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On the Capacity of Constrained Permutation
Codes for Rank Modulation
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Abstract— Motivated by the rank modulation scheme, a recent
study by Sala and Dolecek explored the idea of constraint codes
for permutations. The constraint studied by them is inherited
by the inter-cell interference phenomenon in flash memories,
where high-level cells can inadvertently increase the level of low-
level cells. A permutation 0 € S, satisfies the single-neighbor
k-constraint if |c(i +1) —o(@)| < k for all 1 <i <n-1.
In this paper, this model is extended into two constraints.
A permutation o € S, satisfies the two-neighbor k-constraint if
forall2 <i <n-1,|lc(i)—oc(@i—1)| <kor|o(i + 1)—a(i)| <k,
and it satisfies the asymmetric two-neighbor k-constraint if for
al2 <i<n—-1L,0(@—-1)—0@) <koro(@+1)—o(@) <k.
We show that the capacity of the first constraint is (1 + €)/2 in
case that k = ©(n€) and the capacity of the second constraint
is 1 regardless for any positive k. We also extend our results
and study the capacity of these two constraints combined with
error-correcting codes in the Kendall 7-metric.

Index Terms— Error-correcting codes, constrained codes,
Kendall 7-metric, permutations, multi-permutations.

I. INTRODUCTION

LASH memories are, by far, the most important type of

non-volatile memory (NVM) in use today. Flash devices
are employed widely in mobile, embedded, and mass-storage
applications, and the growth in this sector continues at a stag-
gering pace. At the high level, flash memories are comprised
of blocks of cells. These cells can have binary values, i.e. they
store a single bit, or can have multiple levels and thus can store
multiple bits in a cell.

One of the main challenges in flash memories is to exactly
program each cell to its designated level. Furthermore, flash
memories suffer from the cell leakage problem, by which
a charge may leak from the cells and thus cause reading
errors [5]. In order to overcome these difficulties, the novel
framework of rank modulation codes was introduced in [11].
Under this setup, the information is represented by permuta-
tions which are derived by the relative charge levels of the
cells, rather than by their absolute levels. Permutation codes
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were originally studied five decades ago in the work of Slepian
for the transmission of bandlimited signals over Gaussian
channels [23] and in the work of Chadwick and Kurz for signal
detection over channels with non-Gaussian noise [6].

Another conspicuous property of flash memory, resulting
from its rapid growth density, is the appearance of inter-
cell interference (ICI). The level of a cell might increase
if its neighbor cells are programmed to significantly higher
levels [15]. The ICI is caused by the parasitic capacitance
between neighboring cells, and in particular, multilevel cell
programming is severely influenced by this effect.

Motivated by the rank modulation scheme and the ICI
phenomenon, a recent research by Sala and Dolecek [20], [21]
proposed the study of constrained codes for permutations.
Under this setup, the constraint is invoked over the
permutation’s symbols. In the model studied in [21], the
authors explored the constraint in which the difference
between consecutive symbols is upper bounded. In the setting
of rank modulation, this constraint prevents the scenario in
which a high-level cell affects its low-level neighbor cell.
Namely, let S, be the set of all permutations of length n,
then it was said that a permutation ¢ € S, satisfies
the single-neighbor k-constraint if |o; — o;y1| < k for
all 1 < i < n — 1. For example, the permutation ¢ =
[3, 1, 2,4, 5] satisfies the single-neighbor 2-constraint but not
the single-neighbor 1-constraint. For any positive integers k
and n, if U, is the set of permutations that meet the single-
neighbor k-constraint, then the capacity of this constraint
is defined as Ci(k) = lim,— 101‘;0‘;] l;’!’k‘. The main result
from [21] states that if k = @ (n¢), for some 0 < ¢ < 1, then
C1(k) = € (in this paper we only use the base 2 logarithm).

In this work, the single-neighbor constraint is naturally
extended for two neighbors as it better captures the ICI phe-
nomenon. This extension is applied both symmetrically and
asymmetrically. In the symmetric version, as proposed in [21],
a permutation satisfies the constraint if the difference between
a symbol and one of its neighbors is upper bounded by
some prescribed value k. In the asymmetric version, we will
constrain the symbols difference only for patterns of the form
high-low-high. This constraint is a better modulation for the
ICI phenomenon in flash memories since the ICI mainly
affects patterns of the form high-low-high and not the other
ones [2], [24]. Thus, as in the single-neighbor constraint, we
similarly define the capacity of these two constraints and show
that if k = ®(n¢), for some 0 < ¢ < 1, then in the symmetric
constraint the capacity is (1 4+ €)/2 and in the asymmetric
constraint the capacity equals 1 for any positive k.
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The constraints studied in this paper as well as in [21] are
effective in reducing the errors caused by the ICI. However,
random errors may still happen. While there are several
metrics under which error-correcting codes for permutations
were studied, we choose to focus on the Kendall 7-metric
due to its high applicability to the error behavior in the rank
modulation scheme [12] for flash memory. Hence, we will
study codes with minimum distance according to the Kendall
7-distance that yet consist of only permutations that satisfy
the constraints studied in the paper.

The rest of the paper is organized as follows. In Section II,
we introduce the notations and formally define the constraints
studied in this paper. Section III studies the capacity of the
symmetric constraint and Section IV studies the capacity of
the asymmetric constraint. In Section V, we extend our results
and study the capacity of these two constraints combined with
error-correction codes in the Kendall 7-metric. We conclude
our results in Section VI.

II. DEFINITIONS AND NOTATIONS

In this section we formally define the constraints studied in
the paper and introduce some of the notations and tools that
we will use to compute their capacity.

A permutation on a finite set X is a bijection ¢ : X — X.
Denote by [n] the set of n integers {1,2,...,n}. For two
integers a,b, where a < b, denote by [a,b] the set of
b —a + 1 integers {a,a + l,a + 2,...,b}. Let S, be the
set of all permutations on [r] and let S([a, b]) be the set of
all permutations on [a, b]. We denote a permutation ¢ € S,
(6 € S(la, b)), respectively) by ¢ = [6(1),5(2),...,0(n)]
(6 =[o(a),o(a+1),...,0(b)], respectively). The inverse of
o € S, is denoted by ol =[6"11),s7'Q),...,0 7 ()1,
where 6~ 1(i) = j if 6(j) =i.

We use permutations of length n in order to represent
the ranking of n flash memory cells in the rank modulation
scheme. In particular, the n flash memory cells are represented
by a permutation ¢ € S,, where o (i) corresponds to the
ranking of the i-th cell in an increasing order. For example, if
o (i) = 1 then the i-th cell has the lowest charge level while
o (i) = n implies that the i-th cell stores the highest charge
level. Under this definition of ranking, if (i + 1) — o (i) is
high then the charge level of the (i 4 1)-st cell is much higher
than the charge level of the i-th cell.

Remark 1: Note that there are two alternatives to represent
the cells’ rankings by a permutation. The first one is the
method we use in this paper where o (i) corresponds to the
ranking of the i-th cell. In the second approach o (i) is
the index of the cell with the i-th rank. Hence, the permutation
that represents some n cells according to the second approach
is simply the inverse of the permutation that represents these
cells according to the first approach. While the two represen-
tations are dual to each other, we chose the first one for the
convenience of describing the constraints in our work.

Definition 2: Let n and k be positive integers. A permuta-
tion ¢ € S, is said to satisfy the two-neighbor k-constraint
if forall i,2 <i <n-—1,|c@() —c( —1)] < k
or [o(i + 1) —o(i)| < k. Denote by A, the set of all
permutations in S, that satisfy the two-neighbor k-constraint.
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A two-neighbor k-constrained code is a subset of A, .
Finally, for every function k : N — N, the capacity of the
two-neighbor k-constraint is defined as

Ck) = lim sup &/ Akl (1)
=00 logn!

Example 3: If the charge levels of seven flash memory
cells are given by (0.2,1,2.5,0.75,1.5,1.9,0.5) then the
representation of these cells is given by the permutation
o =1[1,4,7,3,5,6,2]. The permutation ¢ satisfies the two-
neighbor 3-constraint but not the two-neighbor 2-constraint.

If kK > n — 1 then since the absolute value of the difference
between two distinct elements of [n] is at most n—1, it follows
that A, x = Sp. In fact, A, = S, even for k = n — 2.
This property holds since the only two distinct elements that
admit a difference which is higher than k are 1 and n, and
therefore for every 2 <i <n—1, l[6(() —o( —1)| <k or
loG@+1)—0@)| <k.

The purpose of the two-neighbor constraint is to combat
the ICI problem by eliminating high differences between
the rankings of a cell with both of its neighbors. However,
this constraint does not distinguish between high-low-high
and low-high-low patterns and thus eliminates them both.
A weaker constraint which may fit better to the ICI phenomena
is defined next.

Definition 4: Let n and k be positive integers.
A permutation ¢ € S, is said to satisfy the asymmetric
two-neighbor k-constraint if for all i, 2 < i < n — 1,
ci—1)—0@) <koro(i+1)—o() < k. The set of
all permutations that satisfy the asymmetric two-neighbor
k-constraint is denoted by B, x. An asymmetric two-neighbor
k-constrained code is a subset of B, and for every
function k : N — N, the constraint’s capacity is defined as

~ log |B
k) = tim sup & Bk
H—>00 logn!
Example 5: The permutation ¢ = [1,4,7,3,5,6,2] from

Example 3 satisfies the asymmetric two-neighbor 2-constraint
but not the asymmetric two-neighbor 1-constraint.

Remark 6: We restrict our discussion on the capacities of
both constraints only for functions k : N — N such that
k = ©(n°), for some 0 < ¢ < 1. Also, we use in the capacity
definitions the supremum limit versions since the limits do not
necessarily exist. However, we shall later see that if k = ® (n€)
then these limits exist.

Note, that every permutation which satisfies the
two-neighbor k-constraint satisfies the asymmetric two-
neighbor k-constraint as well, thus C(k) < C (k).

In the construction of two-neighbor k-constrained codes
we will use multi-permutations, which are natural gener-
alization of permutations. A balanced multi-set M, =
{rm,2m, ..., €™} is a collection of the elements in [£], each
appears m times. A multi-permutation on Mg ,, is a function
o : [fm] — [£] such that |{j o(j) = i} = m,
for all i € [£]. As for permutations, ¢ will be represented
by [6(1),0(2),...,0(m)]. The set of all multi-permutations
over M¢ , is denoted by Py ,,,. This definition can be extended
for multi-sets which are not balanced, however we will
not need this generalization for our purposes. For a multi-
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permutation ¢ € Py, we distinguish between appearances of
the same number in ¢, by their positions in ¢. We consider
the increasing order of these positions. For every i € [{] and
r € [m], we denote by i, the rth appearance of i in o. By abuse
of notation, we sometimes write fori € [£],r € [m], o (j) = i,
and j = ¢~ '(i;) to indicate that the r-th appearance of i is
in the j-th position of ¢.

Example 7: For the multi-set M3, = (12,22, 3%}, we have
that ¢ = [1,3,1,2,3,2] is a multi-permutation in Pz, and
for example ¢ (3) = 12, and 3 = ¢~ (1»).

Note, that multi-permutations, besides of being a tool in
our solutions, find interest also in flash memory applications.
The rank modulation scheme was recently generalized such
that multiple cells can hold the same rank and thus represent
a multi-permutation; see e.g. [9], [10]. As a consequence,
error-correction codes for multi-permutations have attracted
attention as well [4], [22]. Hence, the generalization of
the aforementioned constraints and similar ones for multi-
permutations is also very important and interesting, however
is out of the scope of this paper.

