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Abstract—The current flash memory technology focuses on
the cost minimization of its static storage capacity. However,
the resulting approach supports a relatively small number of
program-erase cycles. This technology is effective for consumer
devices (e.g., smartphones and cameras) where the number of
program-erase cycles is small. However, it is not economical for
enterprise storage systems that require a large number of lifetime
writes. The proposed approach in this paper for alleviating
this problem consists of the efficient integration of two key
ideas: 1) improving reliability and endurance by representing
the information using relative values via the rank modulation
scheme and 2) increasing the overall (lifetime) capacity of the
flash device via rewriting codes, namely, performing multiple
writes per cell before erasure. This paper presents a new coding
scheme that combines rank-modulation with rewriting. The key
benefits of the new scheme include: 1) the ability to store close to
2 bit per cell on each write with minimal impact on the lifetime of
the memory and 2) efficient encoding and decoding algorithms
that make use of capacity-achieving write-once-memory codes
that were proposed recently.

Index Terms—Rank modulation, permutations of multisets,
flash memories, WOM codes, side-information coding.

I. INTRODUCTION

ANK modulation is a data-representation scheme which
was recently proposed for non-volatile storage devices
such flash memories [18]. Flash memories are composed of
cells which store electric charge, where the amount of charge
is quantized to represent information. Flash memory cells
are quantized typically into 2, 4 or 8 disecrate levels, and
represent, respectively, 1, 2 or 3 information bits.
In the proposed rank-modulation scheme, a set of n memory
cells represents information according to the ranking of the
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cell levels. For example, we can use a set of 3 cells, labeled
from 1 to 3, such that each cell has a distinct charge level.
We then rank the cells according to their charge levels,
and obtain one of 3! = 6 possible permutations over the
set {1, 2, 3}. A possible ranking would be, for example, cell 3
with the highest level, then cell 1 and then cell 2 with the
lowest level. Each ranking can represent a distinct information
message, and so the 3 cells in this example store together
log, 6 bits. It is suggested in [18] that rank modulation could
significantly improve the reliability and writing speed of flash
memories.

An important concept in rank modulation is that of
rewriting. Rewriting refers to the writing of information into
the flash cells by solely increasing the cell levels (without
decreasing the level of any cell). It is motivated by the fact
that decreasing the cell levels is an expensive operation in flash
memory, called “block erasure”. When a user wishes to update
the data stored in the memory, she increases the cells’ charge
levels such that they form a ranking that corresponds to the
desired updated data message. The cells, however, have an
upper limit on their possible charge levels. Therefore, after
a certain number of updates, the user must resort to the
expensive erasure operation in order to continue updating the
memory. The concept of rewriting codes was proposed in order
to control the trade-off between the number of data updates
and the amount of data stored in each update. A similar
notion of rewriting codes is also studied in conventional
data-representation scheme (i.e. vectors of independent
symbols as opposed to rankings), with models such as
“write-once memory” [24], [29], “floating codes” and “buffer
codes” (both in [16]).

Rank-modulation = rewriting codes were proposed
in [18, Sec. IV], with respect to a rewriting method
called “push-to-the-top”. In this rewriting method, the charge
level of a single cell is pushed up to be higher than that of any
other cell in the ranking. In other words, a push-to-the-top
operation changes the rank of a single cell to be the highest.
A rewriting operation involves a sequence of push-to-the-top
operations that transforms the cell ranking to represent a
desired updated data. Note that the number of performed
push-to-the-top operations determines when an expensive
block erasure is required. However, the number of rewriting
operations itself does not affect the triggering of the block
erasure. Therefore, rewriting operations that require fewer
push-to-the-top operations can be seen as cheaper, and are
therefore more desirable. Nevertheless, limiting the memory
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to cheap rewriting operations would reduce the number of
potential rankings to write, and therefore would reduce the
amount of information that could be stored. We refer to the
number of push-to-the-top operations in a given rewriting
operation as the cost of rewriting. The study in [18, Sec. IV]
considers rewriting codes with a constrained rewriting cost.

The first contribution of this paper is a modification
of the framework of rank-modulation rewriting codes, in
two ways. First, we modify the rank-modulation scheme to
allow rankings with repetitions, meaning that multiple cells
can share the same rank, where the number of cells in each
rank is predetermined. And second, we extend the rewriting
operation, to allow pushing a cell’s level above that of any
desired cell, instead of only above the level of the top cell.
We justify both modifications and devise and appropriate
notion of rewriting cost. Specifically, we define the cost to
be the difference between the charge level of the highest cell,
after the writing operation, to the charge level of the highest
cell before the rewriting operation. We suggest and explain
why the new cost function compares fairly to that of the push-
to-the-top model. We then go on to study rewriting codes in
the modified framework.

We measure the storage rate of rewriting codes by the ratio
between the number of stored information bits in each write, to
the number of cells in the ranking. We study the case in which
the number of cells is large (and asymptotically growing),
while the cost constraint is a constant, as this case appears
to be fairly relevant for practical applications. In the model of
push-to-the-top rewriting which was studied in [18, Sec. V],
the storage rate vanishes when the number of cells grows.
Our first interesting result is that the asymptotic storage
rate in our modified framework converges into a positive
value (that depends on the cost constraint). Specifically, using
rankings without repetitions, i.e. the original rank modulation
scheme with the modified rewriting operation, and the minimal
cost constraint of a single unit, the best storage rate converges
to a value of 1 bit per cell. Moreover, when ranking with
repetitions is allowed, the best storage rate with a minimal
cost constraint converges to a value of 2 bits per cell.

Motivated by these positive results, the rest of the paper
is dedicated to the explicit construction of rank-modulation
rewriting codes, together with computationally efficient
encoding and decoding algorithms. The main ingredients in
the code construction are recently-devised constructions of
“write-once memory” (WOM) codes. We focus on ranking
with repetitions, where both the number of cells in each
rank and the number of ranks are growing. In this case, we
show how to make use of capacity-achieving WOM codes to
construct rank-modulation rewriting codes with an asymptot-
ically optimal rate for any given cost constraint.

The current paper does not consider the issue of
error correction. However, error-correcting codes for the
rank-modulation scheme were studied extensively in
recent years, as in [3], [11], [19], [26]. In addition, several
variations of rank modulation were proposed and studied
in [12] and [13].

The rest of the paper is organized as follows: In Section II
we define the rank-modultion scheme and explain the proposed
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modifications to the scheme. In Section III we define the
rank-modulation rewriting codes and study their information
limits. Section IV describes the higher level of the construction
we propose in this paper, and Sections V and VI describe
two alternative implementations of the building blocks of
the construction. Finally, concluding remarks are provided
in Section VII.

II. MODIFICATIONS TO THE RANK-MODULATION SCHEME

In this section we motivate and define the rank-modulation
scheme, together with the proposed modification to the scheme
and to the rewriting process.

A. Motivation for Rank Modulation

The rank-modulation scheme is motivated by the physical
and architectural properties of flash memories (and similar
non-volatile memories). First, the charge injection in flash
memories is a noisy process, in which an overshooting may
occur. When the cells represent data by their absolute value,
such overshooting results in a different stored data than the
desired one. And since the cell level cannot be decreased, the
charge injection is typically performed iteratively and therefore
slowly, to avoid such errors. However, in rank modulation
such overshooting errors can be corrected without decreasing
the cell levels, by pushing other cells to form the desired
ranking. An additional issue in flash memories is the leakage
of charge from the cells over time, which introduces additional
errors. In rank modulation, such leakage is significantly less
problematic, since it behaves similarly in spatially close cells,
and thus is not likely to change the cells’ ranking. A hardware
implementation of the scheme was recently designed on flash
memories [20].

We note that the motivation above is valid also for the
case of ranking with repetitions, which was not considered in
previous literature with respect to the rank-modulation scheme.
We also note that the rank-modulation scheme in some sense
reduces the amount of information that can be stored, since it
limits the possible state that the cells can take. For example,
it is not allowed for all the cell levels to be the same. However,
this disadvantage might be worth taking for the benefits of rank
modulation, and this is the case in which we are interested in
this paper.

B. Representing Data by Rankings With Repetitions

In this subsection we extend the rank-modulation scheme
to allow rankings with repetitions, and formally define the
extended demodulation process. We refer to rankings with rep-
etitions as permutations of multisets, where rankings without
repetitions are permutations of sets. Let M = {ai', ..., a,"}
be a multiset of ¢ distinct elements, where each element a;
appears z; times. The positive integer z; is called the multi-
plicity of the element a;, and the cardinality of the multiset
isn= Z?Zl z;. For a positive integer n, the set {1,2,...,n}
is labeled by [#]. We think of a permutation ¢ of the multiset
M as a partition of the set [n] into g disjoint subsets,
o =(0(),02),...,0(g)), such that |o(i)| = z; for each
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i € [q], and Ujeq10 (i) = [n]. We also define the inverse
permutation o~ such that for each i € [¢] and j € [n],
o~ 1(j) =i if j is a member of the subset ¢ (i). We label ¢ !
as the length-n vector 6 ' = (¢71(1),67'(Q2), ..., 0" (n)).
For example, if M = {1,1,2,2} and ¢ = ({1, 3}, {2,4}),
then ¢! = (1,2, 1,2). We refer to both ¢ and ¢! as a
permutation, since they represent the same object.

Let Gy be the set of all permutations of the multiset M.
By abuse of notation, we view Gy also as the set of the inverse
permutations of the multiset M. For a given cardinality n and
number of elements ¢, it is easy to show that the number
of multiset permutations is maximized if the multiplicities
of all of the elements are equal. Therefore, to simplify the
presentation, we take most of the multisets in this paper to
be of the form M = {1%,2%,..., ¢*}, and label the set Sy

by &, ;.
Consider a set of n memory cells, and denote
x = (x1,x2,...,x,) € R" as the cell-state vector. The

values of the cells represent voltage levels, but we do not pay
attention to the units of these values (i.e. Volt). We represent
information on the cells according to the mutiset permutation
that their values induce. This permutation is derived by a
demodulation process.

Demodulation: Given positive integers g and z, a cell-state
vector x of length n = gz is demodulated into a permutation
r;' = ('), z;7'Q),..., ;' (n)). Note that while ;!
is a function of ¢,z and x, g and z are not specified in
the notation since they will be clear from the context. The
demodulation is performed as follows: First, let k1, ..., k;, be
an order of the cells such that x;, < x4, < --- < xg,. Then,
for each j € [n], assign ﬂ;l(kj) =T[j/z].

