is k. Among those k bits, we suppose that [ will be flipped and among
the (w — k) zero bits m + [ — k will be flipped thus giving a total of m nonzero bits in the
end.
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1 1]0 0] hi
11— 1]0 0]0 0]hine
k w—k n—w
[1—1]o—o0]1—1]0o—0]o0 0]ninf
l k—1 m+l—kw—(m+1) n—w
l0—o0]1—1]1—1]0—0]0 0]hine
l k—1 m+l—kw—(m+1) n—w

Proposition 5.1. We make the hypothesis that for the k nonzero bits in h; N e the fact that
they will be flipped (thus decreasing the value of |h; N e|) or not are independent identically

distributed Bernoulls trials.
Therefore

|hiNen f| ~ B(k,m1) whenh; N eisodd,
|hiNen f| ~ B(k,myq) whenh; N eiseven.

The same hypothesis can be made for the w — k other bits in h;, that is to say the nonzero
bits in h; N € (the bits increasing the value of |h; N e|):

|hinen f| ~ B(w — k,mo1) when h; N e s odd,
lh;nen f| ~ B(w — k,mo) when h; N e is even.

The probabilities involved can be linked to other quantities of the algorithm.

Zjeemf gj

ZloddlEl

Zjeeﬁf d—o;
Zz even LE,

> ooy 7
T2 P(j € fljehine,|h;Nelodd) = jeens I
10 (] f’j | | ) Zl 0dd<w . Z)El

Y ey = 0
£ P(j | € hiNE,|hiN S !
00 (e flje e | e| even) S oDk

7T11éP(jEf]jehiﬂe,\hiﬂe\odd):

o1 = P(j € f|j € hiNe,|h; Ne|even) =

Proof. We assumed that we have independent identically distributed Bernoulli trials, so
we have binomial distributions when we sum them. The probabilities are then determ-
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ined by using the expected values:

j h;NenN 4 hoOEnN
B — Z\hmé\odd| inenfl . o Zlhmélodd| inen f .
1= ’ o= .
oaa [N

Z|hmé|odd‘ iNel meé‘odd! inel

S i |mnenf| S i Jwnenf|
o1 = |hiNe| even : Top = |h;Ne| even
Yoo |h; N el S S e
|hiNe| even \hine) even

We first compute the denominators. By definition of F;, we have
i 1 odd
|hinel odd
We also have
S omnel= Y |l —|hine =) E-(w-1).
i i lodd
|hiNe| odd |hiNe| odd

Obviously we have the corresponding formulas for even values.
We now look at the numerators.

Do Mhnenfl= 37 3 i@ = D0 D (i) Ls()

7 7 i ) 7
|hine] odd hine| odd |hine| odd

= E E 1hJT(Z) = E E 1@(@)
j€en i j€en )
JENS e odd jeent vy

_ T _

= g |hj Ns| = E of
j€enf jeenf

And for even values we have

oo mnenfl= )" Z1h;<¢): > |nf N4l

i jeenf i jeenf
|hiNe| even 5;=
_ § : T T _ § : ]
j€enf jeenf

The other formulas follow immediately. O
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We now know the probability that, for any &, |h; N e| = k gets a decrease of [ and an
increase of m + [ — k thus we find the transition probabilities for a counter to go from the
value k to m by summing for [ ranging from 0 to k. Once more, we use the independence
hypotheses we made:

P(Jh;né|=m||h;Nel =kodd) =

[k w—k
Z (Z)T"il(l _ 7_‘_11)k7l (m i k) W%ka(l o Wlo)w*(mﬂ) :

=0

P(Jh;né|=m||h;Ne|l =keven) =

“ (k w—k
Z (l>7Tll)1(1 o 71_Ol)kfl (m i k) Wgéﬂfk(l - 7_‘,Oo)wf(mﬂ) )

=0

Since we already know the distribution of the values £ for the first iteration (propos-
ition 4.8), we can now determine the distribution for the second iteration.

In figure 5.3 we compare the average values of £ at the second iteration with the val-
ues given by the formula in proposition 4.8 and the ones using the transition probabilities
we just determined. The probabilities 7;; for 7, j € {0, 1} were determined by running
many simulations. Since we generated the error patterns in the simulations, we know the
positions in e N f and € N f, the counters for those positions, and the values of E; for all
.