III. THE TWO-NEIGHBOR CONSTRAINT

In this section we study the two-neighbor constraint and
in particular find its capacity. This will be done first by
a construction of two-neighbor k-constrained codes which
provides a lower bound on the capacity. The construction is
based upon assigning permutations into a special family of
multi-permutations. Then, we will present an upper bound on
the size of the set A, x which will result with an upper bound
on the capacity that coincides with the lower bound by the
construction.

For a multi-permutation p € Py, and permutations
Y1, Y2, ..., Ve, such that y; € S([(( —1)m+1, im]) fori € [£],
the assignment of the permutations y1, y2, ..., y¢ in the multi-
permutation p is the permutation ¢ = p(y1, y2, ..., y¢) € Sem
defined as follows. For all 1 < j < n, if p(j) = i, for some
i € [€] and r € [m] then o (j) = y;((i — 1)m + r). In other
words, ¢ is obtained from p by replacing the r-th appearance
of i with the r-th element of y;.

Example 8: If p = [1,2,1,3,2,3] € P33, y1 =
[2,1], y2 = [3,4], and y3 = [6,5] then p(y1,y2,73) =
[2,3,1,6,4,5].

The following lemma will be useful for the construction of
the two-neighbor k-constrained codes presented in this section.

Lemma 9: Let p1,po €  Prm, Y1,72,...,%¢, and
01,0, ...,0¢, where y;,0; € S([i — )m + 1,im]), for all
i € [£]. For ¢ = p1(y1,72,...,y¢) we have that ¢ € Sg,.
Moreover, ¢ = p2(d1, 92, ..., d¢) if and only if p; = pr and
yi = 0;, for all i € [£].

Proof:  Clearly, the assignment of the permutations
Y1, 72, ..., Y¢ in the multi-permutation p; results in a multi-
permutation of length {m. Since for every i € [£], y; is a
permutation on [(i —1)m+1, im], it follows that every element
in [¢m] appears exactly once in ¢ and thus o € S¢,.

If p = po and y; = ¢;, for all i € [£] then
o = p2(d1,02,...,0¢). For the other direction, assume that
o = p2(01,02,...,0¢). Let a(j) = s for some j € [€m]
and let i be the unique element in [£] for which
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i —1m+1 < s < im. By the definition of 0 we have
that p1(j) = p2(j) =i. Hence, p1(j) = p2(j) for all j € [n],
and therefore p; = ps.

Let r € [m] such that y;((i — 1)m 4+r) = s. Then o (j) =
yi((@ — D)m + r), and by the definition of pi(y1, y2,..., y¢)
it follows that p{(j) = i,. Since p; = po, it follows that
p2(j) = i, and by the definition of p2(d, d2, ..., d¢) we have
that o (j) = 0;((i — 1)m +r) = 5. Hence, y;((i — )m+r) =
0i(i — Dm +r), for all i € [£] and for all r € [m], and
therefore y; = d;, for all i € [{]. |

For an even integer m, the set D¢, € Pr,, is defined as
follows. A multi-permutation p € Pr,, belongs to D¢, if
p2j—1)=p(2j) for every j € [fm/2]. Note, that D¢, has
(tm)2)!
(m/2)\C*

Example 10: The multi-permutation p = [1,1,2,2,2,2,
3,3,1,1,3,3] belongs to D34 since p(l) = p(2),
p(3) = p(4), and so on.

Next, we present a
k-constrained codes.

Construction 11: Let n = €(k + 1), where k is an odd
positive integer and ¢ is a positive integer. Let C;y km c S,
be the code consisting of all the permutations ¢ € S, of
the form ¢ = p(y1,y2,...,7¢), where p € Dy and
yi € S{GE —Dk+1)+1,i(k+ 1)]), for all i € [£]. That is,

, Dy a1, Vi € [€]
con = e, : p'e [ . .
nk S PO VO S 1) e D+, iR D))
The correctness of Construction 11 as well as the code

cardinality are stated in the next lemma.

Lemma 12: Let n,k,{ be as specified in Construction 11.
Then, the code Cfly,:" is a two-neighbor k-constrained code and
its cardinality is

the same size as Py 2, i.e. |Dem| = |Prmy2| =

construction of two-neighbor

(3)!(k + 1)1

sym . _
Co | = ﬂ)!t’

n,k

sym

Proof: Let ¢ € an. There exist p € Dg¢iy1 and

71,72 ye, where y; € S = D(k+ 1)+ 1,i (k+1)]) for
alli € [£],such thato = p(y1,72,...,7¢). Let2 < j <n-—1
be an odd integer and assume that p(j) = i, for some

i € [{] and r € [k + 1]. By the definition of D¢ 41, it
follows that p(j + 1) = i,41 and in particular, r < k. Hence,
oc(H)=pyi((—=Dk+D+r)el@—DE+1)+1,i(k+1)]
and similarly o(j +1) = y:(( — Dk + 1) +r + 1) €
[(—1)(k+1)+1,i(k+1)]. It follows that |6 (j)—o (j+1)| < k.
The case where j is even is handled similarly with respect to
the symbol in position j—1. Thus, ¢ satisfies the two-neighbor
k-constraint.

For the computation of the cardinality of CZ?'km, note that
by Lemma 9 it follows that every choice of p € Dy 41 and
V1, Y2, .-+, 7¢, Where y; € S((( — DGk + D)+ 1,i(k+ 1))
for all i € [£], generates a different codeword of the form

p(1, Y2, ..., 7ye). Therefore,
. 11k + 1)1

sym _ t_ (2) (
ICk | = IDegy1l - (k+ 1) = W

|
Note, that the structure of the construction also applies the
existence of efficient encoding and decoding mappings for this
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code. This follows from the observation that we need to encode
and decode over a set of multi-permutations (D¢ x+1 which
is equivalent to the set of multi-permutations Pr, (x4 1),2) and
over the set of permutations S([({ — 1)(k+ 1)+ 1,i(k + 1)]),
for all i € [£]. Encoding and decoding for multi-permutations
and permutations can be conducted efficiently, for example by
using enumerative encoding methods [7], [18].

Even though Construction 11 provides two-neighbor k-
constrained codes only for the case where k is odd, it can
be easily modified for the case that k is even as well. In any
event, we will not need this modification in order to calculate
a lower bound on the capacity, which is stated in the next
theorem.

Theorem 13: If k =
C(k) = 4=,

Proof: If k is an odd integer and if n is divisible by k+ 1
then by Lemma 12 we have

®((n¢) for some 0 < € < 1, then

(B)1(k + 1)IF

A
| n,k| > (k%l)y%

and by the bounds (n/e)" < n! <n”
have that

, see e.g. [26, p. 54], we

> "(n(k +1))2, )

where ¢ is some constant.

Let k = O (n¢) and assume w.l.0.g. that k(n) is odd for all
n € N (otherwise, we can define k(n) = k(n) if k(n) is odd
andf(n) = k(n) — 1 if k(n) is even and prove the lemma
for k). We continue the proof by distinguishing between two
cases.

Case 1 (0 < € < 1): For every n let v, € [n] be the
largest integer which is divisible by (k + 1), that is v, =
(k+1)n/(k+1)]. Then v, > max{n—k, k}, and since € < 1,
it follows that v, = n—o(n) and k = O (v,€). By (2) it follows
that

14+€

[Av, k| = CT”vn(T)V", 3)

where c¢; is a constant. Then

log|A logv,!
C(/’c)—hmsupigl k| _11msup7gl vn.k] 108 Vi , @)
n—soo logn! n—soo logv,! logn!
where the inequality follows from |A,, x| < |Ank|. Since
v, = n — o(n) it follows that
1 !
lim —&M _ (5)
n—oo logn!

By combining (3), (4), and (5) we have

l()g (c‘f”vn(ler()Un) ) e

logv,! 2

C(k) > lim
n—o0

Case 2: € = 1. In this case k(n) > 2 for some constant
integer ¢ and for sufficiently large n, and we let u, = gn.
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Then k(u,) > n and

A log |A
C (k) > lim sup 10g [An k)| > Jim sup 108 |4y k()|
n—>00 logn! n—00 log u,!
>® Jim sup log|Agnn1l >© lim 710g(c/nnqn) =
- 1 | n—oo | |
n—oo  log(gn)! og(gn)!

for some constant ¢’. Note that inequality (a) follows from
the fact that log|A,, x(u,)|/logu,! is a subsequence of
log|Ay k|/logn!. Inequality (b) follows from k(u,) > n >
n—1 and the fact that |A, x| is a monotone increasing function
of k. Inequality (c) follows from applying (2) on the size

of Agnn—1.
Thus, we showed that C(€) > 1€ for all k = ©(n°),
0<e<l. |

In order to derive an upper bound on the capacity C(k) we
show an upper bound on the size of A, k.
Lemma 14: For all positive integers n, k such that k < n,

Akl < 4" kin2
Proof: Let w : Ay x — Z" be the following mapping. For
a permutation ¢ € A, Y(0) =X = (x1,x2,...,x,) € Z",
where x; = o(l) and for each i, 2 < i < n,
xi =0 (i)—o(i —1). Clearly, v is an injection and therefore,
the size of the set A, is equal to the size of the image of
v, w(Ank) ={y(0) : o € Ap k). We will show an upper
bound on the size of w(Ap k).
Let x = w(o) for some ¢ € A, . For any position j, 2 <
j <n—1leither|o(j)—o(j—1) <kor|o(j+1)—a(j)| <k.
Therefore, at least L%J of the n — 1 elements x3, x3, ..., X,
are in the range [—k, k] \ {0}. Let I € [2,n] be a set with
at least |_"2;1J elements and let D; be the set of all vectors
x € (A, k) for which x; € [—k, k] \ {0}, for every i € I and
xj € [-n,n]\ [—k, k], for every j € [2,n]\ 1. Then,

>

1<2,1] |1\>V ‘J

lw(An )l < |Dj].

(6)

For each i € I there are 2k choices for x; and for each
Jj €1[2,n]\ I there are at most 2(n — k) < 2n choices for x;.
Finally, there are n choices for xj. Therefore,

Dy <n- ol @l = 212

Since the number of ways to choose the set [ is at
most 2”1, according to (6), the following upper bound on
the cardinality of A, and y (A, ) is derived

Al = 1y (Anp)] < 2" 2n—1kL%Jn[%]+1

S 4"—1](%”%-‘1-1.

|
As a result of the last lemma we derive the following
theorem which provides an upper bound on the capacity.
Theorem 15: If k = ©(n€) for some 0 < € < 1, then
Ck) < 4=
Proof: By Lemma 14 it follows that there exists some

(I+e)n .
constant ¢ such that |[A, x| < c"n" 2 +1 for every sufficiently
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large n, and hence

+1) 1+6

logn! 2

log(c”n &

lo
C (k) = lim sup 1og [Anl

n—o00 gn'

< lim
n—o0

| |

The following corollary, which is an immediate result of
Theorems 13 and 15, summarizes the discussion of this

section.
Corollary 16: If k = ©(n) for some 0 < ¢ < 1, then
C(k) 1+E

IV. THE ASYMMETRIC TWO-NEIGHBOR CONSTRAINT

In this section we find the capacity of the asymmetric
two-neighbor constraint. Our main result states that C (k)y=1
for every function k : N — N. Since the capacity is at most 1,
and the capacity is nondecreasing when k increases, we will
need to show that C(1) = 1 (here, 1 corresponds to the
constant function k(n) = 1 for all n € N). This will be done by
a construction of an asymmetric two-neighbor 1-constrained
code that confirms this capacity result.