Example 1: Let ¢ = 3, z = 2 and so n = qz = 6.
Assume that we wish to demodulate the cell-state vector
x =(1,1.5,0.3,0.5, 2, 0.3). We first order the cells according
to their values: (ki, ko, ..., k¢) = (3,6,4,1,2,5), since the
third and sixth cells have the smallest value, and so on. Then
we assign

m (ki =3)=T1/21=1,
(k= 6) = [2/2] = 1,
r (ks =4) = [3/2] =2,

and so on, and get the permutation n;l =(2,3,1,2,3,1).
Note that n;l is in G3.

Note that 7y is not unique if for some i € [q], xk,; = Xk, -
In this case, we define 7, to be illegal and denote
7y = F. We label Qjs as the set of all cell-state vectors
that demodulate into a valid permutation of M. That is,
Oy ={x e R'ny # F}. So for all x € Q) and i € [q],
we have xi; < xi, . For j € [n], the value n_l(j) is called
the rank of cell j in the permutation 7.

C. Rewriting in Rank Modulation

In this subsection we extend the rewriting operation in the
rank-modulation scheme. Previous work considered a writing
operation called “push-to-the-top”, in which a certain cell
is pushed to be the highest in the ranking [18]. Here we
suggest to allow to push a cell to be higher than the level
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of any specific other cell. We note that this operation is still
resilient to overshooting errors, and therefore benefits from the
advantage of fast writing, as the push-to-the-top operations.

We model the flash memory such that when a user wishes
to store a message on the memory, the cell levels can only
increase. When the cells reach their maximal levels, an
expensive erasure operation is required. Therefore, in order
to maximize the number of writes between erasures, it is
desirable to raise the cell levels as little as possible on
each write. For a cell-state vector x € Qyy, denote by 'y (i)
the highest level among the cells with rank i in 7. That is,

I'x(i) = max {x;}.
jemx (D)

Let s be the cell-state vector of the memory before the writing
process takes place, and let x be the cell-state vector after
the write. In order to reduce the possibility of error in the
demodulation process, a certain gap must be placed between
the levels of cells with different ranks. Since the cell levels’s
units are somewhat arbitrary, we set this gap to be the value 1,
for convenience. The following modulation method minimizes
the increase in the cell levels.

Modulation: Writing a permutation 7 on a memory with
state s. The output is the new memory state, denoted by x.

1) For each j € w(1), assign x; < s;.

2) Fori =2,3,...,q, for each j € 7 (i), assign

xj <= max{s;, ['x(i — 1)+ 1}.

Example 2: Let ¢ = 3, z = 2 and so n = qz = 6.
Let the state be s = (2.7,4,1.5,2.5,3.8,0.5) and the target
permutation be ! = (1,1,2,2,3,3). In step 1 of the
modulation process, we notice that © (1) = {1, 2} and so we set

x; &< 51 =27
and
Xy <= 50 = 4.

In step 2 we have © (2) = {3,4} and T'x (1) = max {x{, x3} =
max {2.7,4} = 4, so we set

x3 < max {s3, [y (1) + 1} = max {1.5,5} =5
and
x4 < max {sq4, ['y(1) + 1} = max {2.5,5} = 5.

And in the last step we have w(3) = {5,6} and T'x(2) = 5,
so we set

x5 <=max{3.8,6} =6
and
x¢ <= max {0.5, 6} = 6.

In summary, we get x = (2.7,4,5,5, 6, 6), which demodulates
into ry' = (1,1,2,2,3,3) = 21, as required.

Since the cell levels cannot decrease, we must have x; > s;
for each j € [n]. In addition, for each j; and j, in [n]
for which 7~1(j;) > 7w~ '(j2), we must have Xj > Xj.
Therefore, the proposed modulation process minimizes the
increase in the levels of all the cells.
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III. DEFINITION AND LIMITS OF RANK-MODULATION
REWRITING CODES

Remember that the level x; of each cell is upper bounded
by a certain value. Therefore, given a state s, certain
permutations 7 might require a block erasure before writing,
while others might not. In addition, some permutations
might get the memory state closer to a state in which an
erasure is required than other permutations. In order to
maximize the number of writes between block erasures,
we add redundancy by letting multiple permutations represent
the same information message. This way, when a user
wishes to store a certain message, she could choose one
of the permutations that represent the required message
such that the chosen permutation will increase the cell
levels in the least amount. Such a method can increase the
longevity of the memory in the expense of the amount of
information stored on each write. The mapping between the
permutations and the messages they represent is called a
rewriting code.

To analyze and design rewriting codes, we focus on the
difference between I'y(q) and I's(g). Using the modulation
process we defined above, the vector x is a function of
s and =z, and therefore the difference I'y(q) — I's(q) is
also a function of s and z. We label this difference by
o(s — m) = I'y(q) — T's(q) and call it the rewriting cost,
or simply the cost. We motivate this choice by the following
example. Assume that the difference between the maximum
level of the cells and I's(q) is 10 levels. Then only the
permutations 7 which satisfy a(s — 7) < 10 can be written
to the memory without erasure. Alternatively, if we use a
rewriting code that guarantees that for any state s, any message
can be stored with, say, cost no greater than 1, then we can
guarantee to write 10 more times to the memory before an
erasure will be required. Such rewriting codes are the focus
of this paper.

The cost a(s — =) is defined according to the vectors s
and x. However, it will be helpful for the study of rewriting
codes to have some understanding of the cost in terms of the
demodulation of the state s and the permutation 7. To establish
such connection, we assume that the state s is a result of a
previous modulation process. This assumption is reasonable,
since we are interested in the scenario of multiple successive
rewriting operations. In this case, for each i € [¢ — 1],
I's(@ + 1) — I's(@) > 1, by the modulation process. Let oy
be the permutation obtained from the demodulation of
the state s. We present the connection in the following
proposition.

Proposition 3: Let M be a multiset of cardinality n.
IfTs+1)—T5@G)>1foralli € [q—1], and & is in Gy,
then

a(s - ) < me[lx]{o;‘(j) -z ()} (1)
Jjeln

with equality if Ty(s) —I'1(s) =q — L.

The proof of Proposition 3 is brought in Appendix A.
We would take a worst-case approach, and opt to design
codes that guarantee that on each rewriting, the value
maxje[n]{as_l(j) — 77 1(j)} is bounded. For permutations
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o and 7 in &, ;, the rewriting cost a(¢ — ) is defined as
a(c — m) = maxfo " (/) =z (). (@)
J€ln]

This expression is an asymmetric version of the Chebyshev
distance (also known as the L., distance). For simplicity,
we assume that the channel is noiseless and don’t consider
the error-correction capability of the codes. However, such
consideration would be essential for practical applications.

A. Definition of Rank-Modulation Rewriting Codes

A rank-modulation rewriting code is a partition of the set of
multiset permutations, such that each part represents a different
information message, and each message can be written on
each state with a cost that is bounded by some parameter r.
A formal definition follows.

Definition 4 (Rank-Modulation Rewriting  Codes): Let
q,2,r and Kg be positive integers, and let C be a subset
of G, ; called the codebook. Then a surjective function
Dgr :C — [KR]is a (g, z, Kg, r) rank-modulation rewriting
code (RM rewriting code) if for each message m € [Kr] and
state o € C, there exists a permutation 7 in DEl(m) ccC
such that o(6 — ) <r.

D;l (m) is the set of permutations that represent the
message m. It could also be insightful to study rewriting
codes according to an average cost constraint, assuming some
distribution on the source and/or the state. However, we use the
wort-case constraint since it is easier to analyze. The amount
of information stored with a (g, z, Kr,r) RM rewriting
code is log Kg bits (all of the logarithms in this paper are
binary). Since it is possible to store up to log|&, .| bits with
permutations of a multiset {1%, ..., g%}, it could be natural to
define the code rate as:

log Kg

/ —_—

~ log|G&, |

However, this definition doesn’t give much engineering insight
into the amount of information stored in a set of memory cells.
Therefore, we define the rate of the code as the amount of
information stored per memory cell:

log Kr

qz

An encoding function Eg for a code Dgp maps each pair
of message m and state ¢ into a permutation 7 such that
Dgr(r) = m and a(c — =) < r. By abuse of notation,
let the symbols Er and Dp represent both the functions
and the algorithms that compute those functions. If Dg is a
RM rewriting code and Ep, is its associated encoding function,
we call the pair (Egr, Dg) a rank-modulation rewrite coding
scheme.

Rank-modulation rewriting codes were proposed by
Jiang et al. in [18], in a more restrictive model than the
one we defined above. The model in [18] is more restrictive
in two senses. First, the mentioned model used the rank-
modulation scheme with permutations of sets only, while here
we also consider permutations of multisets. And second, the
rewriting operation in the mentioned model was composed
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only of a cell programming operation called “push to the top”,
while here we allow a more opportunistic programming
approach. A push-to-the-top operation raises the charge level
of a single cell above the rest of the cells in the set.
As described above, the model of this paper allows to raise a
cell level above a subset of the rest of the cells. The rate of
RM rewriting codes with push-to-the-top operations and cost
of r = 1 tends to zero with the increase in the block length n.
On the contrary, we will show that the rate of RM rewriting
codes with cost r = 1 and the model of this paper tends to
1 bit per cell with permutations of sets, and 2 bits per cell
with permutations of multisets.

B. Limits of Rank-Modulation Rewriting Codes

For the purpose of studying the limits of RM rewriting
codes, we define the ball of radius r around a permutation o
in G, ; by

Bq,z,r(a) ={r e Gq,z|a(‘7 — ) <r},

and derive its size in the following lemma.
Lemma 5: For positive integers q and z, if o is in S ; then

(r+ D2\ 5 (iz
|Bq,z,r(o)|=( . ) E(Z)

Proof: Let w € B, ; ,(c). By the definition of B, ; ,(5),
forany j € 7(1), 6 ~1(j) — 1 < r, and thus ¢ ~'(j) < r + 1.
Therefore, there are ((H;l)z) possibilities for the set 7 (1) of
cardinality z. Similarly, for any i € 7(2), o (i)' < r + 2.
So for each fixed set 7 (1), there are ((rtl)z) possibilities for

7(2), and in total ((H;l)zf possibilities for the pair of sets
(z (1), £ (2)). The same argument follows for all i € [¢g — r],
so there are ((rtl)z)q_r possibilities for the sets (z (1), ...,
(g — r)). The rest of the sets of #: n(qg — r + 1),
w(qg—r+2),...,m(g), can take any permutation of the multi-
set {(g —r 4+ 1)%, (g —r +2)%,...,q%}, giving the statement
of the lemma. ]

Note that the size of By, (o) is actually not a function
of o. Therefore we denote it by |By ; r|.

