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Lattice-Based WOM Codes for
Multilevel Flash Memories

Aman Bhatia, Minghai Qin, Aravind R. Iyengar, Brian M. Kurkoski, and Paul H. Siegel

Abstract—We consider t-write codes for write-once memo-
ries with n cells that can store multiple levels. Assuming an
underlying lattice-based construction and using the continuous
approximation, we derive upper bounds on the worst-case sum-
rate optimal and fixed-rate optimal n-cell ¢-write write-regions
for the asymptotic case of continuous levels. These are achieved
using hyperbolic shaping regions that have a gain of 1 bit/cell
over cubic shaping regions. Motivated by these hyperbolic write-
regions, we discuss construction and encoding of codebooks
for cells with discrete support. We present a polynomial-time
algorithm to assign messages to the codebooks and show that
it achieves the optimal sum-rate for any given codebook when
n = 2. Using this approach, we construct codes that achieve high
sum-rate. We describe an alternative formulation of the message
assignment problem for n > 3, a problem which remains open.

Index Terms—Write-Once Memories, WOM Codes, Rewriting
Codes, Flash Memories, Lattices

I. INTRODUCTION

HE STUDY of write-once memory (WOM) codes was
motivated by various applications in the field of data
storage [1], [2]. More, recently, they have been proposed as a
lifetime-enhancing method for flash memories. Flash memory
stores information in the form of charge in a floating gate
transistor, referred to as a cell. While increasing the charge
level of an individual cell is a simple program operation
with low latency, decreasing the level of a cell requires a
complex erase operation on a large block of cells that also
decreases the lifetime of the device. WOM codes can be used
to write information multiple times before an erase operation
is required, thereby enhancing the lifetime of the device [3],
(4], [5].
Considerable progress has been made in the last few years in
the study of binary WOM code constructions for single-level
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cell (SLC) flash memory devices where each cell supports
q = 2 levels [3], [5], [6]. However, to increase storage
densities, future flash memory devices are expected to support
a large number of cell levels, continuing the trend seen with
the use of MLC and TLC devices that support 4 and 8
levels, respectively. This has motivated a body of work on the
construction of WOM codes for multilevel cells that support
q > 3 levels [7], [8], [9], [10], [11]. The capacity of rewrite
codes for ¢ writes on g-ary cells is known to be log, (q;ril)
[12], although explicit characterization of the capacity region
remains an open problem.

In this paper, we consider the construction of lattice-based
WOM codes for ¢ writes on g-level cells. Lattice-based 2-
write WOM codes over n cells in the asymptotic setting of
continuous cell levels were derived in [11] for the fixed-rate
scenario, where the cardinality of the message set is the same
on each write. Allowing the cardinality of the message set on
each write to be different can increase the sum-rate. Using
a continuous approximation approach, it was hypothesized
in [11] that the hyperbolic shaping regions were optimal for
maximizing sum-rates of two writes over lattices in arbitrary
dimensions. Optimality of hyperbolic shaping regions was
proven in [13] for lattices in n = 2 dimensions when the
number of writes, t, is arbitrary. A proof of optimality was
provided in [14] for the case of an arbitrary number of cells,
n, and ¢t = 2 writes.

Here, we consider the most general case of an arbitrary
number of writes on an arbitrary number of cells where each
cell supports a large number of levels. Using the continuous
approximation approach we prove that hyperbolic shaping
regions are optimal for maximizing the sum-rate. The results
are then extended to the fixed-rate case, a scenario of practical
importance. We also discuss the problem of encoding for
these codes. Encoding requires a consistent assignment of
messages to cell levels that does not depend on the state of
the memory after the previous write. A consistent message
assignment algorithm is optimal if, for any given codebook,
the message set cardinality is the largest possible. We show
that a consistent assignment scheme for a given codebook and
message set cardinality may not always exist when n > 2.
The problem of determining the existence of a consistent
assignment for arbitrary n is shown to be an instance of an
NP-complete problem, but with additional structure introduced
by the geometry of the shaping regions. We exploit this
structure to find an optimal linear-time algorithm for the case
where n = 2. For n > 3, we use a sub-optimal algorithm
for finding consistent assignments. Using these results, we
construct codes that achieve high sum-rates for memories with
multilevel cells.