A position i, 2 < i < n — 1, is called a valley in a
permutationo € S, ifo(i—1) > o(i) and o (i) < o (i+1). For
example, in the permutation ¢ = [4,7,5,6, 1,2, 3], the third
and fifth positions are valleys. Note, that a permutation satisfies
the asymmetric two-neighbor 1-constraint if and only if for
every valley i of o either 6 (i +1)=0()+1oro(@—1) =
o (i) + 1. Hence, in order to generate codewords that satisfy
the asymmetric two-neighbor 1-constraint, we first partition
the high value numbers to groups, which we order in runs of
increasing elements followed by runs of decreasing elements.
We then use the low value numbers to separate the groups
by pairs of consecutive elements. In this way for a valley i,
o (i) must be a low value number and 6 (i +1) = o (i) + 1 or
oci—1)=0o@G)+1.

For a nonempty set of integers I, let I/, I'~, denote the
ordering of all elements in / according to their increasing,
decreasing order, respectively. For the construction of an
asymmetric two-neighbor 1-constrained code we will need the
code C;}", where r is even, from Construction 11. Recall that

a permutation 7 € nylm is of the form

T=p(172---575),

where p € P, such that p(2i —
yi € S([2i —1,2i]), forall 1 < i < 3
for every j, 1 < j < 7, there exists 1 <
(r(2j— 1), 7 (2j)} = {2i — 1, 2i}.
Construction 17: Let n be an even integer and let » be an
integer, 3 < r < 5. If r is even, let the code C, C S, be
defined as follows. A permutation ¢ € S, belongs to C, if
there exists a partition of the set [r — 1, n] mto r nonempty
sets I, I, ..., I, and a permutation 7 € C 2 , such that

1) = pi) and
. In other words,
i < 5 such that

o= [11/,12\,7:(1),7[(2) L
xr—3), 7 —2),17 1\].

> tr—=1°"r

For an odd r, let the code C, C S,, be defined in a similar
way. A permutation o € S, belongs to C, if there exists a
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partition of the set [r, n] into » nonempty sets I, I, ...
and a permutation 7 € C,”'] | such that

o=, LY x(), 7)., I{ L, ...,
x(r—2),x(r—1),1{]

Finally, let C;>>" C S, be the code

n/2
U Cr.

Example 18: For n = 14 and r=>51et 1 ={5,8,10},
I, = {6,12}, Iz = {7,15}, Is = {9,13}, Is = {11, 14} be
a partition of [5,14] into five nonempty sets and let 7 =
[4,3,1,2]. Note, that 7 = p(y1, y2) where p = [2,2,1, 1],
y1 = [1,2] € S(1,2]), and y» = [4,3] € S(3,4),
hence, 7 is a codeword in C4y1 The permutatlon o € Cs5 of
the form o = [I{, ,", 7 (1), z(2), I{ , I,*, 7 (3), x(4), I{ ]
is o = [5,8,10,12,6,4,3,7, 15, 13, 9,1,2 11, 14]. Note,
that o can also be obtained from other partitions such as

={5,8,10, 12}, 12—{6} and[ =1, forall3 <i <5.

The next lemma will be used in proving the correctness
of Construction 17.

Lemma 19: Let m be an integer, | <m < %. Then, every
permutation ¢ € Cop41 U Comy2 has exactly m valleys.

Proof: Let 6 € Coyps1 U Comso. Then o is formed as
described in Construction 17 by a permutation 7 € C,)"
and a partition of the set [2m + 1,n], I, I», ..., I, where
re{2m+1,2m+2}.If o (i) € I forsome2 <i <n—1 and
1 <s <vr,theneitherc(i — 1) <o(@)oro(+1) <o),
and hence i cannot be a valley in o. Therefore, if i is a
valley then (i) = 7 (j) for some 1 < j < 2m. Since for
every v, I < v < 7, there exists an u, 1 < u < 7, such
that {z 2o — 1), 7 (20)} = {2u — 1, 2u} and since 7 (20 — 1)
and 7 (20) are adjacent elements in o, it follows that i is a
valley in o if and only if z (j) is odd. Hence, every element
in Copm41 U Copmyn has exactly m valleys. [ |

The correctness of the construction of the code C,*”" is
proved in the next lemma.

Lemma 20: For all n > 1, the code C5>"
two-neighbor 1-constrained code.

Proof: Let o € C,>”"™ and let m be the number of valleys
in 0. By Lemma 19 it follows that 6 € Coj,+1 U Copp42. Also,
by the proof of Lemma 19 and according to Construction 17
it follows that there exists a permutation 7 € Cy) " m.1 such that
the valleys of o are in positions i, where a(l) = 7 (j) for
some 1 < j < 2m such that 7 (j) is odd. It follows that either
oc(i—1)=0c@)+1oro(i+1)=0c()+ 1. Then the valleys
in ¢ do not violate the asymmetric two-neighbor 1-constraint
and therefore o satisfies the asymmetric two-neighbor
1-constraint. n

Next, we will analyze a lower bound on the cardinalities of
the codes from Construction 17. First, we use the following
observation.

Lemma 21: Let n be an integer such that n = 0 (mod 4),
let ¢ € C;>”", and let m be the number of valleys in o.
Then there exist at most 2”*! different ways to obtain ¢ as
described in Construction 17.

asym

is an asymmetric
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Proof: By Lemma 19 it follows that ¢ belongs to
Com+1UCom42. Letiy <ip <--- < iy be the 2m positionsiin
which the elements of the set [2m] appear in ¢. If 7 € C;Lml

is a permutation from which ¢ is obtained as described in
Construction 17 then # = [o(i1),0(i2),...,0(@i2m)], and
hence = is uniquely determined by o. If Iy, I,...,
Iy+1, Imy2 1s a partition of the set [2m + 1, n] into either
2m+1 or 2m+2 nonempty sets (we allow only the set /5,42 to

be empty), then [I{", 1,*] =[o(1),0(2),...,0(i1 — 1)]. Let
j, 1 < j <i;—1 be the position such that ¢ (j) > o (i) for all
I<i<ii—1.Ifo(j)elithen I} ={o(1),0(2),...,0(j)}
and b ={oc(j+1),6(j+2),...,0(1—1)],and if 6 (j) € I
then I} = {o(1),6(2),...,0(j — 1)} and b, = {o()),
o(j+1),...,0(@i; — 1)]. Hence, there are at most two ways
to determine the sets /1 and I» from o¢. Similarly, there
are at most two ways to determine each of the pair of sets
bit1, Dit2, where 1 <i < m.

Thus, there exist at most 21 different ways to obtain o
as described in Construction 17. ]

For two positive integers ¢, r, where r < £, the number of
partitions of ¢ elements into r nonempty sets is denoted by
S(¢,r) and is known as the Stirling number of the second
kind [25, Ch. 13].

Lemma 22: Let n be an integer such that n

Then the cardinality of the code C,,>" satisfies

wom 1 r—1 r—1y,

= 2 sl =2 b))
Proof: Foreverym, 1 <m < % — 1, we compute a lower
bound on the size of Cy,41 UCop+2. There are r!S(n —2m, r)
choices for the partition Iy, I», ..., I, where r = 2m + 1 or
r = 2m + 2, and there are m!- 2™ choices for the permutation

m € Cy)",. The expression

= 0 (mod 4).

2m,

[(Cm+ D!S(n —2m,2m + 1)
+ @2m +2)!S(n — 2m,2m + 2)m!12™

counts codewords in Cop41 U Copm42 and by Lemma 21, each
codeword in Coi1 U Comys is counted at most 2 F! times.
Hence, the size of Cop41 U Comyn is at least

[Cm+ DIS(n —2m,2m + 1)
!
£ Q@m+2)1S(n — 2m, 2m + 2)]%
2m—+2

- 3 Ll )

r=2m+1

By Lemma 19 it follows that the sets Cop+1 U Comy2 and
Comr+1 U Copy 4o are disjoint if m” # m, and therefore

n/2
e = UJe
r=3

n/2

S 3 e =

n/4—1
= D [Comt1 UComsal
m=3
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In order to show that 5(1) = 1, we will need to use the
following lower bound on the Stirling numbers of the second
kind, which is taken from [19].

Lemma 23: For 1 <r <¢,

S(t,r) = et i1
Finally, the next t%eorem, which is a direct result of
Lemmas 22 and 23, highlights the main result of this section.
Theorem 24: For any function k : N — N, Cc (k) = 1.
Proof: Clearly, C(1) < 1. We will show that

1Ongn,l| -

lim sup Togn!

n—oo

>

by proving that for every 0 < d < %,

10g |B4n,1|

im — 0.
n—oo log(4n)!

Let 6 be such that 0 < ¢ < % and let r = [d4n]. From
Lemma 22 it follows that

B |>1'S 4 ) r—1 r—1 |
—r! n— r !
4n,1 2 2 B 2

- 1 154 ) r—1 |
_2r. n—r,r > |-

and by Lemma 23

lr!r4n—2r—1 r— 1 |
4 2

> %r54n1z(54n)4"(1*25>*1 {MJz

|B4n,1| >

2

- l(54n/e)54n(54’1)411(172(5)71 d4n —2

— 4 2e

— Cn(54n)4n7§2n
where ¢ is some constant. It follows that

n 4n—o02n
_ log |Buy.i| logc" @m0

n—oo log(4n)! ~ n—oo log(4n)! 2

This shows that 5(1) > 1 and consequently it follows that
C(k) = 1, for every function k : N — N. [ |

V. THE CAPACITY OF ERROR-CORRECTING
CONSTRAINED CODES

The two-neighbor constraint and the asymmetric two-
neighbor constraint were proposed to combat errors that are
caused by the inter-cell interference in flash memory cells.
Howeyver, constrained codes should also be restricted to have
error-correction capabilities, which is the topic of this section.

Given a permutation 0 = [6(1),0(2),...,0(n)] € S,,
an adjacent transposition is an exchange of two adjacent
elements ¢(i),o(i + 1), in o, for some 1 < i < n — 1.
The result of such an adjacent transposition is the permutation
[c(1),...,0(G—=1),0(@+1),0G),0(+2),...,0(n)]. The
Kendall t-distance [13] between two permutations o, 7 € Sy,
denoted by dg (o, ), is the minimum number of adjacent
transpositions required to obtain the permutation z from the
permutation o .
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Example 25: If ¢ = [3,1,2,4] and 7 = [1, 3, 4, 2] then
dg(o,m) = 2, since at least two adjacent transpositions are
required to change the permutation ¢ to z: [3,1,2,4] —
[1,3,2,4] — [1,3,4,2].

For two permutations o, 7 € S, it is known [12], [14] that
dg (o, ) can be expressed as

dg (o, ) = [{(i, j) 107" G) <o (), 27 G) > 2 L))
©)

For two permutations o,z € S, the inversion distance,
denoted by dj(o,7), between o and 7z is the Kendall
t-distance between their inverses, i.e.

d[(O',ﬂ') = dK(O-il’n-il)‘

From (7) it follows that the Kendall 7-distance, and hence
also the inversion distance, can only take integer values
between 0 and (;) For any permutation ¢ € S,, if 7 =
[6(n),c(n —1),...,0(1)] then dx(o,7) = (5) and thus
di(c~", 77" = (}). Even though this distance was studied
before, see e.g. [8], we are not aware of any formal name
for this metric and thus call it here the inversion distance.
In this section we study the capacity of the constraints in this
paper combined with a requirement on the minimum inversion
distance.