Proposition 6: Let Dr be a (q,z, Kr,r) RM rewriting
code. Then

KR = |Bq,z,r|-

Proof: Fix a state 0 € C. By Definition 4 of RM rewriting
codes, for any message m € [ K] there exists a permutation 7
such that Dg(z) = m and 7 is in B, ,(c). It follows that
By,.,r(0) must contain K different permutations, and so its
size must be at least K. [ |

Corollary 7: Let R(r) be the rate of an (q,z, Kg,r)-RM
rewriting code. Then

R(r) <(r+1H (%),

where H(p) = —plogp — (1 — p)log(l — p). In particular,
R(1) < 2.
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Proof:

4 iz r+ 1z
10g |By.z.r| =Zlog(z)+(q—r)1og( . ) )

i=1

< rlog ((r t DZ) + (g —r)log ((r —z DZ)
((r + 1)Z)
= g log
Z

1
<q-(r+1)z (r+1),

where the last inequality follows from Stirling’s formula.
So we have

log K log |B 1
R() = 0g AR < 0g By, <(r+1)H( )
qz qz r+1
The case of r = 1 follows immediately. [ ]

We will later show that this bound is in fact tight, and
therefore we call it the capacity of RM rewriting codes and
denote it as

1

Henceforth we omit the radius r from the capacity notation
and denote it by Cg. To further motivate the use of multiset
permutations rather than set permutation, we can observe the
following corollary.

Corollary 8: Let R(r) be the rate of an (q, 1, Kg,r)-RM
rewriting code. Then R(r) < log(r + 1), and in particular,
R(1) < 1.

Proof: Note first that |B, ; ,| = (r +1)77"r!. So we have

log|By z.r| = logr! 4+ (g —r)log(r +1)
<rlog(r+ 1)+ (g —r)log(r+1)

= glog(r +1).
Therefore,
1
R(r) < 02 |By.z. <log(r + 1),
and the case of r = 1 follows immediately. [ ]

In the case of r = 1, codes with multiset permutations could
approach a rate close to 2 bits per cell, while there are no codes
with set permutations and rate greater than 1 bit per cell. The
constructions we present in this paper are analyzed only for the
case of multiset permutations with a large value of z. We now
define two properties that we would like to have in a family of
RM rewrite coding schemes. First, we would like the rate of
the codes to approach the upper bound of Corollary 7. We call
this property capacity achieving.

Definition 9 (Capacity-Achieving Family of RM Rewriting
Codes): For a positive integer i, let the positive integers
qi,zi and K; be some functions of i, and let n;j = q;z; and
Ri = (1/n;)log K;. Then an infinite family of (qi, zi, Ki, r)
RM rewriting codes is called capacity achieving if

lim R; = Ckg.

11— 00

The second desired property is computational efficiency.
We say that a family of RM rewrite coding schemes
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(ER.i» Dr,i) is efficient if the algorithms Er; and Dg; run
in polynomial time in n; = ¢;z;. The main result of this paper
is a construction of an efficient capacity-achieving family of
RM rewrite coding schemes.

IV. HIGH-LEVEL CONSTRUCTION

The proposed construction is composed of two layers. The
higher layer of the construction is described in this section,
and two alternative implementations of the lower layer are
described in the following two sections. The high-level
construction involves several concepts, which we introduce
one by one. The first concept is to divide the message into g —r
parts, and encode and decode each part separately. The codes
that are used for the different message parts are called “ingre-
dient codes”. We demonstrate this concept in Subsection [V-A
by an example in which ¢ = 3, z = 2 and r = 1, and the
RM code is divided into ¢ — r = 2 ingredient codes.

The second concept involves the implementation of
the ingredient codes when the parameter z is greater
than 2. We show that in this case the construction problem
reduces to the construction of the so-called “constant-weight
WOM codes”. We demonstrate this in Subsection IV-B
with a construction for general values of z, where we
show that capacity-achieving constant-weight WOM codes
lead to capacity achieving RM rewriting codes. Next, in
Subsections IV-C and IV-D, we generalize the parameters g
and r, where these generalizations are conceptually simpler.

Once the construction is general for ¢, z and r, we modify
it slightly in Subsection IV-E to accommodate a weaker
notion of WOM codes, which are easier to construct. The
next two sections present two implementations of capacity-
achieving weak WOM codes, that can be used to construct
capacity-achieving RM rewriting codes.

A few additional definitions are needed for the description
of the construction. First, let 2["! denote the set of all subsets
of [n]. Next, let the function 6, : 2" — {0, 1}* be defined
such that for a subset S C [n], 6,(S) = (0n,1,0n,2,---,0n.n)
is its characteristic vector, where

0 ifj¢s
en,j:[l I ¢

if jeSs.
For a vector x of length n and a subset S C [r], we denote
by x5 the vector of length | S| which is obtained by “throwing
away” all the positions of x outside of S. For positive integers
ny < ny, the set {n1,n; +1,...,ny} is labeled by [n] : na].
Finally, for a permutation ¢ € &, ;, we define the set U;, ;, (o)
as the union of the sets {0 (i)};¢fi,.ip) if i1 < i2. If i1 > 2,
we define U;, ;,(0) to be the empty set.

A. A Construction for g =3, z=2andr =1

In this construction we introduce the concept of dividing
the code into multiple ingredient codes. The motivation for
this concept comes from a view of the encoding process as a
sequence of choices. Given a message m and a state permuta-
tion o, the encoding process needs to find a permutation 7 that
represents m, such that the cost a (6 — x) is no greater then
the cost constraint r. The cost function a(¢ — =) is defined
in Equation 2 as the maximal drop in rank among the cells,
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when moving from ¢ to 7. In other words, we look for the cell
that dropped the most amount of ranks from ¢ to 7z, and the
cost is the number of ranks that this cell has dropped. If cell j
is at rank 3 in ¢ and its rank is changed to 1 in 7z, it dropped
2 ranks. In our example, since ¢ = 3, a drop of 2 ranks is
the biggest possible drop, and therefore, if at least one cell
dropped by 2 ranks, the rewriting cost would be 2.

In the setting of ¢ = 3 ranks, z = 2 cells per rank, and
cost constraint of r = 1, to make sure that a the rewriting cost
would not exceed 1, it is enough to ensure that the 2 cells
of rank 3 in ¢ do not drop into rank 1 in 7. So the cells that
take rank 1 in # must come from ranks 1 or 2 in ¢. This
motivates us to look at the encoding process as a sequence
of 2 decisions. First, the encoder chooses two cells out of the
4 cells in ranks 1 and 2 in o, to occupy rank 1 in 7. Next,
after the 7 (1) (the set of cells with rank 1 in 7 ) is selected, the
encoder completes the encoding process by choosing a way
to arrange the remaining 4 cells in ranks 2 and 3 of #. There
are (3) = 6 such arrangements, and they all satisfy the cost
constraint, since a drop from a rank no greater than 3 into a
rank no smaller than 2 cannot exceed a magnitude of 1 rank.
So the encoding process is split into two decisions, which
define it entirely.

The main concept in this subsection is to think of the
message as a pair m = (mj,m3), such that the first step
of the encoding process encodes mp, and the second step
encodes m>. The first message part, m1, is encoded by the
set 7 (1). To satisfy the cost constraint of r = 1, the set 7 (1)
must be chosen from the 4 cells in ranks 1 and 2 in o.
These 4 cells are denoted by Uj 2(c). For each m; and set
Ui,2(0), the encoder needs to find 2 cells from Uj 2(o) that
represent mp. Therefore, there must be multiple selections
of 2 cells that represent m.

The encoding function for mj; is denoted by
Ew(m1, Uy 2(0)), and the corresponding decoding function is
denoted by Dy (z (1)). We denote by D;VI (m1) the set of sub-
sets that Dw maps into m1. We denote the number of possible
values that m can take by K. To demonstrate the code Dy
for m1, we show an example that contains Ky = 5 messages.

Example 10: Consider the following code Dy, defined by
the values of Dv_vl :

Dy (1) = {{1,2}, (3,4}, 15,6}
Dy () = {{1,3},{2,6}, 4,5}

{

{
Dy'(3) = {{1,4},{2,5},{3,6}
D' (4) = {{1,5}, {2,3},{4,6}
{

[ G S " —)

Dy (5) = {1,6},{2,4},{3,5}}.

To understand the code, assume that mi = 3 and
o~ = (1,2,1,3,2,3), so that the cells of ranks 1 and 2
in o are Uy2(0) = {1,2,3,5}). The encoder needs to find
a set in Dy, (3), that is a subset of Uy2(c) = {1,2,3,5}.
In this case, the only such set is {2, 5}. So the encoder chooses
cells 2 and 5 to occupy rank 1 of &, meaning that the rank of
cells 2 and 5 in & is 1, or that = (1) = {2, 5}. To find the value
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of my, the decoder calculates the function Dy (x (1)) = 3. It is
not hard to see that for any values of my and Uy 2(o) (that
contains 4 cells), the encoder can find 2 cells from Ui (o)
that represent m.

The code for m> is simpler to design. The encoder and
decoder both know the identity of the 4 cells in ranks 2 and 3
of 7, so each arrangement of these two ranks can correspond
to a different message part my. We denote the number of
messages in the code for my by Ky, and define the multiset
M = {2,2,3,3}. We also denote the pair of sets (7 (2), 7 (3))
by m[2.3]. Each arrangement of 7[7.3] corresponds to a different
permutation of M, and encodes a different message part m».

So we let
M = M| = ) =°

For simplicity, we encode m, according to the lexicographic
order of the permutations of M. For example, my = 1 is
encoded by the permutation (2,2, 3,3), my = 2 is encoded
by (2,3,2,3), and so on. If, for example, the cells in
ranks 2 and 3 of = are {1, 3,4, 6}, and the message part is
my = 2, the encoder sets

w3 = (7 (2), 7 (3)) = ({1, 4}, {3, 6}).

The bijective mapping form [K /] to the permutations of M is
denoted by &y (m2), and the inverse mapping by A~ ! (z[2:3)).
The code hys is called an enumerative code.

The message parts m| and m, are encoded sequentially, but
can be decoded in parallel. The number of messages that the
RM rewriting code in this example can store is

Kr=Kw x Kyy =5 x 6 =30,

as each rank stores information independently.

Construction 11: Let Kw =5,9g =3,z=2,r =1, letn =
qz = 6 and let (Ew, Dw) be defined according to Example 10.
Define the multiset M = {2,2,3,3} and let Kyy = |Gpy| =6
and Kr = Kw - Ky = 30. The codebook C is defined to be
the entire set 533. A (¢ = 3,z = 2,Kp = 30,r = 1) RM
rewrite coding scheme {Eg, DR} is constructed as follows:

The encoding algorithm EpR receives a message
m = (m;,my) € [Kw] x [Ky] and a state permutation o
€ G632, and returns a permutation m in B33 1(c) N
DEl(m) to store in the memory. It is constructed
as follows:
1w (1) <= Ew(my, Ui 2(0))

2: w3y = hy(mz)

The decoding algorithm Dg receives the stored permutation
€ 83, and returns the stored message m = (mi,my) €
[Kw]1x[K ] It is constructed as follows:

1: my < Dy (7 (1))
2: my < hy ()
The rate of the code Dp is

Rr = (1/n)log,(Kr) = (1/6)10g(30) ~ 0.81.