0733-8716/14/$31.00 © 2014 IEEE
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The rest of the paper is organized as follows. Section II
formulates the code design problem. In Section III, we extend
ideas presented in [11] and invoke the continuous approxi-
mation to obtain an upper bound on the worst-case sum-rate
optimal t-write regions for n cells and consider its asymptotic
behavior as the number of cells grows large. In Section IV,
we derive the worst-case fixed-rate optimal ¢-write regions for
n cells. Section V shows that the contribution of the lattice
and shaping regions to the upper bound are separable, and the
shaping gain of hyperbolic shaping regions is given. In Section
VI, we discuss the case where the cells support a finite number
of levels and propose methods for assignment of messages to
cell levels. Finally, we present our conclusions in Section VII.
Proofs of the lemmas and propositions appearing in Sections
III, IV and VI are given in the appendices.

II. LATTICE-BASED WOM CODES
A. Lattices, Lattice Codes and Flash Memories

An n-dimensional lattice A is defined by an n-by-n gener-
ator matrix GG. The lattice consists of the discrete set of points
x = (x1, 22, ...,x,) for which

x=b-G, (1

where b = (by,bo,...
integer-valued vector.

The Voronoi region of a point x € A is the set of points of
R™ which are closer to x than to any other point X’ € A. The
volume of a Voronoi region Vol (A) is

Vol (A) £ |det G| . )

,bp) € Z™ is any n-dimensional

A lattice code L is a finite subset of a lattice A, described
by a shaping region A C R",

L£L=ANA. 3)

For a thorough treatment of lattices, refer to [15].

The coordinate values of an n-dimensional lattice code may
be stored in n cells of a flash memory. In the most general
case, cell j stores a continuous value between 0 and ¢, so that
the stored values in n cells are represented by x € [0, 1] x
[0,62] % ...[0,€,] & A where x; € R,Vj =1,2,...,n. The
volume of region A is [[A| = [[;_, ¢;. Allowing arbitrary
¢; proves to be helpful in the sequel. However, in the typical
case of a g-ary flash memory, we have ¢; = g — 1 for all j,
so A = [0,¢q — 1]" and the codebook is £ = Zj.

B. WOM Codebooks

Consider a flash memory device with n cells storing values
(z1,22,...,2,) € L such that the level of a cell can only
be increased during a write operation. We consider writing
information in these cells ¢ times before there is a need for a
block erasure.

A t-write WOM code stores M; messages in n cells in the
worst case at write 7, ¢ = 1,...,t. The instantaneous rate for
write ¢ and the worst-case sum-rate for the t-write code are

1

R;; = — logy M; bits per cell per write, and 4)
n
t

R = Z R; ; bits per cell per erase, respectively.  (5)
i=1

A lattice-based t-write WOM codebook is defined by a
partition of a lattice code L into ¢ subsets, denoted as
L1,Lo,...,L;. The subset £; is the codebook for write ¢ and
has cardinality |£;|. Note that since these codes have disjoint
codebooks for each write, they are a special case of WOM
codes referred to as synchronized WOM codes in [1].

A point x € L is said to be accessible from another point
s, denoted as x > s, if x; > s; forall j = 1,2,...,n and
s # x. Suppose the point stored at write ¢ — 1 is s; then the
set of points that may be stored at write ¢ is

Li(s)&E{x€L;:x>s}. (6)

Here, £;(s), the subset of £; accessible from s, may be a
proper subset of the codebook £;. Since the worst-case rate is
of interest, define the codebook cardinality, denoted by C;, as
the minimum number of points in £; that are accessible from
any point in £;_1,
A .

C; _sg,lclflwl(s)" (7)

Also define the total codebook cardinality, 11;, as

t
I, 2 H C;. (8)
=1

The state of the memory before the first write is s = 0 and
all points in the codebook £, are accessible. Thus, M; = C}.
However, the set of points that may be stored at any other write
7 > 1 depends on the point stored on the previous write. As
a result, there may not exist a scheme which can consistently
map C; messages to points in the codebook £,. In some cases,
then, M; may be smaller than C;,

M; < G, ©)

and accordingly each rate I2;; is upper bounded as

1
Ry < —log, Cj, (10
n
and the worst-case sum-rate is upper bounded as
1
R, < —log, I1,. (11)
n

Parts of this paper concentrate on maximizing C; and II; be-
cause they provide upper bounds on R; ; and R;, respectively.
The matter of consistent encoding-decoding is introduced in
the next subsection and is discussed again in Section VI.