Remark 26: We study the inversion distance and not the
Kendall z-distance since, according to our representation of
the cells ranking in a permutation, this metric fits better with
the error behavior in flash memory cells. The motivation in
studying codes in the Kendall 7-metric originated from the
observation that cells with adjacent levels may interchange
their rankings [12]. Therefore, codes in the Kendall 7-metric
should be invoked over the inverse of the permutations. How-
ever, in order to study these codes with constrained codes, one
should take the inversion distance applied for the permutations.

Let E(n, k, d) be the maximum size of a code in A, ; with
minimum inversion distance d. In this section we assume that
k and d are two functions such thatk : N - Nandd : N - Z
where 0 < d(n) < (;) for all n € N. Let us define the capacity
of two-neighbor k-constrained codes with minimum inversion
distance d by

log E(n, k,d)

C(k,d) = lim sup Toan]
ogn!

n— oo

Let E(n,k,d) be the maximum size of a code in B,
with minimum inversion distance d. Define the capacity of
asymmetric two-neighbor k-constrained codes with minimum
inversion distance d by

log E(n,k, d)

C(k,d) = lim sup o
ogn!

n—oo
Lastly, let F(n,d) be the maximum size of a code in S, with
minimum inversion distance d. Define the capacity of codes
in S, with minimum inversion distance d by

log F(n, d
Corr (d) = lim sup 2 F D).

00 logn!
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It was proved in [1] that for d = ®(n?),

1, 0<d=<l,

Corr(d) = [2—5, 1<6<2.

We restrict our discussion only for functions k£ and d such that
k=0(®) and d = ®(n5), for some € and J, 0 <€ <1 and
0 < ¢ < 2. In particular, we will show that 6(/{, d) = Cerr(d),
for every k. For the computation of C(k,d) we distinguish
between three cases:

1) 0<e<landO=<o<l.

2y 0<e<land 1l <od=<1+e.

3)0<e<land1+4+¢€ <o <2.
The computation of the capacity for these three cases is
presented in the three Subsections V-A, V-B, and V-C. The
computation of the capacity for asymmetric two-neighbor
k-constrained error-correcting codes is presented in
Subsection V-D. Similarly to previous sections, the
computation of both capacities C(k,d) and C(k, d) will
be based on finding upper and lower bounds on the size of
E(n,k,d) and E(n, k, d), respectively.

A. The Case 0 <e<land 0<o<1

In this subsection we will compute the capacity C(k, d),
where k = @(n€), d = ®(n‘5), and 0 < ¢,0 < 1. To this end,
we will need some definitions and notations.

For ¢ € S, the ball in S, of radius r centered at o is
defined by

Bino.r) Sz €S, : di(o,7) <r}.

The size of the ball B;(n, o, r) does not depend on ¢ and thus
we denote it by b;(n,r). For ¢ € Ak, the ball in A, of
radius r centered at ¢ is defined by

Bi(Anx, 0,1 ) S {x € Ay + di(o,7) < r}.

A code in A, with minimum inversion distance d can be
constructed by a greedy approach which leads to the following
Gilbert-Varshamov type of lower bound.

Lemma 27: Foreveryl <kand1 <d < (’;) the following
lower bound on E(n, k, d) holds

A
E(n, k,d) > _ Ankl
b[ (I’l,d— 1)
The next theorem 1is a combination of

from [1], [16], and [17].
Theorem 28: Let r = ©(n%), where 0 < § < 2. Then there
exist constants ¢; and ¢y such that

results

", 0<d=<l,
(cn®H", 1<d<2.
We are now in a position to compute the capacity C(k, d)
for the first case.
Theorem 29: If k = O(n) and d = O(n°), where
0<ed<1,then Clk,d)=1+5.
Proof: Since E(n,k,d) € A, it follows that

log E(n, k,d) < lim sup

n—soo |

bi(n,r) <

IOg |An,k|

C(k,d)=limsup '
ogn!

n— oo

= C(k),
logn!
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and hence from Corollary 16, C(k,d) < C(k) = % + 5.
By Lemma 27 and Theorem 28 there exists a constant ¢
such that

log E(n, k,d) - log|Ay x| logc”

log n! log n! logn!’
Since lim,_. 0 logc”/logn! = 0 it follows that
logE(n, k,d . log|A
C(k,d)= lim sup M > lim sup M = C(k).
n— 00 logn' n— 00 logn'

Then, C(k,d) > C(k) = 1 + 5, and thus C(k,d) = § + §.
|

B. The Case 0 <e<landl <d<1+c¢€

In this subsection we will compute the capacity C(k, d),
where k = O(n€), d =01%),0<e<land1 <5<1+e.
First, let us introduce some more tools that will be used in
solving this case.

Let H, = {1,2,...,n}". The definition of the two-neighbor
k-constraint can be trivially extended to H,,. A vector x € H,
satisfies the two-neighbor k-constraint if |x; — x;_1| < k or
Ixis1 — xi] <k, for all 2 <i <n — 1. Let A, be the set
of all vectors of H, that satisfy the two-neighbor k-constraint.
The next lemma can be proved by following the same lines that
were used to prove Lemma 14, and thus its proof is omitted.

Lemma 30: 1If 1 < k then

|Apil <4k + D23t
For x,y € H,, the Manhattan distance between x and Yy,
dy(X,y), is defined as
def ~
du(x,y)= D |xi = yil.
i=1
The next lemma was proved in [8].
Lemma 31: For every o, € S,

1
_dM(O-’n-) =< d[(O',ﬂ,') =< dM(O-aﬂ'-)‘
For a subset S € H,, and x € S, the Manhattan ball in S
of radius r centered at x is defined by

Bu@S,x,r) Eiyes : dux,y) <r).

Combining the previous result along with the sphere pack-
ing upper bound provides us with the following lemma.
Lemma 32: Forevery 1 <k and 1 <d < (;),

|-An,k|

ming_ 7 A1Bm (A i, X, )l

Proof: From Lemma 31 it follows that every codg in Ak
with minimum inversion distance d is also a code in .4, ; with
minimum Manhattan distance d. Hence, by the sphere packing
bound for codes in A, x the following upper bound holds

|-/Zln,k|
minXE;‘”’k{IBM(An,k’ X, L%J)I}

E(n,k,d) <

E(n,k,d) <

| ]
In order to apply the upper bound on E(n,k,d) from
Lemma 32, we need a lower bound on the size of a Manhattan
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ball in jn,k. Next, we will present some tools that will be
useful for finding such a lower bound.

For every three positive integers m, £, t, let Q¢ be the
set defined by

Zinzl yi =1,

Vi<i<m, 0<y<¢

Om, t,)=1y1,...,ym) € Z" :

The following lemma was proved in [20].
Lemma 33: If £ = ©(m®) and t = @ (m?), where § < 1+e,

then
|Qmua0|z(i) :
m

for sufficiently large m.

For simplicity, we assume in the rest of this section that
all integers divisions result in integer numbers. We note that
this assumption does not affect the forthcoming results, since
otherwise small modifications can be applied.

For positive integers n, k and r such that 2k < 7,

let Di(n,k,r) = Q(%,%—Zk, g—(’)) and Dy(n,k,r)
0(%.5.5) ie.
n Z?:lyifg_{)ﬂ
Di(n,k,r) = 1O, y2) €23 1 0 <y; < % —2k,
Vi<i<?
St=3
and
Z r
on Zl=]zl§§9
Dy(n, k,r) = (zl,...,Z%)EZ3: OfZifk,
v1§i5%’1

Lemma 34: If k = ©(n€) and r = O (n°), where 0 < € < 1
and 1 < J < 1+ ¢, then there exists a constant ¢ such that
for n large enough

n
D11k, )] Do, K, )] = (en®!
Proof: Since € < 1 it follows that 5 — 2k = ©(n) and
since ¢ < 2 it follows from Lemma 33 that
(cln‘;_l) ; R

3r %
3r 35
20 1
for some constant cj.

If 6 <1+ € then by Lemma 33 it follows that

n n
|D1(n’k9r)| = ‘Q(g»a_

on
£\ 3 n
Dy, k,r)| = =) = (c2n®!) 7,
2n
3

for some constant c¢p. Thus, there exists a constant ¢ such that
s-1\"
D1k )] - 1D2(n, k)] = (en® )

If 0 = 1 + € then there exists some constant ¢ such that
kn- — I for sufficiently large n. Let £ = min {~k k} then

g =% a2
2n .
[€]3 < Da(n,k,r), and therefore there exists some constant

¢ such that |Dy(n, k, r)| > (Eznf)zTn.
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Thus, there exists a constant ¢ such that

2n

D101,k D Ds (1, k)] = € (071) (n)
—(a) o1 (nts%_‘_z‘((g—l))" = (cné_l)n,

where equality (a) follows from € = J — 1. ]

Note that Lemma 34 follows from the fact that
Dy(n,k,r) = Q(m1, 1, 11) and Da(n, k,r) = Q(ma, {2, 12),
where m{ + my = n, 01,0 = Q(k), and t, = Q(r).
The purpose of the sets Dj(n,k,r) and Dy(n,k,r) is to
establish a lower bound on IBM(.Zln,k,x, r)| in terms of
|D1(n, k,r)|-|Da(n, k,r)| as stated in the next lemma, which
is proved in Appendix A. This is accomplished by introducing
a mapping from Dj(n, k,r) x Da(n,k,r) to By (Ank, X, r).
For the design of this mapping it is crucial that m; and m»
take the values %, and 2?” respectively, whereas the remaining
parameters of Dj(n,k,r) and D>(n, k,r) can be chosen in
many ways.

Lemma 35: For every three positive integers n, k,r such
that 2k < %, and for all x € A, ,

1By (A i, X, r)| > |D1(n’k’r)4|12n|D2(n’k’ r)|.
3

Corollary 36: Let k = @ (n€) and r = ©(n°), where
0<e <land 1 <6 <1+ €. Then there exists a constant ¢
such that

- N n
min 1By (A, x, 1)) = (en® )"
XE.A,,J(
Proof: By Lemmas 34 and 35 it follows that there exists

a constant ¢ such that
- n
Bur (An s x,1)] = (en®")',

for all x € f_(n,k.
Thus,

min {1Byr(Ani %, NI} = (en”1) "

XEA”,k

|
We are now ready to compute the capacity for the second
case.
Theorem 37: If k = @) and d = O(n’), where
O0<e<land1l <d<1+e, then

3 €
Ck,d) = 3 +-—0.
Proof: By Lemma 27 and T%eorem 28 it follows that
there exists a constant ¢ such that

log E(n, k, d) _ log|Anl log cin©@=bn
logn! logn! logn!
Since lim,_, o log c{’n(d’l)”/logn! = 0 — 1 and by
Corollary 16 it follows that
| S 3 €
Ck,dy==-+=-+1-0==-+=-—0.
(. d) = 2 + 2 + 2 + 2

If € = 1 then C(k,d) > 2—¢. On the other hand C(k, d) <
Cerr(d) =2 — 0, and thus C(k,d) =2 — 6.
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If € < 1 then by the upper bound from Lemma 32 and by
Corollary 36 it follows that

log E(n, k,d)
logn!