The rate can be increased up to 2 bits per cell while keeping
r = 1, by increasing z and g. We continue by increasing the
parameter z.
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B. Generalizing the Parameter z

In this subsection we generalize the construction to arbitrary
values for the number of cells in each rank, z. The code for the
second message part, s, generalizes naturally for any value
of z, by taking M to be the multiset M = {2%, 3%}. Since z now
can be large, it is important to choose the bijective functions
hy and h;,ll such that they could be computed efficiently.
Luckily, several such efficient schemes exist in the literature,
such as the scheme described in [22].

The code Dy for the part mi, on the contrary, does not
generalize naturally, since Dy in Example 10 does not have
a natural generalization. To obtain such a generalization, we
think of the characteristic vectors of the subsets of interest. The
characteristic vector of Uy 2(c) is denoted as s = 6, (U1 2(0))
(where n = gz), and is referred to as the state vector. The
vector x = 6,(x (1)) is called the codeword. The constraint
7(1) C Ujpa(o) is then translated to the constraint x < s,
which means that for each j € [n] we must have x; < s;.
We now observe that this coding problem is similar to a
concept known in the literature as Write-Once Memory codes,
or WOM codes (see [24], [29]). In fact, the codes needed here
are WOM codes for which the Hamming weight (number of
non-zero bits) of the codewords is constant. Therefore, we say
that Dy needs to be a “constant-weight WOM code”. We use
the word ‘weight’ from now on to denote the Hamming weight
of a vector.

We define next the requirements of Dy in a vector notation.
For a positive integer n and a real number w € [0, 1], we let
Ju(n) C {0,1}" be the set of all vectors of n bits whose
weight equals | wn |. We use the name “constant-weight strong
WOM code”, since we will need to use a weaker version of this
definition later. The weight of s in Dy is 2n/3, and the weight
of x is n/3. However, we allow for more general weight in
the following definition, in preperation for the generalization
of the number of ranks, ¢.

Definition 12 (Constant-Weight Strong WOM Codes): Let
Kw and n be positive integers and let ws be a real number
in [0,1] and wy be a real number in [0, ws]. A surjective
Sfunction Dy Jw,(n) — [Kwl is an (n, Kw, ws, wy)
constant-weight strong WOM code if for each message
m € [Kw] and state vector s € J, (n), there exists a

codeword vector x < s in the subset D‘;,l (m) € Jy, (n). The
rate of a constant-weight strong WOM code is defined as
Rw = (1/n)log K.

The code Dw in Example 10 is a (n = 6, Ky = 5,
ws = 2/3, w, = 1/3) constant-weight strong WOM code. It is
useful to know the tightest upper bound on the rate of constant-
weight strong WOM codes, which we call the capacity of
those codes.

Proposition 13: Let ws and w, be as defined in
Definition 12. Then the capacity of constant-weight strong
WOM codes is

Cw = wsH (wy/ws).
The proof of Proposition 13 is brought in Appendix B.

We also define the notions of coding scheme, capacity
achieving and efficient family for constant-weight strong
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WOM codes in the same way we defined it for RM rewriting
codes. To construct capacity-achieving RM rewriting codes,
we will need to use capacity-acheving constant-weight WOM
codes as ingredients codes. However, we do not know
how to construct an efficient capacity-achieving family of
constant-weight strong WOM coding schemes. Therefore, we
will present later a weaker notion of WOM codes, and
show how to use it for the construction of RM rewriting
codes.

C. Generalizing the Number of Ranks q

We continue with the generalization of the construction,
where the next parameter to generalize is the number of
ranks ¢g. So the next scheme has general parameters ¢ and z,
while the cost constraint r is still kept at » = 1. In this case, we
divide the message into g — 1 parts, mj to mg_1. The encoding
now starts in the same way as in the previous case, with the
encoding of the part m; into the set 7 (1), using a constant-
weight strong WOM code. However, the parameters of the
WOM code need to be slightly generalized. The numbers of
cells now is n = gz, and Ew still chooses z cells for rank 1
of 7 out of the 2z cells of ranks 1 and 2 of o. So we need a
WOM code with the parameters ws = 2/q and wy = 1/q.

The next step is to encode the message part m» into rank 2
of z. We can perform this encoding using the same WOM code
Dyw that was used for m|. However, there is a difference now
in the identity of the cells that are considered for occupying the
set £(2). In my, the cells that were considered as candidates
to occupy 7 (1) were the 2z cells in the set U; 2(o), since all
of these cell could be placed in 7z (1) without dropping their
rank (from o to ) by more then 1. In the encoding of m>,
we choose cells for rank 2 of z, so the z cells from rank 3
of o can also be considered. Another issue here is that the
cells that were already chosen for rank 1 of 7= should not be
considered as candidates for rank 2. Taking these consideration
into account, we see that the candidate cells for 7 (2) are the
z cells that were considered but not chosen for 7 (1), together
with the z cells in rank 3 of ¢. Since these are two disjoint
sets, the number of candidate cells for 7 (2) is 2z, the same
as the number of candidates that we had for 7 (1). The set
of cells that were considered but not chosen for z (1) are
denoted by the set-theoretic difference Uj (o) \ 7 (1). Taking
the union of Uj 2(c) \ 7 (1) with the set o (3), we get that the
set of candidate cells to occupy rank 2 of 7 can be denoted
by Ui 3(0) \ z(1).

Remark: In the coding of mjy, we can in fact use a
WOM code with a shorter block length, since the cells
in (1) do not need to take any part in the WOM code.
This slightly improves the rate and computation complexity
of the coding scheme. However, this improvement does
not affect the asymptotic analysis we make in this paper.
Therefore, for the ease of presentation, we did not use this
improvement.

We now apply the same idea to the rest of the sets of =,
iteratively. On each iteration i from 1 to g —2, the set z (i) must
be a subset of Uj ;+1(c), to keep the cost at no more than 1.
The sets {z (1), ..., (i — 1)} were already determined in pre-
vious iterations, and thus their members cannot belong to 7 (i).
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The set Uy ;—1(7) contains the members of those sets (where
Ui,o(m) is the empty set). So we can say that the set 7 (i)
must be a subset of Uj;yi(o) \ Uri—1(x). We let the
state vector of the WOM code to be s; = 6,(Uj,i+1(0)\
Ui,i—1(7)), and then use the WOM encoder Ew(m;,s;) to
find an appropriate vector x; < s; that represents m;. We then
assign 7 (i) = 67 (x;), such that 7z (i) represents m,;.

If we use a capacity achieving family of constant-weight
strong WOM codes, we store close to wsH (wy/ws) =
2(1/¢)H (%) = 2/q bits per cell on each rank. Therefore,
each of the g — 2 message parts m1, ..., my_2 can store close
to 2/q bits per cell. So the RM rewriting code can store a
total of 2(¢g —2)/q bits per cell, approaching the upper bound
of 2 bits per cell (Corollary 8) when g grows. The last message
part, my_1, is encoded with the same code /1y, that we used in
the previous subsection for ¢ = 3. The amount of information
stored in the message m 1 does not affect the asymptotic rate
analysis, but is still beneficial.

To decode a message vector m = (m1,ma, ..., mg—1) from
the stored permutation 7, we can just decode each of the g — 1
message parts separately. For each rank i € [¢g—2], the decoder
finds the vector x; = 6, (7 (i)), and then the message part m; is
calculated by the WOM decoder, m; <= Dy (x;). The message
part m, 1 is found by the decoder of the enumerative code,

-1
mg—1 = hM (”[qflzq])'

D. Generalizing the Cost Constraint r

We note first that if r is larger than g —2, the coding problem
is trivial. When the cost constraint r is between 1 and g — 2,
the top r + 1 cells of = can be occupied by any cell, since the
magnitude of a drop from a rank at most g to a rank at least
g —r — 1, is at most r ranks. Therefore, we let the top r + 1
ranks of 7 represents a single message part, named mg_,1.
The message part m,_,_1 is mapped into the arraignment of
the sequence of sets (z(q —r),7(q—r+1),...,7(q)) by a
generalization of the bijection %, defined by generalizing the
multiset M into M = {(g —r)*, (g —r + 1)%,...,q°}. The
efficient coding scheme described in [22] for &y and h;,ll is
suitable for any multiset M.

The rest of the message is divided into ¢ — r — 1 parts,
m1 to mgy_r_1, and their codes also need to generalized. The
generalization of these coding scheme is also quite natural.
First, consider the code for the message part m;. When the
cost constraint r is larger than 1, more cells are allowed to
take rank 1 in z. Specifically, a cell whose rank in ¢ is at
most r + 1 and its rank in 7 is 1, drops by at most r ranks.
Such drop does not cause the rewriting cost to exceed r. So the
set of candidate cells for 7z (1) in this case can be taken to
be Ui,,+1. In the same way, for each i in [1 : ¢ — 7 — 1],
the set of candidate cells for 7z (i) is U1,i+r(0) \ Ui,i—1(7).
The parameter w; of the ingredient WOM is correspondingly
generalized to wy = (r + 1)/g. This generalized algorithm is
shown in Figure 1. We present now a formal description of
the construction.

Construction 14 (A RM Rewriting Code From a
Constant-Weight Strong WOM Code): Let Kw,q,r,z be
positive integers, let n = qz and let (Ew,Dw) be an
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c(HUo)U--Ua(i+7)

|

Uitr (0)\Upi—1(m) +—— n(Dun(2)u--un(i-1)

o

Message part

Constant-Weight
m; WOM Encoder

" (D) € Uy,i4r(0)\Uyp,i-1 (1)

Fig. 1. TIteration i of the encoding algorithm, where 1 <i <¢g —r — 1.