The formula of proposition 4.8 is a little bit off since it does not take into account that
the algorithm tends to decrease the syndrome weight and the error pattern is not random
anymore. The bitflipping algorithm tends to decrease the £, values for [ odd and increase
the E; values for [ even.

With the newly determined model, we can see that compared to the average values,
we tend to slightly underestimate the distributions.

5.2.2 Evolution of the counters

The counters can be studied in a similar way to the syndrome bits.
We use the same notation, we denote by f the set of positions which were flipped and
thus, on the second iteration, we will have to decode

s =He'=He' aHf =s® A

withe' =e® fand A =@, h;.
Recall that for a position j, the value of its counter is:

U]:‘h;rm8|
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Figure 5.3 - Distribution of £; on the second iteration (7yy = 0.00054, m5; = 0.31088,
710 = 0.00152, 711 = 0.42507)
So, for the second iteration, it will be

-
o; = |hj N
=|h/ N(s®A)
= |(h] Ns) @ (b NA)
=|(h] Ns)® (h; NANs)® (h] NANS)
=|h/ Ns|—|h/ NANs|+|h/ NANS|.
We now define A* & ANsand A~ £ AN ssince they are the part of A responsible
respectively for an increase and a decrease in the counter values. We also write

+ o7 + - a7 -

of =|hj NAT| and o; =|h; NAT|.
We now have 0} = 0; — 0 + 0.
In the previous section, we reordered the columns of the matrix H to get a better
understanding of the effect of the algorithm on the error pattern after the flips. We do
the same thing with the rows.

We suppose that a position j has a counter value o;. We suppose that among the
o, bits intersecting with the syndrome, & will be flipped and thus decreasing the counter
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value. We also suppose that among the syndrome bits which were previously zero but are
then flipped, [ + k — o; are intersecting with /| and thus increasing the counter value.
In the end the counter value for position j willbe o; — k +1+k —0; = L.

1] 1] ]{E ? 0 1
L e |
0 0 0 %

o
0 0] 0] 1
1 I 1

o l+k Ii i

1 d—l—k]ﬁ ﬁ o
0 0 1

1
0] 0] 0] 0] ﬁ 0]
th thﬂs thﬁs’ A~ AT §

Four things can happen between two iterations:

— an erroneous position has been flipped;

— a good position has been flipped;

— an erroneous position has not been flipped;

— agood position has not been flipped.

We therefore choose to condition all the probabilities according to these four situ-
ations z.e. for a position j whether j € eorj € eandj € forj & f.

Proposition 5.2. We make the hypothesis for all the o; nonzero bits in h;r N s the fact that
they will be flipped or not are independent identically distributed Bernoulls trials. Therefore

o; ~B(oj,p1;) whenjecenf;

(
o (0371710) whenj € eN f;
B(
(

g 0j,Po1) Whenj € en f;

~ ~ B(oj,pyy) whenjecenf.
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With the following probabilities.

( Z'emfg—'F
A : ; 5.1 =
pflzp(yeA\Jeh]ﬂs,yeeﬂf)ZZ]—d_JU,

jeenf J

. ) . = Z'e 70-—"—
pfoéP(yeA\Jehfﬂs,Jéeﬂf)—%
jeenf J

‘ _ L Y jeens 07
ph 2P EAljenins jeenf) =S
jeenf J

Jr

— y el 70-‘
pgoép(jemjehjms,jeeﬂf)ZZjee—mZ;]
K 2 jeenfd = 0;

The same hypothesis can be made for the d — o ; other bits in h] N 5:

0y ~B(d—o0j,pf,) whenjecen f;

O-]—'i_ ~ B(d UJ,P(J)E) D)hen] cen f;

o ~B(d—0j,py) whenj€enf.

With the following probabilities.