- log | Aui|  log(can®™!)"
logn! logn!

for some constant ¢;. By Lemma 30 it follows that

|Anxl <4 (k4 1)2n3H,

and hence
lim sup 71055 Ijn”" < l + S
n—soo logn! 2 2
Therefore,
Cld)<~+<41-0,
2 2
Thus, C(k,d) = 3 + 5§ — 0. |

C.TheCase 0<e <landl1+e <d<2
The goal of this subsection is to compute the capacity
C(k,d), where k = @@, d = %, 0 < ¢ < 1
and 1 +€ <0 <2.
Lemma 38: For every 1 <k and 1 <d < (}),

2
|An,k|

max,_ 7 (1Bu (A, x,2d = DI}

Proof: From Lemma 31 it follows that every code in A, x
with minimum Manhattan distance 2d is also a code in A,
with minimum inversion distance d. Hence,

|An,k|
maxxea, {|1Byu(Ank,X,2d — 1|}

E(n,k,d) =

E(n,k,d) >

and since

max {| By (An k. X, 2d — 1)|} < max {|Bu (A, 4, x, 2d — D},

XEA, k XEA”,k
we get
|An,k |

E(n,k,d) > E .
maxxefl,,k{'BM(-An,k, x,2d —1)[}

|

In order to apply the lower bound from Lemma 38 we state

in the following lemma an upper on the size of a Manhattan

ball in A, x. The proof of this lemma appears in Appendix B.

Lemma 39: Let k = O () and r = ©(®n%), where

0 <e <1land 1 < < 2. Then, there exists a constant ¢
such that for n large enough

max {|By (A, x, )]} < "nO71493,

xeA, k
Let

= def . n
Apkatt ={X € Hy : |x2; —x2i-1| <k, forall 1 <i < 7

Note that if x € -/Z(n,k,alt Ehen X sati§ﬁes the two-neighbor
k-constraint, and therefore Ay . q41r < Ay k. We will show how
to find an upper bound on E(n, k, d) by using a sphere packing
bound for codes in A, 4. But, first we need more definitions.
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Define the mapping p : Apx — {0, 1}"~!, where for every

o € Apg, (o) =y, y = (31,2, ..., Yn—1), is defined as
follows. For every 1 <i <n —1

1,
yi = 0,

For every y € {0, 1}"~!, define

[yit1 — yil <k,
[yit1 — yil > k.

def
An,k,yé{a € An,k : ﬂ(a) =y}

and let E(n, k, d, y) be the maximum size of a code in A, ty
with minimum inversion distance d.
Lemma 40: For every 1 <k and 1 <d < (}),

> E(@m.k.d.y).
ye{0,1}!
Proof: Let C € A,k be a code with minimum inversion

distance d and of size E(n, k, d). For every y € {0, 1}, let
Cy=CNA,Ly.

E(n,k,d) <

Clearly, Cy is a code in A,y with minimum inversion
distance at least d. Then,

Emkd)=ICl= D IG]<
ye{O,l}”_l

> E(m.k.d.y).
ye{0, 1)1
|
The proof of the next lemma appears in Appendix C.
Lemma 41: If y € {0,1)" !, 1 <k,and 1 <d < (;) such
that d > (2k/3 + 2)n, then

2% A g alr|

N

where r = ﬂ.

Combining Lemmas 40 and 41 we conclude with the
following corollary.

Corollary 42: For every 1 <k and 1 <d < (5), such that
d> 2k/3 + 2)n,

E(n,k,d,y) <

4"'n?| An k.att|

mlnxe.,zln,k,a/, {|BM(An,k,al[, X, l")l}

where r = w.

In order to apply the upper bound from Corollary 42 we
need a lower bound on the size of a Manhattan ball in A4, ¢ 41/.
This is accomplished by using similar methods to those that
were used in Subsection V-B, to obtain a lower bound on the
size of a Manhattan ball in Aj .

Letn, k,r be integeEs such that k < % and let 51 (n,k,r)=
0 (%, 5 —k, er) and Dy(n, k,r) = Q (%,k, %) ie.

E(n,k,d) <

2 . r
_ " i=1Yi = 7>
Dl(n,k,r): (ylayza"'ay%)ezz:Oiyi<%_k, >
Vi<i<?i
_29
and
Dy(n,k,r)=1(z1,22,...,28) €27 1 0<z <k
Vi<i<?
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Lemma 43: If k = ©(n€) and r = O (n°), where 0 < € < 1
and 1 + € < J < 2, then there exists a constant ¢ such that
for n large enough

D11,k )] 1D2n, k)] = (en® 1) 7
Proof: Since € < 1 it follows that 5 — k = @(n) and
since ¢ < 2 it follows from Lemma 33 that

Bin k=0 (5.5 -k 7)| = (%)2 > (Clné?l)%,

2

for some constant cy.

Since 14+€ <0 < 2, Lt follows that kn < %, for sufficiently
large n. Then [k]" € Dy(n, k,r), and therefore there exists
some constant ¢ such that |52(n, k,r)| > (cznf)%.

Thus, there exists a constant ¢ such that

|Di(n, k, r) X 52(n,k,r)| > (cna;lng)7 = (cn‘s’”‘)i .

|
The proof of the following lemma appears in Appendix D.
Lemma 44: For every three positive integers n, k,r such

that 2k < 7, and for all x € Ay k,air

Bt (A kairs X, )| > 1Di(n,k, )| - 1D, k. )
n,K,alt > &s = :

As an immediate consequence of Lenzlrnas 43 and 44 we
derive the following corollary.

Corollary 45: Let k = © (n€) and r = O(n’), where
0<e <1land1+4e€ <9 <2. Then there exists a constant ¢

such that
(cna*”f) .
XE-An,k,alt

Theorem 46: If k = O(n¢) and d = O(n%), where
O<e<land1+e€ <0 <2, then

min  {|By (Anpair, X, 1)} >

)
Ck,dy=1—-—.
Proof: For ¢ < 2 it follows from Lemmas 38 and 39 that

log E(n, k, d) - log | Ay kl log(c’lln((S*H»E)%)

logn! logn! logn!
for some constant ¢q. Thus,
1 € 1 6 ¢ 0
Ck,dy>-+-+-—=-—— =1--.
(k.d) = 2 + 2 + 2 2 2 2

Note that since 6 > 1 + €, then for n large enough,
d > (2k/3 + 2)n. Hence we can apply Corollary 42 and
together with Corollary 45 we get that

log E(n, k, d) - log 4”n2|jn,k,a1;| log (Czna‘*lﬂ) 2

logn! logn! logn!

for some constant c¢;. Since I.Zln,k,aztl < I.Zln,kl and by
Lemma 30 it follows that
e 1 o0 ¢ 0
2 2 2 2 2°

Lastly, for 6 = 2, recall that the capacity of a code in S,
with minimum inversion distance d = © (n?), Ce, (d), is equal
to 0 as was proved in [1]. Clearly, 0 < C(k,d) < Cerr(d),
and thus C(k,d) = 0.
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We conclude that if k = () and d = O(n’), where
0<e<landl+e<d<2, then Clk,d)=1-3. [

For conclusion, Theorems 29, 37, and 46 are summarized
in the following corollary.

Corollary 47: If k = On¢) and d =
0<e<1land 0<6 <2, then

O (n°), where

I+5. 0<d<1,
Clhyd)y=13+5-0, 1 <d<l+e
1-9, l+e<d<2.

D. Computation of C(k,d)

To compute the capacity of asymmetric two-neighbor
k-constrained codes, C (k,d), we need~ the following
Gilbert-Varshamov type of lower bound on E(n, k, d).

Lemma 48: Forevery 1 <k and 1 <d < (3),

= |Bn k|
E(n,k,d) > -
) by (

n,d—1)
Theorem 49: If k = O(n) and d = ©O(n%), where

0<e<land 0<¢d <2, then

Ethdy=Copdy =10 0=0=
(k, d) = Cerr(d) = 2.4, 1<5<2.

Proof: Clearly,

1, 0<o<1,

Clk,d) = Cerr(d) = [2—5, l<o=<2

From Lemma 48 it follows that

log E(n, k, d) _ log|Bukl _loghs(n,d — 1)
logn! - n!

logn!
and by Theorem 24

logby(n,d — 1)

C(k,d) > 1 — limsup -
ogn!

n— oo

()

For 0 <6 < 1, it follows from (8) and Theorem 28 that
~ 1 n
Clk,d) > 1 — lim sup —2L —

n—oo logn!

where ¢ is some constant.
For 1 < ¢ <2, it follows from (8) and Theorem 28 that

_ 1 o—1\n
Elkody> 1 —limsup 222" 5 5
00 logn!
where ¢, is some constant.
Thus,
1 0<o6<l1
Ctk,dy=1" - =
206, 1<6<2
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VI. CONCLUSIONS

In this paper we studied constrained codes for permuta-
tions. The motivation for these constraints originates from the
inter-cell interference phenomenon in flash memories, where
cells with high charge can affect neighbor cells with low
charge. We focused on two families of constraints, namely, the
two-neighbor k-constraint and the asymmetric two-neighbor
k-constraint. For each constraint, we first calculated the capac-
ity of the constraint when k is of the form k = O(n°).
Then, we continued to study the capacity of each constraint
when requiring the constrained codes to also have a minimum
inversion distance d, given by d = @ (n°).

APPENDIX A
The purpose of this appendix is to prove Lemma 35 from
Section V, i.e. for every three positive integers n, k, r such
that 2k < 7, and for all x € Ay,
7 |Di(n, k,r)| - D2 (n, k, 1)l
|BM(-An,kaXar)|2 ) 2n ) *

473

0(3.5-2.%)

Recall, that Dj(n,k,r) = and

Dy(n, k,r) = Q (ZT”, %, 5. ie.

Di(n,k,r) = (y1,...,y%)eZ% 10

and

3 . r
2n zi:l <i S §’

Dz(nak’r): (Z],...,ZZTn)GZT:

To accomplished our goal we will define a mapping yx :
Di(n,k,r) x Dy(n,k,r) — By(Awk,x,r), for every
X € Ay, such that
2n

for every u € By (.Zl,,,k, x, r). For ease of notation we denote
the set D{(n, k,r) by D and the set Dy(n, k,r) by D;. The
mapping wx will be defined by two other mappings px and &y,
where px D — BM(./Zl,,,k, X, %Tr) and &y D, —

BM(Jé_(n,k, w, 7). for all w € .%In,k. We define the sets 11, I, I3
as follows:

L ={i €n] : i =1 (mod3)},
L =1{i€n] : i =2 (mod3)},
L ={ie[n] : i =3 (mod3)}.

The goal of the mapping py is to invoke high changes on third
of the entries in x that are specified by the set of indices I,
and accordingly change the remaining entries to preserve the
two-neighbor k-constraint. Then, the mapping &, changes only
the entries of the indices from /7 U I3 while again preserving
the two-neighbor k-constraint. Clearly, the definition of px
(of &, respectively) on the ith entry, for i € I; U I3, should
depend on whether |x; — x;_1| < k or |x;4+1 — x;| < k (on
whether |w; — w;—1| < k or |w;y+] — w;| < k, respectively).
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Therefore, we will partition the set I} U I3 into three sets
J(x), K(x), and L(x), according to the differences between
neighboring entries in X, and define px for each of these sets
to preserve the two-neighbor k-constraint. Similarly, we will
partition the set I} U I3 again into three sets J(w), K(w),
and L(w), according to the differences between neighboring
entries in w, and define &, for each of these sets to preserve
the two-neighbor k-constraint.