(n, Kw, (r +1)/q,1/q) constant-weight strong WOM coding
scheme. Define the multiset M = {(qg — r)*, (g — r + 1)%,

..,q%) and let Ky = |Sy| and Kg = K& K. The
codebook C is defined to be the entire set S, ;. A (q,z, Kr,r)

RM  rewrite coding scheme {Eg,Dgr} is constructed
as follows:

The encoding algorithm Eg receives a message
m = (my,ma,...,my_;) € [Kwl?™""! x [Ky] and a

state permutation o € &, ., and returns a permutation « in
By .(c)N Dl;l(m) to store in the memory. It is constructed
as follows:

I:fori=1toq—r—1do

2 8§ < Op(Utitr(0) \ Uri-1(m))

32 xi < Ew(m;,s;)

4 w(i) =0, (x)

5: end for
6: Wg—r:q] < hM(mqfr)
The decoding algorithm Dpg receives the stored

permutation © € &, and returns the stored message
m = (my,ma,...,Mmg_y) € [Kwl9"! x [Ky) It is
constructed as follows:

I:fori=1toqg—r—1do

2. xi & Op(z (i)

3: m; < Dy(x;)

4: end for

5:myg—yr &= h;,ll (T1g—riq1)

Theorem 15: Let {Ew, Dw} be a member of an efficient
capacity-achieving  family  of constant-weight  strong
WOM coding schemes. Then the family of RM rewrite
coding schemes in Construction 14 is efficient and capacity-
achieving.

Proof: The decoded message is equal to the encoded
message by the property of the WOM code in Definition 12.
By the explanation above the construction, it is clear that
the cost is bounded by r, and therefore {Er, D} is a RM
rewrite coding scheme. We will first show that {Eg, Dgr}
is capacity achieving, and then show that it is efficient. Let
Rr = (1/n)log Kr be the rate of a RM rewriting code.
To show that {Eg, Dr} is capacity achieving, we need to
show that for any eg > 0, Rg > Cgr — €g, for some
q and z.

Since {Ew, Dw} is capacity achieving, Ry > Cw — €w
for any ey > O and large enough n. Remember that
Cw = wyH (wy/wg). In {Er, Dr} we use wy = (r + 1)/q

n

and wy = 1/q, and so Cy = ’;—IH (%) We have
Rr = (l/n)logKR
—r—1
= (1/n)log(Km - Ky, ')
> (g —r—1)(1/n)logKw

> (q—r—1D(Cw —ew)

r+1 1
() o)

qg—r—1
=T(CR—61€W)

= (Cg — gew)(1 — (r + 1)/q)
> Cr— (r+1)%/q — qew 3)

L + D)/ @w] and ep =

The idea is to take ¢ =
3(r + 1)/ew, and get that

(r+1)2
Rg > Cg — m =L+ 1)/Jewlew
> Cr —20r + D/ew — (r + Dfew
ZCR—fR.

Formally, we say: for any €eg > 0 and integer r, we set
2

w = 5ol Lo + 1/ Jew]. Now if z is
large enough then n = ¢z is also large enough so that
Rw > Cw — €w, and then Equation 3 holds and we have
Rr > Cpr — €r, proving that the construction is capacity
achieving. Note that the family of coding schemes has a
constant value of ¢ and a growing value of z, as permitted
by Definition 9 of capacity-achieving code families.

Next we show that {Eg, Dg} is efficient. If the scheme
(hwy, h;,ll) is implemented as described in [22], then the time
complexity of hys and h;,ll is polynomial in n. In addition,
we assumed that Ew and Dw run in polynimial time in n.
So since iy and h;,,l are executed only once in Eg and Dg,
and Ew and Dy are executed less than g times in E and Dg,
where ¢ < n, we get that the time complexity of Er and Dy is
polynomial in n. [ ]

and g =

E. How to Use Weak WOM Schemes

As mentioned earlier, we are not familiar
with a family of efficient capacity-achieving constant-weight
strong WOM coding schemes. Nonetheless, it turns out that
we can construct efficient capacity-achieving WOM coding
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schemes that meet a slightly weaker definition, and use them
to construct capacity-achieving RM rewriting codes. In this
subsection we will define a weak notion of constant-weight
WOM codes, and describe an associated RM rewriting coding
scheme. In Sections V and VI we will present yet weaker
definition of WOM codes, together with constructions of
appropriate WOM schemes and associated RM rewriting
schemes.

In the weak definition of WOM codes, each codeword is a
pair, composed of a constant-weight binary vector x and an
index integer m,. Meanwhile, the state is still a single vector s,
and the vector x in the codeword is required to be smaller than
the state vector. We say that these codes are weaker since there
is no restriction on the index integer in the codeword. This
allows the encoder to communicate some information to the
decoder without restrictions.

Definition 16 (Constant-Weight Weak WOM Codes): Let
Kw, Ka, n be positive integers and let wg be a real number in
[0, 1] and wy be a real number in [0, ws]. A surjective function
Dy : Jy . (n) x [Kq]l — [Kw] is an (n, Kw, Kg4, ws, wy)
constant-weight weak WOM code if for each message
m € [Kw] and state vector s € Jy, (n), there exists a
pair (x,mg) in the subset D‘;,l (m) € Ju,(n) x [K4] such
that x < s. The rate of a constant-weight weak WOM code is
defined to be Ry = (1/n)log(Kw/K,).

If K, = 1, the code is in fact a constant-weight strong
WOM code. We will only be interested in the case in which
Kw > K,. Since Ry is a decreasing function of K,, it
follows that the capacity of constant-weight weak WOM code
is also Cw = wyH (wy/ws). Consider now the encoder Eg
of a (¢, z, Kg,r) RM rewriting code Dg with a codebook C.
For a message m € [Kg] and a state permutation ¢ € C,
the encoder needs to find a permutation 7 in the intersection
By . (0)N D,;l (m). As before, we let the encoder determine
the sets 7 (1), 7 (2),...,7(q —r — 1) sequentially, such that
each set 7 (i) represents a message part m;. If we were to
use the previous encoding algorithm (in Construction 14)
with a weak WOM code, the WOM encoding would find
a pair (x;,mgq,;), and we could store the vector x; by the
set 7 (i). However, we would not have a way to store the
index m, ; that is also required for the decoding. To solve this,
we will add some cells that will serve for the sole purpose of
storing the index my ;.

Since we use the WOM code g —r — 1 times, once for each
rank i € [g —r — 1], it follows that we need to add ¢ —r — 1
different sets of cells. The added sets will take part in a larger
permutation, such that the code will still meet Definition 4
of RM rewriting codes. To achieve that property, we let each
added set of cells to represent a permutation. That way the
number of cells in each rank is constant, and a concatenation
(in the sense of sting concatenation) of those permutations
together results in a larger permutation. To keep the cost of
rewriting bounded by r, we let each added set to represent a
permutation with » 4 1 ranks. That way each added set could
be rewritten arbitrarily with a cost no greater than ». We also
let the number of cells in each rank in those added sets to be
equal, in order to maximize the amount of stored information.
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Denote the number of cells in each rank in each of the added
set as a. Since each added set needs to store an index from
the set [K,] with r + 1 ranks, it follows that a must satisfy
the inequality |&,1,4| > K4. So to be economical with our
resources, we set a to be the smallest integer that satisfies this
inequality. We denote each of these additional permutations
as mq,i € G,41,4. The main permutation is denoted by mw,
and the number of cells in each rank in 7w is denoted by zw.
The permutation # will be a string concatenation of the
main permutation together with the ¢ — r — 1 added
permutations. Note that this way the number of cells in each
rank is not equal (there are more cells in the lowest r 4 1
ranks). This is actually not a problem, but it will be cleaner to
present the construction if we add yet another permutation that
“balances” the code. Specifically, we let ;, be a permutation of
the multiset {(r +2)¢—r=Da_( 4 3)lg=r=Da q(q”’l)“}
and let x! be the string concatenation
(ﬂ;%, e, n;;#fl, 7Z'b_1, ﬂv_vl). This way in each rank
there are exactly zw + (¢ — r — 1)a cells. We denote
7z =2zw + (¢ —r — 1)a, and then we get that 7 is a member
of Gy ;.

On each iteration i from 1 to ¢ —r — 1 we use a constant-
weight weak WOM code. The vectors s; and x; of the WOM
code are now corresponding only to the main part of the
permutation, and we denote their length by nw = gzw.
We assign the state vector to be §; = Oy, (U1itr(ow)\
Ui,i—1(mw)), where ow and zw are the main parts of &
and x, accordingly. Note that Uj ;4,(ow) and Uj ;—(mw) are
subsets of [nw] and that the characteristic vector 6,,, is taken
according to nw as well. The message part m; and the state
vector s; are used by the encoder Ew of an (nw, Kw, Kp,
(r + 1)/q,1/q) constant-weight weak WOM code Dy .
The result of the encoding is the pair (x;, mg ;) = Ew(m;, s;).
The vector x; is stored on the main part of z, by assigning
Tw(@) = H,Z_v[} (x;). The additional index m,; is stored
on the additional cells corresponding to rank i. Using an
enumerative code /41,4 : [|Sr41,4l] = Sry1,4, We assign
Ta,i = hry1,a(mg,;). After the lowest ¢ — r — 1 ranks of
ww are determined, we determine the highest r + 1 ranks
by setting ww [g—rq] = hm(mg—,) where M = {(g — r)*V,
(g —r+ D¥,...,¢g*V}. Finally, the permutation 7, can be
set arbitrarily, say, to op.

The decoding is performed in accordance with the encoding.
For each rank i € [¢ —r — 1], we first find x; = 6, (xw (i)
and m,; = hr:ll,a (7q,i), and then assign m; = Dw (x;, mg,;).
Finally, we assign mq_, = h;,l (Tw,lg—rq1)-

Construction 17 (A RM Rewriting Code From a Constant-
Weight Weak WOM Code): Let Kw, K4, q,r and zw be posi-
tive integers, and let ny = qzw. Let Dy be an (nw, Kw, K4,
r + 1)/q,1/q) constant-weight weak WOM code with
encoding algorithm Ew, and let a be the smallest integer for
which |&,41,4] = Kg. Define the multiset M = {(g — r)*V,
(g —r 4+ DWW, ...,q"} and let Ky = |Sy| and
K=Ky -Ki, ™"

Let z = zw + (q —r — 1)a and n = qz. Define a codebook
C C &y, as a set of permutations © € C in which n s

a string concatenation (nvf,l s n;} s n;;_r_l R nl:]) such
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that the following conditions hold:

1) Tw € 6q,ZW'

2) Foreachranki € [q—r —1], mai € &r41,4-

3) wp is a  permutation of the  multiset

{(r + 2)(q—r—1)a, (’,. + 3)(q—r—1)a, o q(q—r—l)a}.
A (q,7,Kr,r) RM rewrite coding scheme {Eg, Dg} is
constructed as follows:

The encoding function EgR receives a message
m = (my,ma,...,my_;) € [Kwl9""! x [Ky] and a
state permutation ¢ € C, and finds a permutation @ in
By, r(0)N DEl(m) to store in the memory. It is constructed
as follows:

I:fori=1toq—r—1do

2 8i < Opy (Utitr(ow) \ Uti—1(mw))
3 (xi,mgi) < Ew(mi,s;)

4 ww (i) < Oy (xi)

S50 Wa,i < hr+1,a (ma,i)

6: end for
7 AW, q-rq] <= hy(mg—r)
8: Tp <= 0Op
The decoding function Dpg receives the stored

permutation © € C, and finds the stored message
m = (mi,ma,....,mg_y) € [Kwl? "' x [Kyl It is
constructed as follows:

I:fori=1toqg—r—1do

20 X & Ony (mw (i)

5 mai <= hy  (Ta)

4. m;j <= Dw(x;,mq;)

5: end for

6: Mgy < h;/ll (”W,[q—r:q])

Remark: To be more economical with our resources, we
could use the added sets “on top of each other”, such that the
r+1 lowest ranks store one added set, the next »+1 ranks store
another added set, and so on. To ease the presentation, we did
not describe the construction this way, since the asymptotic
performance is not affected. However, such a method could
increase the performance of practical systems.