C. WOM Encoding and Decoding

The set of messages that can be stored on write i is
M; = {1,2,..., M;}. For given codebooks Li, Lo, ..., Ly,
the encoder-decoder pair (¢, ) is

t
o |J(Mix L)L, viLm i x M (2)
i i=1

i=1

where [t] £ {1,2,...,t} which satisfy

p(m,x) € Li(x) VmeM;,xeL, (13)
Y(x)e{i} x M; VxeL; (14)
for + = 1,...,t. The condition in (13) implies that on write

1, the t-write code encodes a message by only increasing the
cell levels and the condition in (14) implies that the decoder
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maps every point in £; to a message in M;. For a consistent
encoder-decoder pair, we will further require

U (dp(m,x)) = (i,m) Vme M;,x € L;_1

for ©+ = 1,...,t. The condition in (15) requires that the
cell levels after write ¢ are decoded to the correct mes-
sage without the knowledge of any of the previous i — 1
writes. Thus, an n-cell t-write code ({L£;}, ¢, 1) that satisfies
conditions (13), (14) and (15) achieves worst-case sum-rate
Rt = % 22:1 IOg Mz

Sections III and IV only consider the problem of partition-
ing the code £ into ¢ codebooks {L;}. Since the value of
M; cannot be determined without giving a consistent encoder-
decoder scheme, the codebook cardinality, C;, will be used as
the figure of merit to define sum-rates in Sections III and IV.

15)

D. Continuous Approximation

According to the continuous approximation principle for
dense lattices [16], [17], the number of points in a codebook
L formed using (3) can be approximated as

LY
Vol (A)’

where |£]| denotes the cardinality of the discrete set £ and
[[A]] denotes the volume of the shaping region A. This
approximation becomes increasingly accurate as the density of
the lattice increases. The use of the continuous approximation
principle for WOM codes was introduced in [11].

WOM codebooks Lq,...,L; may be constructed by par-
titioning A into ¢t write-regions, Ay, Ao, ..., A;. To construct
codebooks for cells that support discrete levels, let

(16)

A7)

Applying the continuous approximation to the individual
write-regions, the codebook cardinality for the first write is
approximated by

”AIH A
C1=|L4| = = V.
v=lal~ gy ) !
If the state of the memory after write ¢ — 1 is s € A;_q,

then the set of possible levels that can be written on write ¢
is

(18)

Ai(s) = {x € A;: x> s} (19)
Applying the continuous approximation for writes 2,3, ...,
the codebook cardinality is approximated by
1
Ci ~ inf [[Ai(s)]| £V (20)

VO](A) sEA; 1

and the total codebook cardinality in ¢ writes is approximated
by

t
Ht’f-?JHV;éSt

i=1

1)

In the following sections, the quantities V; and .S; are also
referred to as the codebook cardinality and the total codebook
cardinality, respectively. Since both the lattice and the maxi-
mum cell values ¢; may be scaled arbitrarily, in Sections III
and IV we assume that Vol (A) = 1.

III. OPTIMAL CODEBOOK CARDINALITY

In this section and the next section, we do not design
WOM codebooks directly. Rather, we select shaping regions
Ay, A, ..., A; and maximize the total codebook cardinality
S¢. Under the continuous approximation principle, this corre-
sponds to maximizing the upper bound on the worst-case sum
rate (11).

Subsection III-A shows that for ¢ = 2 writes, the optimal
shaping region A; has a hyperbolic shape. Subsection III-B
extends this result to an arbitrary number of writes ¢. Sub-
section III-C considers the parameters defining the shaping
regions which provide the optimal total codebook cardinality.
Subsection III-D finds the value of S; asymptotic in n, and
gives conditions under which S; approaches capacity.

A. Optimal 2-Write Regions

This subsection describes the case where n cells are used to
store information twice before being erased, that is, t = 2. We
will assume that the levels of the cell can only be increased
from a previously written level.