( _—
. o
pl_lép(jGAUGh;ﬂs,jeemf):M
ZjEeﬂfaj
_ . —o'f
pl—OéPUGAUGh;ﬁs,jeeﬂf):@
ZjEEOij
N,
pe AP eAlj e Nsjeenf) - e i
Zjééﬁfaj
_ . —O',_
pc?oéP(JEAUeh}ﬂs,jemf)_%
) ZjEEOij

Proof. As in the previous section, the assumption that we sum independent identically
distributed Bernoulli trials gives binomial distributions.
Then the probabilities are determined by using the expected values. O

We can now determine the transition probabilities between o; and o for any j.
P(a; =lloj,jeenf)=

> (?) ()" (1 = pa())“j"“( o )(p&))’*’“‘“j(l ~pilo)

—0 l+k—0j
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P(O'; =lloj,jeenf)=

(o, ok d—o0j I+k—o; d—1—k
Z (k?) (Por) (1 — poy) (l +k _]U]) (Po1) ’ (1= pgy)

k=0

P(a}- =lloj,j € eNf)=

N AN ok d—o0j I+k—0; d—1—k
Z (l;) (Pro) (1 = pig) ™ (l +k _]Uj) (Pio) e (1= pio)

k=0

P(O‘;- =lloj,jeenf)=
N AN ok d—o0j I+k—0; d—1—k
2 ( lj)(pm (1-pn) (m : )@ﬁ)* (1-p})
k=0 — 9

When decoding, we are interested in the posterior probabilities. Those can be de-
termined using Bayes’theorem.

P(] = e|0j7j S f)
P(O'de,j S f)

P(j € e|oj)
(Ug‘lo-j?j € f)

P(j € e|aj,a;.,j €f)= P(Uﬂ(fj,j €enf)

= P(UHUj,j cen f)P

The same formulas are still true if we change e for € or f for f.

Note that in the bitflipping algorithm, we are interested in knowing when the prob-
ability of having an error is greater than the probability of not having an error. We can
therefore take a look at the values taken by

P(jeelojo5€f) P(j €eloj 05, ¢ f)
P(j ¢e‘0-j70-§'7j € f) P(] ¢€|O'j,0';-,j ¢f>

Using the previous equations, these become:

P(ojloj.jeen PG eelo) . Plojloy.j €enfIP( € eloy)
P(dlloj,j € en f)P(j & eloj) P(dloj,jeen f)P(j & eloj)

In figures 5.5 and 5.4 we compare those theoretical values (in logarithm) for the
second iteration with the average values found by simulation. Note that because of the
way the counters are distributed, we do not have empirical values for every couple (o, o%).

In the bitflipping algorithm, we flip a position when it is more likely to be an error.
Here this happens when the ratio is greater than one or when the logarithm of the ratio
is positive.
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Figure 5.6 - Threshold curve in function of the previous counter value

5.2.3 Improving proposed variants

Grey zone Inthe proposed algorithm for the grey zone bitflipping, the same thresholds
as the ones used in [Chal7] are used. But in this algorithm, only a small portion of the
positions are selected, and because they are selected on their counter value at the first it-
eration, their counters at the second iteration will be distributed differently. For example

P(j€e|aj,¢7;.,f) . . _
PGgel, o) f)> after the first iteration. It ap

pears that, rather than choosing the same threshold for all the positions, the curve in
red is a better choice for the second iteration. This curve delimits the smallest counter
values at the second iteration for which the logarithm is greater than zero 7.e. such that
P(] < 6’0j70-;'7f) > P(] ¢6|0-j70-3'7f) :

We can see that for the second iteration, if we kept track of the previous counters, we
can use the best threshold which can range from 23 to 31 with the chosen parameters.
Keeping track of the previous counters might be expensive if we do it for all the positions.
But in the grey bitflipping algorithm we already restrict ourselves to a few positions, so it
might be better to use different thresholds for the grey iterations.