Theorem 18: Let {Ew, Dw} be a member of an efficient
capacity-achieving family of constant-weight weak WOM
coding schemes. Then the family of RM rewrite coding schemes
in Construction 17 is efficient and capacity-achieving.

The proof of Theorem 18 is similar to that of Theorem 15
and is brought in Appendix C.

V. CONSTANT-WEIGHT POLAR WOM CODES

In this section we consider the use of polar WOM
schemes [6] for the construction of constant-weight weak
WOM schemes. Polar WOM codes do not have a constant
weight, and thus require a modification in order to be used
in Construction 17 of RM rewriting codes. The modification
we propose in this section is exploiting the fact that while
polar WOM codes do not have a constant weight, their
weight is still concentrated around a constant value. This
section is composed of two subsections. In the first, we show
a general method to construct constant-weight weak WOM
codes from WOM codes with concentrated weight. The second
subsection describes the construction of polar WOM schemes
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of Burshtein and Strugatski [6], and explains how they could
be used as concentrated-weight WOM schemes.

A. Constant-Weight Weak WOM Schemes From
Concentrated-Weight Strong Schemes

We first introduce additional notation. Label the weight of
a vector x by wg(x). For ¢ > 0, let Jy,, (n, J) be the set of
all n-bit vectors x such that [wy — wgy(x)/n| < 4.

Definition 19 (Concentrated-Weight WOM Codes): Let K¢
and n be positive integers and let ws; be in [0,]1],
wy be in [0, ws] and 6 in [0, 1]. A surjective function D¢ :
Ju,(n,0) — [Kc] is an (n, K¢, ws, wy,d) concentrated-
weight WOM code if for each message m € [Kc] and state
vector s € J,,, (n), there exists a vector x < s in the subset
D' (m) S Ju, (n,0).

From [17, Th. 1 and Proposition 13] we get that the capacity
of concentrated-weight WOM codes in Cy = w; H (wy/wy).
We define the notion of efficient capacity-achieving family
of concentrated-weight WOM coding schemes accordingly.
For the construction of constant-weight weak WOM codes
from concentrated-weight WOM codes, we will use another
type of enumerative coding schemes. For an integer n and ¢
in [0,1/2], let J<s(n) be the set of all n-bit vectors of
weight at most oJn, and define some bijective function

h<s : [Z}‘Z’lj (;’)] — J<s(n) with an inverse function h;};

The enumeration scheme (i<, h;ls) can be implemented with
computational complexity polynomial in n by methods such
as [4, pp. 27-30], [23], [27].

We will now describe a construction of a constant-weight
weak WOM coding scheme from a concentrated-weight WOM
coding scheme. We start with the encoder Ey of the constant-
weight weak WOM codes. According to Definition 16, given a
message m € [Kw] and a state s € J,,, (n), the encoder needs

to find a pair (x,m,) in the set ngl(m) such that x < s.
We start the encoding by finding the vector x¢c = Ec(m, s)
by the encoder of an (n, K¢, ws, wy,d) concentrated-weight
WOM code. We know that the weight of x¢ is “d-close” to
wyxn, but we need to find a vector with weight exactly |wyn].
To do this, the main idea is to “flip” |lwyn] — wy(x¢)| bits
in xc to get a vector x < s of weight |w,n], and store the
location of the flipped bits in m,. Let @ be the n-bit vector
of the flipped locations, such that x = xc @& a where & is
the bitwise XOR operation. It is clear that the weight of a
must be |[[wxn] —whu(xc)|. Let xc = (xc,1,xCc2, .-+ XC,n)-
If wyg(xc) < wyn, we also must have a; = 0 wherever
xc,; =1, since we only want to flip 0’s to 1’s to increase
the weight. In addition, we must have a; = 0 wherever
s; = 0, since in those locations we have xc; = 0 and we
want to get x; < s;. We can summarize those conditions by
requiring that a < s @ x¢ if wy(x¢) < wyn. In the case that
wg (xc) > wyn, we should require that a < x¢, since a; can
be 1 only where xc,; = 1. In both cases we have the desired
properties x < s, wy(x) = |wyn] and wy(a) < on.

To complete the encoding, we let m, be the index of the
vector a in an enumeration of the n-bit vectors of
weight at most oJn. That will minimize the space
required to store a. Using an enumerative coding scheme,
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we assign m, = h;ls(a). The decoding is now straight
forward, and is described in the following formal description
of the construction.

Construction 20 (A Constant-Weight Weak WOM Code
From a Concentrated-Weight WOM Code): Let K¢ and n
be positive integers and let wg be in [0, 1], wy be in [0, wy]
and 6 in [0,1/2]. Let D¢ be an (n,Kc,ws, wy, o)
concentrated-weight WOM code, and define Kw = K¢ and
K. = Zl\-iyg (”)

= 1

An (n,Kw, K4, wg, wy) constant-weight
coding scheme {Ew, Dw} is defined as follows:

The encoding function Ew receives a message m € [Kwy]
and a state vector s € Jy, (n), and finds a pair (x,m,) in
D‘;,l (m) € Jy, (n) x [K,] such that x < s. It is constructed
as follows:

1) Let xc < Ec(s,m).

2) Let a be an arbitrary vector of weight ||wxn|—wg (x¢)|
such that a < s ® xc if wg(xc) < wyn and a < x¢
otherwise.

3) Return the pair (x,m,) < (xc D a, h;ls(a)).

The decoding function Dy receives the stored pair
(x,mq) € Jy,(n) x [Kq], and finds the stored message
m € [Kw]. It is constructed as follows:

1) Let a <= h<s(my).

2) Let xc =x Da.

3) Return m <= D¢ (x¢).

Theorem 21: Let {Ec, Dc} be a member of an efficient
capacity-achieving family of concentrated-weight WOM
coding schemes. Then Construction 20 describes an
efficient capacity-achieving family of constant-weight weak
WOM coding schemes for a sufficiently small 9.

Proof: First, since Ec, Dc, h<s and h;é can be performed
in polynomial time in n, it follows directl_y that Ew and Dw
can also be performed in polynomial time in n. Next, we show
that the family of coding schemes is capacity achieving. For
large enough n we have (1/n)log Ky > Cw — €c. So

weak WOM

Ry = (1/n)log(Kw/Kq) > Cw — ec — H(9),

since log K, = log Z}i’g ('I’) < nH () by Stirling’s formula.
Now, given ey > 0, we let c = ew /2 and d = H ' (ew /2)
such that ec + H(d) = ew. So for large enough n we have
Rw > Cw —ec — H(0) = Cw — ey. |

B. Polar WOM Codes

There are two properties of polar WOM coding schemes
that do not fit well in our model. First, the scheme requires
the presence of common randomness, known both to the
encoder and to the decoder. Such an assumption brings some
weakness to the construction, but can find some justification
in a practical applications such as flash memory devices.
For example, the common randomness can be the address of
the storage location within the device. Second, the proposed
encoding algorithm for polar WOM coding schemes does not
always succeed in finding a correct codeword for the encoded
message. In particular the algorithm is randomized, and it only
guarantees to succeed with high probability, over the algorithm
randomness and the common randomness. Nonetheless, for
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flash memory application, this assumption can be justified by
the fact that such failure probability is much smaller than
the unreliable nature of the devices. Therefore, some error-
correction capability must be included in the construction for
such practical implementation, and a failure of the encoding
algorithm will not significantly affect the decoding failure rate.
More approaches to tackle this issue are described in [6].

The construction is based on the method of channel
polarization, which was first proposed by Arikan in his seminal
paper [1] in the context of channel coding. We describe it here
briefly by its application for WOM coding. This application
is based on the use of polar coding for lossy source coding,
that was proposed by Korada and Urbanke [21].

10 ®logn
11 and G, be

its log n-th Kronecker product. Consider a memoryless channel
with a binary-input and transition probability W (y|x). Define
a vector u € {0, 1}"*, and let x = uG?log", where the matrix
multiplication is over 2. The vector x is the input to the
channel, and y is the output vector. The main idea of polar

coding is to define n sub-channels

Let n be a power of 2, and let G, =

WD (y, ui—nlui) = P(y, wji—1ylu;) = 2,1—1_1 Z P(y|u).
Ufi41:n]

For large n, each sub-channel is either very reliable or very

noisy, and therefore it is said that the channel is polarized.

A useful measure for the reliability of a sub-channel W,fl) is

its Bhattacharyya parameter, defined by

2w = 3w 1w o). “)
yey

Consider now a write-once memory. Let s € {0, 1} be the
state vector, and let w; be the fraction of 1’s in s. In addition,
assume that a user wishes to store the message m € K¢
with a codeword x € J,,, (1, 9). The following scheme allows
a rate arbitrarily close to Cw for n sufficiently large. The
construction uses a compression scheme, based on a fest
channel. Let v be a binary input to the channel, and (s, g)
be the output, where s and g are binary variables as well.
Denote x = g @ v. The probability transition function of the
channel is given by

ws —wy if (s,x) = (1,0),

) wy if (s,x) = (1, 1),
W8 =112 0 if (s.x) = (0.0),
0 if (s, x) = (0, 1).

The channel is polarized by the sub-channels W,Si) of

Equation 4, and a frozen set F is defined by
F= {i enl: ZWy>1- 25,%},

where d, = 2" /(2n), for 0 < f < 1/2. Tt is easy to show
that the capacity of the test channel is C7 = 1 — Cw. It was
shown in [21] that |F| = n(Ct + ¢c¢) = n(l — Cw + €¢),
where €c is arbitrarily small for n sufficiently large. Let g be a
common randomness source from an n dimensional uniformly
distributed random binary vector. The coding scheme is the
following:
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Construction 22 (A Polar WOM Code [6]): Let n be a
positive integer and let wg be in [0, 1], wy be in [0, ws] and
8in [0, 1/2]. Let ec be in [0, 1/2] such that K¢ = 2" (Cw—¢c)
is an integer.