For every x € Ay x =
J(x) €S L UL by

(x1,x2,...,xp), define

i—lebhnlxi—xi—1| <k
ielhUl : or
i+1ebhAlxiv1 —xil <k

J(x) =

and let

JIx)=Jx NI and J3(x) = J(x) N 3.

Note, that if i € Jj(x) then i + 1 € I, and |x;+1 — x;| < k.
Similarly, if i € J3(x) then i — 1 € I and |x; — x;—1| < k.
For every x € A, x, define K(x) € (/1 U I3) \ J(x) by

i—-lelJx
Kx)=1ie(hUh)\J(X) : or
i+1eJx)
and let

Kix)=Kx)NI; and K3(x) = K(x) N I3.

Note, that if i € Kj(x) theni —1 € J(x) andi + 1 € I,.
Since i € J(x), it follows that |x;+; — x;| > k and hence
|xi —xj—1| < k. Similarly, if i € K3(x) then i+ 1 € J(x) and
|xi+1 — xi| < k. Finally, for every x € jn,k, define

L(x) = (hUl)\ (J(x)UK(x)),
Li(x) = L(x)N I, and L3(x) = L(x) N 3.

Note, thatifi € L1(x)\{1} theni+1 € handi—1 ¢ LUJ(x).
Since i ¢ I U J(x) it follows that i — 1 ¢ K(x). Thus,
i—1¢€ L3(x) and |x; — xj—1| < k. Similarly, if i € L3(x)\ {n}
theni + 1 € Li(x) and |x;+1 — x;| < k.

_Example 50: 1If x = (1,7,5,3,5,2,4,9,10,12,5,4) €
Appp then L, = {2,5,8,11}, J(x) = {3,4,9,12},
K(x) = {10}, and L(x) = {1,6,7}.

We let m be the integer n/3 and we define the mapping
px D1 — By (Ank, X, %Tr) as follows. Foreveryy € D1,y =
V1, Y25 -+ Ym), let px(y) = w, where w = (wy, w2, ..., wy)
is the following vector. For every i € [n], if i € I, then

w = 1 + Yi+1)/3, Xi <n/2,
' Xi — Y(@i+1)/3, Xi > n/2.

If i € J(x) then

wi — 1% T Xt vk i e Ji(x),
l Xi —Xi—1 +wi—1, i€ J3(x).
If i € K(x) then
v — 1Y T Ximt T wion, 1€ Ki(x),
l Xi — Xit1 +wiy1, € K3(x).

Lastly, if i € L(x) then w; = x;.
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Example 51: If n =12, k = 2, and r = 40 then

4
Zi:l Vi = 6’
Dy = 1 (1, 2,3, 54) -

Vi<i<4, 0=<y =2

If x = (1,7,5,3,5,2,4,9,10,12,5,4) € Ajps and y =
(1,2,2,0) € Dp then px(y) = w, where w;, = (w2, ws,
wg, w11) = (6,7,7,5), Wyx) = (w3, wa, wo, w12) = (4,5,
8,4), wgx)y = wio = 10, and wyx) = (w1, we, w7) =
(1,2,4). Hence, px(y) = (1,6,4,5,7,2,4,7,8, 10,5, 4).

In the next three lemmas we will prove in full details that
the mapping py is well defined, i.e. we will show that px(y) €
BM(Jé_(n,k, x, 3) for all x € f_(n,k and y € Dy.

Lemma 52: For any x € JZ(n,k and y € Dy, if w = px(y),
w = (w1, w2, ..., w,), then w; € [n], for every 1 <i <n.

Proof: We distinguish between four cases.

Case 1:i € . If x; < n/2 then w; = x; + Y(i+1)/3, Where
1< Xi+Yi+1)3 < 2n/2 —2k < n, and if x; > n/2 then w; =
Xi — Y(@i+1)/3, Where n/2+1—(n/2 —2k) < x; — yit+1),3 < n.
Hence, w; € [n].

Case 2: i € J(x). If i € Ji(x) then i +1 € I, and
|xit1 — xi| < k. If xjy1 <n/2 then x; <n/2+k and

Wi = X; = Xi41 T Wit1 = Xi — Xi+1 + Xi+1 + Yi+2)/3
= Xi + Y(i+2)/3-

It follows that 1 < x; + yi42)y3 <n/2+k+n/2 -2k < n.
If x;jy1 > n/2 then x; > n/2 — k and similarly w; = x; —
Y(i+2)/3- It follows that n/2 —k + 1 — (n/2 — 2k) < x; —
Y(i+2)/3 < n. Hence, w; € [n]. Similarly, if i € J3(x) then
w; € [n].

Case 3:i € K(x).If i e K{(x) theni — 1€ J(x),i —2 €
b, |xi —xij—1] <k, and |x;—1 — xj—2| < k. By the triangle
inequality, it follows that |x; — xj_2| < 2k. If x;_» < n/2
then w; = x; + yG—1/3 and x; < n/2 + 2k. It follows that
L<xi+yi-1)3=<n/2+2k+n/2—-2k<n.Ifx; 2>n/2
then w; = x; — yi—1)/3 and x; > n/2 — 2k. It follows that
n/2—2k+1—(n/2—2k) < x; —y@i-1y;3 < n. Hence, w; € [n].
Similarly, if i € K3(x) then w; € [n].

Case 4: i € L(x). In this case w; = x; € [n].

Thus, w; € [n], for every i € [n]. |

Lemma 53: For any x € A, and y € Dy, if w = px(y)
then w € A, .

Proof: From Lemma 52, it follows that w € H,,. Hence
we only need to show that |w; —w;—1| < k or |w;j+1 —w;| <k,
for every 2 <i < n — 1. We distinguish between 4 cases.

Case 1:i € . Inthiscase i — 1 € J(x) ori +1 € J(x).
Ifi—1 € J(x) then wj—| = xj—1 —x;+w; and |x; —x;—1| < k.
Therefore, |w; — w;—1| < k. Similarly, if i + 1 € J(x) then
lwit1 —w;i| < k.

Case 2:i e J(x). Ifi e j(x) theni + 1 € b, wj = x; —
Xi+1 + wit1, and |x; — xj+1| < k. Therefore, |w;+; — w;| < k.
Similarly, if i € J3(x) then |w; — w;_1| < k.

Case 3:i € K(x).If i € Kj(x) theni — 1 € J(X), w; =
Xi —Xj—1+wi—1, and |x; —x;—1| < k. Hence, |w; —w;_1| < k.
Similarly, if i € K3(x) then |w;+1 — w;| < k.

Case 4:i € L(x). Ifi € L1(x) theni —1 € L3(x), w; = x;,
wj—1 = xj—1, and |x; — x;—1| < k. Hence, |w; — w;_1| < k.
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Similarly, if i € L3(x) then |w;+1 — w;| < k.
Thus, |w; — wi—1] < k or |wiy1 — wi| < k, for every
2<i<n-—1. [ |
Lemma 54: Let 'y € Di. If w = px(y), w =

(w1, w2, ..., wy), then w € By (Ap i, X, 3—r).
Proof: By Lemma 53, it follows that w € ./Zl,,,k.
It remains to show that dy/(w,x) < %. For i € L(x) we
have that w; = x; and therefore |w; — x;| = 0. For every
i € [n]\ L(x) we have that w; € {x; — ys(;), Xi + Ys(;)}, Where

(i+1)/3, iebh,

(i +2)/3, iei(x),
i/3, i€ J5(x),
(i—1)/3, ie€Ki(x),
(i +3)/3, i€ K3x).

s(@) =

Then,

n

dy(w,x) = D |wi —x;| =

> lwi —xil

i=1 ie[n]\L(x)
m
3r 3r
— N <@ 0 57 7
—. Z Vs@i) = SZysS 5205 4°
ie[n]\L(x) s=1
where inequality (a) follows from the fact that

2icin\L(x) Ys(i) counts every y;, 1 < s < m, at most
five times and inequality (b) follows from the definition of
the set Dj. .
Thus, w € By (A i, X, 3y, [ ]
We next turn to the definition of the mapping . For every
i €1 Ul let f(i) € [2m] be defined as follows.

£6) = {i -

i = 3s, for some s € [m],

i—s+1, i =3s—2, for some s € [m].

The mapping &y : Dy — BM(./ZL w, 7). for w € ./Zl,,,k is
defined as follows. For every z € D2, z = (21,22, ---»,22m)s
let {w(z) = u, where u = (uy, us,...,uy) is the following
vector. If i € I then u; = w;. If i € J(w) then

Wi —Zf@), Wi = W, Wi > Zf3i),

- Zf3)» Wi = We, Wi = Zf(i)»

l wi +2f3G), Wi

n=2zr@, Wi

where{ € b, { =i+1ifi € Jy(w)and ¢ =i—1ifi € J3(w).

The motivation in this definition is to change the value of each

w; by approximately z 7(;) such that it still remains in [#] and

that |u; — u¢] < k. The same principle will follow in the
definition of u; for i € K(w).

Ifi € K(w), thenlet j € J(x) and £ € I, where j =i — 1
and¢=i—2ifie Kj(w)and j=14+1landC=i+2ifi €
K3(w) . We will define u; according to the four possibilities
of uj. If 0 < wj —we < k and w; > zy(;), and hence
uj=wj —zf(j) then

< We, Wi =N —Zf(i),

<we,wWi >n — Zf(i)»

Wi = Zf(i) — 2f(G)s Wi = Wi, Wi > 26 T 2f())
u— 2@ + 1, Wi Z Wj, Wi < Zf@) +21())

w;i + Z2£3)> Wi <Wj, Wi <N —Zf(3),

n = Zf(i)> Wi <Wj, W >N —2fG)-
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If 0 < wj —we <k and w; < zy(j), hence u; = zy(j) and
w; < z7(j)+k, then

0 = Wi = Zf(i)»
2f(i)>

If -k < wj —w¢g < 0 and wj < n — zy(;), hence
uj =wj+2zf( then

Wi > Zf(i),
Wi < Zf(i)-

Wi = Zf(i)> w;
0 = 2f(i)» Wi

wi +z56) t23G)> Wi

=@ —2fG), Wi
If -k <wj—wy <0andw; > n—z ), hence u; = n—zy(j
and w; > n — z7(j) — k, then

wj, Wi > ZG),
w;j, wi Ezf(l)’

Wj, Wi =N —=Zf@i) ~2f()»

A A IV IV

Wi, Wi > M= Zf(@i) = Zf(j)-

= | T O T LG, Wi S0 T L)
N=Z2fG) —2f(), Wi > N=2fG) —2f()
Ifi e Ly(w)andi # 1 then i — 1 € L3(w). In this case, if
w; <n—zg; then u; = w; +z7¢). If wi—1 > w;, then

Wif = [wi1 —Zf@i—1),
2f(i-1)s

and if w;—1 < w; then

Wi—1 > Zf3i-1)»
Wi—1 ZZ2f3i-1),

Wi—1 <N —=Z2fi-1) —2f3)>
n—=2fi-1) —2f@)> Wi—1 > N —2fi—1) = 2f@0)-
If w; > n—zy(;) then u; = n—zy(;). In this case, if w; 1 > w;
then u; 1 = w;—1 — z5—1), and if w;—1 < w; then