A smaller threshold for the previously flipped position could help detecting early the
bad flips (the good positions that were flipped). This could accelerate the algorithm by
reducing the number of grey iterations needed and potentially increase the efficiency of
the grey zone algorithm.

in the figure 5.6 we can see the values of log <

Multi-bitflipping In the multi-bitflipping algorithm, we estimate the probability of a
position to be an error knowing all its past counter values. The model we now have for
the transition probabilities of the counters can be used to replace the empirical choice
made for the function f.
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In a way, the multi-bitflipping is a discretisation of this algorithm 5 which computes

the values of: (0) 1)
(P(j€€|yja‘7j 00 ))
log

: 0 I
P(j ¢ e|yj,c7](- ), o ,O'J(- ))
where a](-l) is the value of the counter at the position j for the /-th iteration. In this

algorithm we keep track of the values of the counters at the previous iteration o’

Algorithm 5 The multi-bitflipping algorithm

procedure MULTI-BITFLIPPING(y, H) >y = (Y1,...,Yn) € {0,2° —1}"
= (log (F=ain) - s (i) < B
o+« (0,...,0) > H = (hy,..., hy) € {0, 1}F<n
o'« (0,...,0)
while Hy™ # 0 do
s < HyT

forj=1,...,ndo
U;' = <57 h;)Z
(Yj, 2) < fys, 2,04, 0%)
U] :O'/.
return y

The transition probabilities we determined can be used to determine those values.
We can suppose that

(r 1 1 . 1
P( v ’j ce, f’y]7 J(),...,O'J(- )):P(O—]( +1)|]€€,f,0§ ))

and
I+1)) . I I+1)) . I
Ploy™VNj & e fypo)”... o)) = Ploy i g e f.of").
Therefore, the ratio we are looking for can be determined with the following formula
using Bayes’ theorem.

. 0 I+1 I41), . I : 0 I
P(]Ge\yj,aj(»),...,a.Jr))_P( +)]j€ef ())P(jEe|yj,a](-),...,a§))

( (
J _ 9;
. 0 I+1 I 1 . 0 I
P(j ¢ ely;,al”, ..ol PV de f,0") P(j & ely; 0, ... a\")

The ratio will be inverted if we flip the position j.
Hence we can therefore choose the function f as follows.

3 olice.f.o’) P(oljce.fo")
(1—y,— (z+log< Plolige.T o )>) 1fz+log< Plolige.T o )>>O'

Yy, z + log M otherwise
(olide.f.o’)

f(y7 Z? 07 0-/> -
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Rather than relying on empirical values to determine the function f in the multi-
bitflipping algorithm, this algorithm may be used to systematically find a multi-bitflipping
for a given precision by approximating it.

To get an idea of the limit in terms of decoding failure rate that we can expect with that
kind of algorithm, I implemented it in heavily idealised conditions. When we generate
an instance we know the error pattern and thus we can keep track of which position is an
error and whether it was flipped or not. Therefore we can compute all the probabilities
p;; and p;; for i, j = 0, 1 specifically for a given iteration of a given decoding instance.
This can be used to compute the probabilities needed to define the function f.

The results were given in section 5.1.4.
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Conclusion

In this document, we looked at a variant of the McEliece cryptosystem. We then
focused on the decoding algorithm for which there are security concerns as well as natural
questions arising when looking at an efficient implementation.

We saw three differents variants of the decoding algorithm:

— the dynamic decoding which is fast and lightweight but performs badly when the

error weight is too high;

— the grey zone algorithm which achieves a reduced complexity and a decreased

decoding failure rate;

— the multi-bitflipping which can greatly reduce the decoding failure rate but re-

quires a higher complexity.

We then had a look at the evolution of certain quantities during the decoding process.
We looked at the possibility of improving the different variants allowed by the knowledge
of those evolutions.

Further work can be made to make an actual use of it during the decoding process
and stop relying on quantities that can be only observed because we know the generated
error pattern.

Since it successfully reduces the decoding failure rate and the complexity, it could
be interesting to pursue the analysis of the grey zone algorithm. In particular, the im-
portance of the size of the grey zone has not been studied. And given the fact that the
selection of a position in the grey zone depends on its counter at the first iteration, better
choices of threshold could be made for the grey iterations.

Finally a synthesis of those variants could be studied. We could use a multi-bit pre-
cision for the grey zone as a way to find a tradeoff between the reduced complexity of the
grey zone algorithm and the decoding capability of the multi-bitflipping. The dynamic
decoding could eventually be used when the number of errors has been sufficiently re-
duced.
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