The encoding function Ec receives a message m €
{0, 1}MogKcl g state vector s € Jw, (n) and the dither vector
g € {0,1}", and returns a vector x < s in DEl(m) C
Jw, (n, 8) with high probability. It is constructed as follows:

1) Assign y; = (sj, g;j) and y = (y1,¥2, .- -, Yn)-

2) Define a vector u € {0, 1}* such that urp = m.

3) Create a vector u € {0,1}" by compressing the
vector y according to the following successive cancel-
lation scheme: Fori = 1,2,...,n, let u; = u; ifi € F.
Otherwise, let

i [o wp. L,S")/(%S,") )
1 wp. 1/(L;” +1),

where w.p. denotes with probability and

Wi (y, agi—1jlu; = 0)

W (y, - lu; = 1)

LY =Ly, ag-n) =
4) Assign v < ftG?log".

5) Returnx < v @ g.

The decoding function D¢ receives the stored
vector x € Jy, (n,0) and the dither vector g < {0,1}",
and finds the stored message m € {0,1}M°2Kcl fr g
constructed as follows:

1) Assignv <=x P g.

2) Assign i < v(G?logn)’l.

3) Return m < up.

In [6], a few slight modifications for this scheme are
described, for the sake of the proof. We use the coding
scheme (E¢, D¢) of Construction 22 as an (N, K¢, ws, wy, 0)
concentrated-weight WOM coding scheme, even though it
does not meet the definition precisely.

By [16, Proof of Lemma 1], for 0 < f < 1/2, the
vector x found by the above encoding algorithm is in DEl (m)
and in J, (n,0) w.p. at least 1 — 27" for n sufficiently
large. Therefore, the polar WOM scheme of Construction 22
can be used as a practical concentrated-weight WOM coding
scheme for the construction of RM rewriting codes by
Constructions 17 and 20. [16, Lemma 1] also proves that this
scheme is capacity achieving. By the results in [21], the
encoding and the decoding complexities are O (nlogn), and
therefore the scheme is efficient. This completes our first full
description of a RM rewrite coding scheme in this paper,
although it does not meet the definitions of Section II precisely.
In the next section we describe a construction of efficient
capacity-achieving RM rewrite coding schemes that meet the
definitions of Section II.

VI. RANK-MODULATION SCHEMES FROM
HASH WOM SCHEMES
The construction in this section is based on a recent con-
struction of WOM codes by Shpilka [25]. This will require
an additional modification to Construction 17 of RM rewrite
coding schemes.
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A. Rank-Modulation Schemes From
Concatenated WOM Schemes

The construction of Shpilka does not meet any of our
previous definitions of WOM codes. Therefore, we define yet
another type of WOM codes, called “constant-weight concate-
nated WOM codes”. As the name implies, the definition is a
string concatenation of constant-weight WOM codes.

Definition 23 (Constant-Weight Concatenated WOM
Codes): Let Kw,Ky,n and t be positive integers and let
wys be a real number in [0, 1] and wy, be a real number in
[0, ws]. A surjective function Dy : (Jy,, (n))' X [Kq] = [Kw]
is an (n,t, Kw, K4, ws, wy) constant-weight concatenated
WOM code if for each message m € [Kw] and state vector
s € (Ju,(n)), there exists a pair (x,mg) in the subset
D;VI (m) € (Ju, (n))" x [Kp] such that x <s.

Note that the block length of constant-weight concatenated
WOM codes is nt, and therefore their rate is defined to be
Ry = % log Kw. Since concatenation does not change the
code rate, the capacity of constant-weight concatenated WOM
codes is Cy = wyH (wy/w;). We define the notion of coding
schemes, capacity achieving and efficient family of schemes
accordingly. Next, we use constant-weight concatenated WOM
coding schemes to construct RM rewrite coding schemes by
a similar concatenation.

Construction 24 (A RM Rewriting Scheme From a Constant-
Weight Concatenated WOM Scheme): Let Kw, Kq,q,r,t
and zw be positive integers, and let nw = qzw.
Let Dy be an (nw,t,Kw,K,, (r + 1)/q,1/q) constant-
weight concatenated WOM code with encoding algo-
rithm Ew, and let a be the smallest integer for which

|Gr+1.0al = Kp. Define the multiset M = {(g — r)*V,
(g —r 4+ DWW, ...,q°"} and let Ky = |Gy| and
Kg=Ku- K&\

Let z = tzw + (@ — r — 1)a and n = qz. Define a

codebook C C G, ; as a set of permutations = € C in

which ©~' is a string concatenation (n(;},...,ira_’;frfl,

7[1:1 , 75;} sy n;tl) such that the following conditions hold:

1) my; € &y zy for eachi € [t].

2) 74, € Sr41,q for each rank i € [q —r —1].

3) wp is a  permutation of the  multiset
{(r + 2)(q7r71)a, (r + 3)(q7r71)a, o q(qfrfl)a}'

Denote the string concatenation (ﬂ;%, ceey n;,l) by nv_vl, and

denote ow in the same way. A (q, z, Kr,r) RM rewrite coding
scheme {Egr, DR} is constructed as follows:

The encoding function EgR receives a message
m = (my,ma,...,my_;) € [Kwl?""! x [Ky] and a
state permutation ¢ € C, and finds a permutation @ in
By, r(c)N DEl(m) to store in the memory. It is constructed
as follows:

I:fori=1t0qg—r—1do

2: 8§ <= Ony (Ut,igr (ow) \ Uri—1(mw))
30 (xi,mgq;) <= Ew(m,s;)

4 ww(@) <:9;v[}(xl)

5. Wai <= hry1,a(ma,i)

6: end for

7: TW,lg-rq] < hm(mg—r)

8: wp = op



4222

The decoding function Dpg receives the stored permu-

tation © € C, and finds the stored message m =
(mi,mp,...,mg_y) € [Kwl? ™! x [Kpy]. It is constructed
as follows:

I:fori=1toq—r—1do
2: Xj & Ony (rw (@)

3 Mg < hr_Jil,a(naai)

4: m; < Dw(x;,mg;)

5: end for

6: mg—r < hy (@w.fg—r.q1)

Since again concatenation does not affect the rate of the
code, the argument of the proof of Theorem 18 gives the
following statement:

Theorem 25: Let {Ew, Dw} be a member of an efficient
capacity-achieving family of constant-weight concatenated
WOM coding schemes. Then the family of RM rewrite coding
schemes in Construction 24 is efficient and capacity-achieving.

B. Hash WOM Codes

In [25] Shpilka proposed a construction of efficient capacity-
achieving WOM coding scheme. The proposed scheme follows
the concatenated structure of Definition 23, but does not have
a constant weight. In this subsection we describe a slightly
modified version of the construction of Shpilka, that does
exhibit a constant weight.

To describe the construction, we follow the definitions
of Shpilka [25]. The construction is based on a set of
hash functions. For positive integers n,k,[ and field
members a, b € Fyn, define a map H;”If’l {0, 1}* — {0, 1}
as H;”If’l(x) = (ax + b)k—n- This notation means that we
compute the affine transformation ax + b in Fyn, represent
it as a vector of n bits using the natural map and then keep
the first k — / bits of this vector. We represent this family of

maps by H™%! namely
Hl = {H . b e ).

The family H™*! contains 2%" functions. For an integer
mg € [22], we let H,,, be the m,-th function in HkL

Construction 26 (A Constant-Weight Concatenated WOM
Coding Scheme From Hash Functions): Let €,0 be in
[0, 1/2], ws in [0, 1], wy in [0, ws] and ¢ > 20. Let n =
[(c/€)log(1/€)], k = [n(Cw —2¢/3)], 11 = [(1/€)/1* — 1]
and th = 2%. Finally, Let t = t1tr, Kp = 2% and K, = 2°".
An  (n,t, KI, Kff, ws, Wy) constant-weight concatenated
WOM code is defined as follows:

The encoding function Ew receives a message matrix
m € [Kp]"1*"2, a state matrix of vectors s € (Jy, ()12, and
returns a pair (x,mg) in D;VI (m) C (Jyp, ()12 x [K,]"?
such that for each (i, j) € [t1] x [©2] we have x;; < s; ;.
It is constructed as follows: For each j € [t2], use a brute
force search to find an index m, ; € [K,] and a vector
xj=(x1,j,..., %, ;) such that for all i € [t|], the following
conditions hold:

1) Xij = S8i;j-

2) xij € Ju, (n).

3) Hpm, ,(xij)=mj;j.
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The decoding function Dy receives the stored pair
(x,my) € (Ju, ()12 x [K,], and returns the stored
message m € K" It is constructed as follows: For each
pair (i, j) € [t1] x [©2], assign m; ; < Hp, (xi ).

The only conceptual difference between Construction 26
and the construction in [25] is that here we require the
vectors x; ; to have a constant weight of |wyn], while the
construction in [25] requires the weight of those vectors to be
only bounded by w,n. This difference is crucial for the rank-
modulation application, but in fact it has almost no effect on
the proofs of the properties of the construction.

To prove that the code in Construction 26 is a constant-
weight concatenated WOM code, we will need the following
lemma from [25]:

Lemma 27 [25, Corollary 2.3]: Let k',{,t; and n be
positive integers such that £ < k' < n and 1} < 2074, Let
X1,..., Xy € {0, 1}" be sets of size |X1],...,|Xy| = 2K
Then, for any my,...,m; < {0, l}k/"] there exists
Hy, € H™¥C and {x; € X;} such that for all i € [1],
Hy(x;) = m;.

Lemma 27 is proven using the leftover hash
lemma [2, p. 445], [5], [15] and the probabilistic method.

Proposition 28: The code Dw of Construction 26 is
an (n,t,K!, K2, ws,wy) constant-weight concatenated
WOM code.

Proof: The proof is almost the same as [23, Proof
of Lemma 2.4], except that here the codewords’ weight is
constant. Let £ = [en/3], k' =k + { and

X;={xe{0,1}"|x <s; and x € J,, (n)}.
Since x € J,,, (n), we have that
Lwsn]
|X;| = ( *
lwxn]

which by Stirling’s formula can be lower bounded by
> zwan(wX/ws)—log(wsn) - 2nCW—1ogn
> onCw—en/3 _ 2k/

For the last inequality we need en > 3 logn, which follows
from

3logn  3log[(2c/€)log(l/€)]
€n = clog(1/e)
- 3log[(40/¢€)log(1/€)] <L
201og(1/€)

Notice also that

n= 10/~ 1] < (1/0)/"

= pi5clog(l/e) < 25 F < 20/4,

So all of the conditions of Lemma 27 are met, which implies
that the encoding of Construction 26 is always successful,
and thus that Dy is a constant-weight concatenated
WOM code. [ ]

Theorem 29: Construction 26 describes an efficient
capacity-achieving family of concatenated WOM coding
schemes.
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Proof: We first show that the family is capacity achieving.
We will need the following inequality:

2 2
0 /e =]
Now the rate can be bounded bellow as follows:
tlogKp —trlog K,

<4e < €/3.