[wil +2ri-1) + 273)»
uj—1=

Wi—1 <N —=Z2fi-1) —2f3)>

Ui = Wi-1 +2f36-1) T 2fG)>
i—1=
wj—1 >n —Zf(ifl) _Zf(i)-

n=Zfi-1) —2f0)
Lastly, if i € L(w) N {1, n} then

L +zrG), wi <n/2,
l wi —2f@), wi>n/2.
Example 55: If n = 12, k = 2, and r = 40, then
21'9:1 Zi 55’
Dy = {(z1,22,.-.,29) :
V1<i<9, 0=<z =<1
Ifw = (1,6,4,57,2,4,7,8,10,5,4) € Ay then

L = {2,5,8,11}, J(w) = {3,4,9,12}, K(w) = {10},
and L(w) = (1,6,7). If z = (0,1,1,0,0,1,0,1, 1) then

éw(z) = u, where u;, = (up,us,ug,ui;) = (6,7,7,9),
uyx) = (u3,ug,u9,up) = (5,6,7,5), ugx)y = uo = 9,
and uL(X) = (ulauﬁ’u7) = (1’29 4) Hence» fw(z) =

(1,6,5,6,7,2,4,7,7,9,5,5).
Next, we show that the mapping &y is well-defined.
Lemma 56: Let z € Dp. If éw(@ = u, u =
Uz, ..., up), then u € By (Anx, W, 7).
Proof: Tt can be readily verified that |u; — u;—1| < k
or |ujt1 — ui| < k, for all 2 < i <n-—1,and u; € [n],
for all 1 < i < n. Thus, u € A, . It remains to show that
dy(u,w) < %. For every i € I, we have that u; = w;, and
therefore |u; — w;| = 0. For every i € J(w) U {1, n} we have

(uy,
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that w; —z ¢y < u; < w;+z5(). Foreveryi € K(w)UL(w)\
{1,n} we have that w; —z ) —2g() < Ui < Wi +254) +2g3)»
where

L fE=1D, i€ Ki(w)ULi(w)\ ({1},
gi)y=4" .

fG+1), ieKsz(w)UL3w)\ {n}.
Then,
dy(u,w) = Zm, wil= > |uj — wl
iehUlz
= Z 2fi) t Z Zg(i)

iehUl ieK(w)UL(w)\{1,n}

2m

<@ 23z <® 2f

s=1

r
4,

o]

where inequality (a) follows from the fact that each of
the sums >;c;up, 2f6) a0d 2 e g (wyuL(w)\ (1.} Zg(0) counts
every zs, 1 < s < 2m, at most once. Inequality (b) follows

from the definition of the set D>. Thus, u € BM(.Zl,,,k, W, 7).
|

Lemma 57: If u € BM(./Zl,,,k, w, 7) then

{z € Dy @ &y() =u)] <4

Proof: We will show that there exist at most possi-
bilities to determine a vector z € D», such that u = &y (z),
assuming that such a vector exists. For i € J(w) U {1, n}
there are at most four possibilities to determine the value
of zf(, given u; and w;. Once these elements were deter-
mined, then for every i € K(w), there are at most four
possibilities for zy(;), given the vectors u,w, and the set
{zr(y + JeJ(w}

For i € Li(w) \ {1}, there exist at most two possibilities
to determine the value of z (), given u; and w;. Once these
elements are determined then for every i € L3(w) \ {n} there
are at most two possibilities to determine the value of zy(;
given the vectors u, w, and the set {z¢(;) : j € Li(w)\ {1}}.

Hence, for every s € [2m] there are at most four possibilities
for z;, and thus there are at most 42m possibilities for the
vector Z. |

We are now in a position to define the mapping yx : D1 x
Dy — By(Ank,X,r). For every y € Dy and z € Dj, let
wx(y,2) = &y y) (2).

Lemma 58: 'y € Dy and z € D, then yx(y,z) €
By (A ks X, 7).

Proof: Let w = px(y) and let u = &w(z). By Lemma 54
it follows that w € BM(.A,,k, X, ) and by Lemma 56 it
follows that u € BM(.A,, k>W, 7). Then u € A, & and by the
triangle 1nequa11ty it follows that dys(u, x) < 3—r +3 =
Thus, UEBM(Ank,X r). [ |

Proof of Lemma 35: If u € BM(.A,, LX,r), u =
(ur,uz,...,uy), such that there exist y € D; and z € D,
for which u = wx(y, z), then u = &y (z), where w = px(y),
w = (wy,ws,...,wy,). For every i € I, w; is uniquely
determined from u; and by the definition of px(y), the vector
y is uniquely determined from x and the set {w; i € b}
Hence, w is uniquely determined from u and x. By Lemma 57

42m
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it follows that there are at most 42 possibilities for the
vector z, given u and w. Hence, there are at most 42m pairs
(y, z) such that u = yx(y, z). Thus,
2 |D1] - 1Dy
1By (Anie, X, 1) > ——,——.
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APPENDIX B

The purpose of this appendix is to prove Lemma 39 from
Section V. That is, for k = © (n€) and r = @(n%), where
0<e <land1 < < 2, there exists a constant ¢ such
that

max {|By (Anx, X, )|} < "n@71F93,

xeA, k

To this end, we first prove the following lemma.
Lemma 59: If r = G)(n‘;), where 1 < 0, then there exists
some constant ¢ such that for sufficiently large n

(n +r) < (cndil)n.
r

Proof: By the bounds (£)" < n! < —1 [26, p. 54], it
follows that
n+r\  (n+r) _n+tr (n+r)y"*r
n A T r’'n"

n+r r\n n\ntr
=G )
e n r

Hence, there exists some constant ¢; such that

(n + r) - c?n(é—l)n (1 + E)nJrr.
n r

There exist some constant ¢», c3 such that
n\n+tr c n’;_' c3n
(57 = ((+:35)" ) -
r

and since
2
14+ ——
( no-1

for sufficiently large n,
constant ¢4 such that

n+r
(142" <
r

Therefore, there exists some constant ¢ such that
n—+r s_1\"
< (cna 1) .
n

We are now in a position to prove Lemma 39.

Proof of Lemma 39: Let x € Ank and let m = 7.
For every y € BM(An k> X, r), define the vectors (u,b) €
{0,1,...,n—1}"x{0, 1} such that > /., u; < r,and (z,¢) €
{0, 1,2 L kY x {0, 1,2,3}" as follows. For 1 <i <m,

o—1

n
) <27,

it follows that there exists some

(72i-1 —x2i-1,0), 0 < yz_1 —x2i—1,
(ui, b)) =
(x2i-1 — ¥y2i-1, 1), y2i—1 —x2i—1 < 0.
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For 1 <i <m, if |ys; — y2;—1| < k then

(2i = ¥2i-1,0), 0 <y —yi—1 <k,
(zi,ci) =
2i-1 —y2i, 1), —k < y2i — y2i-1 < 0.

Otherwise, if |y2; — y2i—1] > k then

(e = | 02 224D, 0 < yoi =y <k,
s %1 -
(2it1 —¥2i,3), —k < y2 —y241 <O0.

Note, that y is reconstructible from (u, b), (z,c¢) and x,
hence the mapping y — ((u,b), (z,¢)) is an injection.
It follows that the size of By (.Zln, k> X, ') is at most the number
of different choices of ((u, b), (z, ¢)) as specified above, and
therefore

|Bu (A i, x,1)| < 2" (m :L r) 4k +1)".

By Lemma 59 it follows that there exists some constant b

such that
(m +r) < P @—m
. =<

Thus, there exists a constant ¢ such that

1By (An i, X, 7)| < ¢"n@7 1493,

APPENDIX C

The purpose of this appendix is to prove Lemma 41 from
Section V. That is, fory € {0,1}""!, 1 <k,and 1 <d < (;)
such that d > (2k/3 + 2)n, we have

2% Ay g alr|

ming_ 1 1By (A katr- % 1]}

- (4+1)n-1
where r = ————+—

First, we will preset some notations and definitions. For
everyy € {0,1} and 1 < ¢ < s, let y‘f = (Y1, Y2, ..., Ye).
Define J(y) < [s] in the following recursive manner.
J((0) = #,J((1)) = {1}, J((0,0)) = ¥, J((1,0)) = {1},
J((0, 1) =1{2}, J((1,1)) = {2}, and for s > 3, if y; = 1 then
J(@y) = {s} U J(yi_z) and if y; = 0 then J(y) = J(yf_l).
Notice that if i € J(y) then y; = 1.

Example 60: Let y € {0, 1}, where y = (1, 1,0, 1, 1,0).
Then J(y) =J (y?), and

J) ={5)UJ () = {55V J D) = (2,5).
Lemma 61: If y € {0, 1} does not have two consecutive
zeros then

1. Either s — 1 € J(y) or s € J(y).
2. Forevery 2 <i <s—2,if i ¢ J(y) theni —1 € J(y)
ori+1¢eJ(y).
Proof: If ys = 1 then J(y) = {s}UJ (yi_z) and therefore
s e€J(y) and s —1 ¢ J(y). If y = O then y,_1 = 1 and
J(@y) = J(yifl). Therefore, s ¢ J(y) and s — 1 € J(y). This
proves the first part of the lemma.
To prove the second part, we consider the two cases for
the value of y;, where i ¢ J(y). If y; = 1 then we have that

E(n,k,d,y) <
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viv1 = land i + 1 € J(y). If y; = 0 then since y does not
have two consecutive zeros, y;—1 = 1 and thus i — 1 € J(y).
|

Define

I i el,s—2] - i¢J(y)andi+1¢J(y).

Note, that if i € I(y) then (y;, yi+1,vi+2) = (0,1,1) and
i +2 € J(y). For a set of integers X, we denote by 1+ X the
set {l+x : x e X}.

Lemma 62: Let y € {0,1}°. If y does not have two
consecutive zeros then

JMHUA+Jy))UA+1(y)U{l,s}=I[sl
Proof: Fori € [2,n— 1], eitheri € J(y) ori —1 € J(y)
ori —1 € I(y). Hence if i ¢ J(y) then i = 1 + j for some
Jjely)UJ(y). n
Recall, that foro € A, and y € {0, 1}", 0 € A, 1,y if and
only if (o) =y, where (u(c)); = 1if [o (i +1) -0 (i)| <k,
and (u(c)); = 0 otherwise, 1 < i < n — 1. This implies
that A, ry # ¥ only if forevery 1 <i <n—-2,y; =1 or
vi+1 = 1, and hence we assume in the rest of this appendix
that y does not have two consecutive zeros. For y € {0, 1}"~1,
let J(¥) = {(ji. js ... Jm). Where ji < jo < oo < ju,,
and let I(y) = {i1,i2,...,in,}, Where i <~i2 < e < g,
Define the following mapping ¢ : A k,y = A k,ai:. For every
0 € Anky, ¢(0) =X, where X = (x1, X2, ..., x,), is defined
as follows. For every 1 < € < ny, x2¢—1 = o (j¢) and xp¢ =
o(je+1). Forevery 1 < ¢ <np,

Xonj+¢ = lolig +2) — o (ig + 1)I.