Ry =

nt
t1log K, —log K,

nty
tk —2n

nty
- H(Cw —2¢/3) —
= ”
> Cw —2¢/3 —€/3
=Cw — €,

and therefore the family is capacity achieving.

To show that the family is efficient, denote the
block length of the code as N = nt. The encoding
time is

141
t2|Hl’l,k,f| X Z IXlI < 1‘2[12311 < t224n — t21+5 < N1+5,
i=1
and the decoding time is
t - poly(krin) = 2/2(2/€) %
< N 20(}16) N NO(OG)
— NIH+00e)
This completes the proof of the theorem. ]

Remark: Note that r, is exponential in 1/€, and therefore
the block length N is exponential in (1/€). This can be an
important disadvantage for these codes. In comparison, it is
likely that the block length of polar WOM codes is only
polynomial in (1/€), since a similar results was recently shown
in [13] for the case of polar lossy source codes, on which polar
WOM codes are based.

We also note here that it is possible that the WOM
codes of Gabizon and Shaltiel [12] could be modified for
constant weight, to give RM rewriting codes with short
block length without the dither and error probability of polar
WOM codes.

VII. CONCLUSIONS

In this paper we studied the limits of rank-modulation
rewriting codes, and presented two capacity-achieving code
constructions. The construction of Section VI, based on
hash functions, has no possibility of error, but require a
long block length that might not be considered practical.
On the other hand, the construction of section V, based
on polar codes, appears to have a shorter block length, but
requires the use of common randomness and exhibit a small
probability of error. Important open problems in this area
include the rate of convergence of polar WOM codes and
the study of error-correcting rewriting codes. Initial results
regarding error-correcting polar WOM codes were proposed
n [17].
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APPENDIX A

Proof of Proposition 3: We want to prove that if
I's(@+1)—Ts@)>1foralli € [g—1], and 7 is in &y, then

NOEE R0

a(s > ) < max{a
je

with equality if T's(g) — I's(1) =g — 1.
The assumption implies that

[s(@)<Ts(g)+i—q (5)

for all i € [g], with equality if T's(g) — I's(1) =¢q — 1.

Next, define a set U, i, (0s) to be the union of the sets
{os()}icfi):iy}» and remember that the writing process sets
xj=s;ifm ~1(j) = 1, and otherwise

xj = max{s;, Iz~ 1() = 1)+ 1}.
Now we claim by induction on i € [¢] that

T() <i+Ts(g) —q+ jemla?;”){a;l(j) -z (). (©)

In the base case, i = 1, and

re(1) & ]671( {x]} il {sj} = 2 jmax {Ts(o, " G

er (1)

) 1.
< max {I's(g) —g + o, ()}

jer(l)
(e) 1,. —1,.
= Is(g) — g + max (o, ') + (1 — 2 1())}
jen(l)

C14+T@—g+ max (o' () -7 ()
j€Uy,i(m)
Where (a) follows from the definition of I'y(1), (b) follows
from the modulation process, (c) follows since I’y (o’s_1 () =
maxj,egs(gsfl(j)){sj/}, and therefore T'y(a, '(j)) > s; for all
j € [n], (d) follows from Equation 5, (e) follows since
j € m(1), and therefore 7 ! (j) = 1, and (f) is just a rewriting
of the terms. Note that the condition I's(g) — I's(1) =g — 1
implies that s; = I's(o, ! (j)) and Ts(i) = I's(¢) +i — ¢, and
therefore equality in (c) and (d).
For the inductive step, we have

Te(i) 2 max (x;)
jer (i)

© max {max{s,, L@ =1+ 1}

jem(i

(©)

% max{ max {s;}, (i — 1)+ Ts(q) —
jenr (i)

+ max  {o,'()—a G+ 1)

jeUyi—i(m)
max( max (T’ (o GNLi+Ts(g) — g
OB A}

A
INe

4+ max f{o
jeUyi—1(m)

~
IN®

— g+, (i +Ts(g) —q
o'y — = (HY

max{ max {I's(g)
Jjem (i)

+  max
JjeUri-1(m)

Il

o
' GHN

S+ —x
o, () —

D I's(g) — g + max{ max {o
Jjer (i)

4+  max |
JjeUyi-1(m)
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(2)

i +Ts(q) — g +max{ max {o, '(j) — 7' (j)},
Jjen (i)

~ max
Jj€Uy,i—1(m)

{o ' () — = 1GHY

(h) . 1, . 1, .
=i+T5(q)—q+ max {o,'(j)—z ()}
jeUy,i(n)

Where (a) follows from the definition of T',(i),
(b) follows from the modulation process, (c) follows
from the induction hypothesis, (d) follows from the definition
of Fs(asfl(j)), (e) follows from Equation 5, (f) follows
since 7 ~1(j) =i, and (g) and (h) are just rearrangements of
the terms. This completes the proof of the induction claim.
As in the base case, we see that if I's(g) — I's(1) = ¢ — 1

then the inequality in Equation 6 becomes an
equality.

Finally, taking i = g in Equation 6 gives

I'x(q) <

g+Ts(@)—qg+ max {o;'(j)—x'(j)}
JEUl,q(”)
Is(q) + jné%{as‘l(j) )]

with equality if T's(g) — Is(1) = ¢ — 1, which completes
the proof of the proposition, since a(s — 7) was defined as
Ix(q) — T's(g). u

APPENDIX B

Proof of Proposition 13: The proof follows a similar
proof by Heegard [14], for the case where the codewords’
weight is not necessarily constant. Given a state s, the
number of vectors x of weight |wyn] such that x < s
is (stnj). Since Kw cannot be greater than this number,

Lwxn]

we have
where the last inequality follows from Stirling’s formula.
Therefore, the capacity is at most Cy .

The lower bound on the capacity is proven by the proba-
bilistic method. Randomly and uniformly partition J,, () into
Kw subsets of equal size,

Ry = (1/m)log Ky < (1/n) log (st’”
[wyn]

< (1/n) logzme(wx/ws) = Cy,

|Dy! (m)| = | Jw, (n)]/2"RW.

Fix m € [Kw] and s € J,,(n), and let f(s) be the set of
vectors x € Jy, (n) such that x < s. Then

|Dy (m)|—1

i
= (

i=0
1B(s)] > 2nCw—log(wsn) " and thus

|wa (l’l)|
P(Dy! (m) N B(s) = 0)
< (1 = |y, (n)| "2 Cwloglwsn)y i [27EW

[, ()| — 1B ()] —i
|wa(l’l)| -

)D;Vl(m)

P(Dy! (m) N f(s) = 9)

< e—(Z”(CW_RW)_lOg(")S”))
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where the last inequality follows from the fact that
(1—-x)Y <e™ fory > 0. If Rw < Cyw, this probability
vanishes for large n. In addition,

P(3m € [Kw] and s € Jy, (n) s.t. D' (m) N B(s) = B)
= P (Unetkwt Usesn, o { D3 om) 0 () =0} )

> D PR m)NBs) =0

me[Kwy]sely,(n)

IA

< 2n(RW+H(wS))e_(2n(CW —RW)—Iog(an))

This means that if Rw < Cw and n is large enough, the
probability that the partition is not a constant-weight strong
WOM code approaches 0, and therefore there exists such a
code, completing the proof. |

APPENDIX C

Proof of Theorem 18: We will first show that {Eg, Dgr}
is capacity achieving, and then show that it is efficient. Let
Rr = (1/n)logKgr be the rate of a RM rewriting code.
To show that {Eg, Dr} is capacity achieving, we need to
show that for any eg > 0, Rp > Cgr — €g, for some
q and z.

Since {Ew, Dw} is capacity achieving, Ry > Cw — €w
for any ey > O and large enough n. Remember that
Cw = wyH(wy/wy). In {Er, Dr} we use wy = (r + 1)/q
and w, = 1/g, and so Cyy = "L gL) We will need to

= H
q r+l
use the inequality log K, > a, which follows from:

log K, >10g |6, 41,411 >10g162,4-11>2a — 2 —log2a > a

Where the last inequality requires a to be at least 6. In addition,
we will need the inequality ny /n > 1 — g2ew, which follows
form:

nw nwy nw 6120
_— = > _——
n nw+qlg—r—Da nw+q2a nw
q*log K, 2 (logKw  log(Kw/Ka)
ST, L. XA _
nw nwy nw

> 1-¢*(Cw — (Cw —ew)) = 1 — gew.
Now we can bound the rate from below, as follows:
Rr = (1/n)logKg
= (1/m)log(Ky - K§j" ™)
> (g —r —D(1/n)log Kw
> (g —r —1)(Cw — ew)(nw/n) @)

> (q_r_l)(r“H( )—GW)(l—qzéw)

q
qg—r—1
T (Cr — gew)( — ¢€w)

r+1

(Cr —qew)(1 — (r + D/q)(1 — g%€w)
> Cgr — Crq*ew — Cr(r +1)/q

+ (Cr(r + Dgew — gew) + (g°€* — (r + g’eyy)
> Cr—(r+ l)q26W —(r+ 1)2/q
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1/3
The idea is to take g = \‘(ﬂ) J and e =

€w

3(r + 1)2/36‘14{3 and get that

2
13 1)2
Rr>Cr—(r+1 (i) Ew—\‘(r_’_)

ew (ﬂ)l/BJ
e€w

l/3 —2(r + 1)2/36‘1;[53 = Cg — €R.

> Cg — (r + D* ey,

So we can say that for any €eg > 0 and integer r, we set
2

W= 5oy L(r + 1)//ew]. Now if z is
large enough then n = ¢z is also large enough so that
Rw > Cw — ew, and then Equation 7 holds and we have
Rr > Cp — €p.

Finally, we show that {Er, Dr} is efficient. If the scheme
(huy, h;,,l) is implemented as described in [22], then the time
complexity of hy and h;,ll is polynomial in n. In addition,
we assumed that Ey and Dy run in polynomial time in n.
So since hjy; and h;,ll are executed only once in Eg and Dg,
and Ew and Dy are executed less than ¢ times in E and Dg,
where g < n, we get that the time complexity of Er and Dy is
polynomial in 7. |

—R_ and ¢ =
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