Finally, for every 2n; +ny +1 <€ <n, xp = 1.
Example 63: Lety = (1,1,0,1,1,0) and ¢ = (4,6,7,
1,3,2,5) € A73y. According to the previous example,

J(@y) = {2,5} and hence I(y) = {3}. If x = ¢(0),
where x = (x1,x2,...,x7), then (xi,x2,x3,x4) =
(0-(2)90-(3)90-(5)90-(6)) = (697’392)7 X5 = |O-(5) -

o] =2, and x7 = x¢ = 1. Thus, x = (6,7,3,2,2,1, 1),
which belongs to A7.2 41/ .
Lemma 64: If 0 € A, 1y then ¢ (o) € Ay k,air-

Proof: Let ¢(0) = x, where x = (x{, x2,...,x,). For
every 1 < ¢ < ny, jr € J(y) which implies that y;, = 1,
and therefore |o (je+ 1) — o (j¢)| < k. Hence, |x2¢ — x2¢—1] =
lo (je+1)—o(je)l <k.Forevery 1 <¢ <ny, y;,+1 =1 and
hence

Xon ¢ = lo(ic +2) — o (i¢ + 1)| € [K].

Finally, for 2n; +ny + 1 < € < n, x¢ = 1. Together we

conclyde that for all 2n1 +1 < ¢ < n, x¢ € [k], and thus,

X € An,k,alt~ . |
Lemma 65: For every x € Ay k.alt,

o € Anky @ ¢(o) =x}| <2"n’.

Proof: For every i € [2,n — 1], either i — 1 € J(y) or
ieJy)ori—1€l(y).Ifi—1€ J(y)thenlet1 <¢ <n
such that i — 1 = je. By the definition of ¢ it follows that
o (i) = xp¢. Similarly, if i € J(y) then o (i) = x2¢—1, for the
unique ¢ such that i = j,. Hence, if i € J(y) ori —1 € J(y)
then o (i) is uniquely determined from x.
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Ifie2,n—1]landi,i —1 ¢ J(y) theni — 1 € I(y).
From part (2) of Lemma 61 it follows that i + 1 € J(y), and
hence o (i + 1) can be determined from x. Let 1 < £ < np
such that i — 1 = iy. By the definition of ¢ it follows that
X +¢ = lo(ie+2)—o(i¢+1)| = |o(i+1)—0o (i)|. Therefore,
there are at most two possibilities to determine the value of
o (i) from x2,,4¢ and o (i + 1).

Hence, for every i € [2,n — 1] there are at most two
possibilities to determine ¢ (i) from x. There are at most n>
possibilities to determine o (1) and o (n). Thus, there are at
most 2"n? possibilities to determine o. ]

Lemma 66: If o,m € A,y such that d;(c,7)
d > (2k/3 4+ 2)n, then dy(p(o),dp(x)) > 2r + 1,

%—(§+1)n—1
where r = ———+"—.

Proof: Let x = ¢(0), X (x1,x2,...,x,), and
u=¢(), u = (u,uy,...,u,). By Lemma 31 it follows
that dy (o, ) > d. Let J(y) = {j1, j2,---, jn,} and I(y) =
{i1,i2,...,in,}. By the definition of ¢, for every 1 < ¢ < ny,
x2e—1 = o(je), x20 = o(je + 1), use— 7 (je), and
uye = w(je+ 1). Then

n
dy(x,0) = D |xi — uj

i=1
ni

> > 10 (o) — x (o)l + 1o (e + 1) = 2 (e + DI,
(=1
(C.1)

For every i € [2,n— 1] such that i — 1 € I(y) we have that
yi=1landi+1 € J(y). It follows that [ (i + 1) — o (i)| < k,
and |7 (i +1) —x (i)| < k. Therefore, by the triangle inequality

lo@) -z <lo+ 1D —a@+[z(+1)—z@)
+oG@+1)—x@+ 1)

<loG+1)—m( +1)| + 2k. (C.2)

Furthermore, there exists a unique 1 < ¢ < np such that
i +1 = jy. Hence,

dy(o, )

n—1

< lo() =z +lo@m) —a@)|+ D o) — x ()]

i=2

ny
<@ 2n+ D |0 (o) — x (o)l + o (e + 1) — m (e + D)
(=1

+ > lolie+ 1) —x(ie+ 1)

=1

ni
<® 204+ > |0 (e) — 2 (o)l + lo Ge + 1) =z (e + 1)
(=1
ni
+2kny + D 1o (je) — 7 (o)
=1
< 2n+ 2kny
ni
+2> 1o (o) — x(jo)l + o Ge + 1) — 2 (e + D)
(=1
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k
<© 2n(§ +1)
nj
+2> 1o (o) — (o)l + lo e+ 1) — 7 (e + D,

(=1
where inequality (a) follows from Lemma 62 and inequality
(b) follows from (C.2) and the fact that iy € I(y) implies that
ir +2 € J(y). Inequality (c) holds since ny < %, which is a
straightforward consequence of the inequalities 2ny +ny <n
and ny < ny. By (C.1) we conclude that

2kn
dM(O-aﬂ'-) S 2"1 + T +2dM(Xay)’

and since dy (o, m) > d, it follows that dy (x,y) > % — (% +
Dn >2r+1. |

Proof of Lemma 41: Letd = 2r+1 and let C C Apkybea
code with minimum inversion distance d of size E(n, k, d,y).
By Lemmas 64, 65 and 66 it follows that ¢(C) is a code
in Ay x.q with minimum distance at least d and of size at
IC|

2np2:

By the sphere packing bound it follows that

I-An,k,alt I
ming_ 7 AIBy(Ankair, X, )}

least

l9p(O)] <

Thus,
2nn2|-An,k,alt|

E(n,k,d,y) < — 5 .
min,_ ;- A1Byu(An kalr, X, 1)}

APPENDIX D

In this appendix we prove Lemma 44, that is, we will show
that for every three positive integers n, k, r such that 2k < 7,
and for all x € Ay x.air
|51(n5 k» r)' : |52(n5 k» r)'

43 '

Recall, that Dy (n, k,r) = Q (%, 5 —k, %) and Da(n, k,r) =
0 (%, k, %), ie.

|By (A k,alr> X, 1) >

_ . i Vish
Di(n,k,r) = 11, y2, -, y8) €221 0 <y <%k, |
Vi<i<?i
— _2’
and
_~ n Z?_lzli%’
Dy(n,k,r) = 1(z1,22,...,22) €22 1 (0 <z <k,
Vi<i<$

We will follow similar methods to the ones used in the proof of
Lemma 35. For ease of notation we denote the set 51 (n,k,r)
by D; and the set Dy (n, k, r) by D>. We will define a mapping
JX Dy x Dy — BM(./Zl,,,k,al,, x,r) for all x € ./Zl,,,k,al,, such
that

l’;X(Y» Z) = u}l S 4%’
Bu (-/Z(n,k,alta x,7). The mapping Jx
will be defined by two other mappings px and Eus

l{(y,2z) € Dy x Dy :

for every u €
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D'1 - BM(-Ankalt, X, 2) and fw : D'2 -
BM(-An k,alts W, 2) forw e -An k,alt-

Let m be the integer n/2. The definition of the mapping px is
similar to the definition of the mapping px from Appendix A.
For every y € D1,y = (y1,¥2,-..,Ym), let px(y) = w,
where w = (w, w2, ..., w,) is defined as follows. For
every i € [m],

where py

x2i + Vi,
X2i — Vi,

X2i =m,
w2 =
X2i > m,

and
W2i—1 = X2i—1 — X2i + W2;.
Example 67: If n =12, k = 2, and r = 40 then
S vi = 10,

Dy =11, y2,-..,¥6)

VlI<i<6 0<y <4

If x = (1,3,5,3,
4,2,0,3,1,0)
w=(5,775,5,5"79,91L15,4).
Lemma 68: Let y € D, If w =

wy,...,w,), then w € BM(An koalt> X %)

Proof It can be readily verlﬁed that w € An k,alt-
It remains to show that dy;(w,x) < 5. For 1 <i < m we have
that wy; € {x2; — yi, x2; + yi}, and therefore [wai — x2i| = yi.
From the definition of w,;_1, we have |wy;—1 — x2i—1] =
|wo; — x2i| = y;. Hence,

n n
du(w.x) =2 lwj —x;1 = v
j=1 j=1

Thus, w € BM(.Zln,k,a],, X, 5). [ ]

Next, we define the mapping Gw 52 — BM(./Zln,k,azz,
w, %), for w € :in,k,alt- For every z € 52, z =
(21,22, .. .52m), let &w(z) = v, where w = (uy, uz, ..., u,) is
defined as follows. For every i € [m], uz; = wy; and

5,5,4,6,10,12,5,4) € Ao and
€ D; then we get px(y) = w, where

>

ﬁX(y)» w (U)],

m

=2ZYi§2

IA

B~
N

Ui
w2i—1 — Zi, 0 =< woi—1 —wy <k, woi-1 > 2,
)z 0 < wai—1 —w2i <k, w2i—1 <z,
© | waict +zi, —k < wpim1 —wy <0, wai— <n— 2z,
n -z, —k < wpi—y — w2 <0, wyi—1 >n—gz.
Example 69: If n =12, k = 2, and r = 40, then
~ Ziﬁ=1 zi <20,
Dy =1(z1,22,...,26)
Vi<i<é6, 0<z;<2
Ifw = (5,7,7,5,557,99,11,54) € Apsa and

= (2,1,2,2,2,1) € D> then we get Ew(z) = u, where
u=(7,7,6,5,3,5,9,9,11,11,4,4).
Lemma 70: Let z € 52; If u =
(uy,uz, ..., up), then w € By (An k,alr, W, 2)
Proof: From the definition of the mapping Zw it can be
readily verified that u € .A,,,k,alt It remains to show that
dM (ua W) =< %

gw (Z)’ u =
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For every 1 <i < m we have that uy; = w»;, and therefore
lus;i — wy;| = 0. For every 1 <i < m we have that

W2i—1 — Zi = U2i—1

< w2i-1+ zi,

and therefore |up; 1 — wy;—1| < z;. Hence,

dy (u, w)= Z|u, —w,|—2|u2171 — wai 1 <Zzl <.

i=1 i=1

Thus, ueBM(Ankazz, W, 5). u
Lemma 71: For every u € By (An koalts W, 5),

l{z € Dg : Gw(z) =u}| < 4™

Proof: Let u = ¢w(z), u = (u1,u2,...,uy), for some
ze Dy, z=(21,22,...,2m). For every 1 < i < m, there
are at most four possibilities to determine z; from up;_; and
wy;_1, and therefore, there are at most 4" vectors z € 52 for
which u = & (z). =

We are now in a position to define the mapping y/x Dy x
Dz — BM(An k.alt>X,r). For everyy € Dy and z € D, let
wx(y,z) = fpx(y) (z). The proof of the next lemma is similar
to the proof of Lemma 58 and therefore it is omitted.

Lemma 72: If 'y € Dy and z € D; then yx(y,z) €
BM(-An koalts X, T).

Proof of Lemma 44: Let u € By (An k.alt> X, ) be such
that there exist y € D| and z € D5 for which u = wx (¥, 2).
Then, u = &y(z), where w = py(y). For every 1 < i < m,
w»; is uniquely determined from uy; and by the definition of
px(y), the vector y is uniquely determined from x and the set
{wa; 1 <i < m}. Hence, w is uniquely determined from
u and x. By Lemma 71 it follows that there are at most 4"
possibilities for the vector z, given u and w. Hence, there are
at most 4" pairs (y,z) € D; x D such that u = wx(Y, Z).
Thus,

|D1| - |Da|

But (Ankatrs X, 1) 2 —
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