Let B; be the manifold that forms the boundary between
A; and As. Alternatively, for a given boundary By, A (B;) is
defined as the closed region bounded by B; and hyperplanes
xj > 0. The explicit dependence of the region A; on the given
boundary B; will be suppressed when the meaning is clear
from the context. With this notation, the codebook cardinality
in the first write is

Vi(B1) = [Aq]l. (22)

Suppose the state of the memory after the first write is s.
Then, the region that remains available for writing is

As(s) ={x€Ay:x>s}.

n
=1

(23)

This is a rectangular region with volume [] (¢; —s;), that is
Jj=
n

1az(s)ll = TT (&5 = s5)-

Jj=1

(24)

In the worst case, the total codebook cardinality with two
writes using n cells is

So (By) = V1 (By) - V2 (By)
= [|A4]| 'Sieﬂgl [[A2(s)]| -

(25)
(26)

This quantity is a function of the boundary B; alone. We refer
to

B} = argmax Sy (By),
B1CA

27)

as the optimal boundary for the first write, assuming that the
cells are to be used twice before each erase. The optimal
boundary between the two write regions is known to be a
rectangular hyperbola [14].

Definition III.1: Define H(u) as the region in A enclosed
by an n-dimensional rectangular hyperbola with parameter w,
ie.,

H(u) & dxeA: [[ (4 —a5) > u- Al 3,

j=1

(28)

with 0 < u < 1.



936 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 32, NO. 5, MAY 2014

{x': %" = x}|| =w- "
01 —u)

IH(w)| = Au) - £

0 l—u) L

Fig. 1. A 2-dimensional rectangular hyperbola H(u) in region A = [0, £] X
[0, £]. The region under the hyperbola and the region accessible from a given
point x on the hyperbola are shaded in blue and red, respectively, and their
volumes are equal to A(u) - ™ and u - £, respectively.

Definition II1.2: The normalized volume of the region H(u)
is denoted as

Aw) £ A7 [H(w)]- (29)

Geometrically, the parameter u, given in Definition III.1,
characterizes the point where the hyperbola touches the axes,
and is also equal to the normalized volume of the region
accessible from any point on the boundary of the hyperbola.
A(u) is equal to the normalized volume of the region under
the hyperbola. As will be shown in Lemma IIL.5, A(u) can
be expressed in closed form. Figure 1 shows a 2-dimensional
rectangular hyperbola H(u).

The next lemma, first stated in [14], shows the optimality
of the hyperbolic boundary.

Lemma 111.3 (Optimal boundary for 2 writes): The optimal
boundary for the first write-region for a 2-write WOM code
is an n-dimensional rectangular hyperbola, i.e.,

Bi =cxeA: [[(6—=)=us-|A]
j=1

(30)

where

uy = argmaxu - A(u). 31)

u€e[0,1]
Proof: Let B} denote the optimal boundary for the first
write. Then, the codebook cardinality for the first write is
Vi (BY) = [[Ay (BY)]] (32)

and for the second write is

V2 (B) = 12 ()| = inf [ (6 —2). 33)
1 j=1

inf
x€A1 (IB*{)

Define another boundary B} C A such that

n

XEA:H(@—ZIJ]‘)ZVQ(BT)

Jj=1

B) = (34)

Then, for any x € B}, ||Az(x)|| = V2 (B7), and therefore, the
boundaries B and B achieve the same codebook cardinality
on the second write, i.e.,

Va (B}) = Vo (BY). (35)

We claim that A; (B}) 2 A; (B}). Suppose the opposite
is true, i.e., there exists some x’ € Ay (B}) such that x’ ¢

Ay (B}) which implies that x' ¢ I (V2 (BY) - ||A|r1). Then,

n

16 —5) <va®).

J=1

(36)

which contradicts the assumption that the codebook cardinality
from any point in A (B7) is
(37)

%Wﬁigﬁ (6 — ;).

7j=1
Hence, Ay (Bf) 2 A (Bf) and A, (BY)| = Vi (B}) >
Vi (BY) = ||A1 (B7)||; that is, the codebook cardinality on
the first write when using the boundary B is at least as large
as the codebook cardinality when using the optimal boundary.
Suppose Vi (B}) > Vi (BY). Thus, using B] as the boundary
for the first write increases the codebook cardinality for
the first write, while ensuring that the worst-case codebook
cardinality on the second write is still the same. This con-
tradicts the assumption that B} is optimal, and therefore,
JAL (B = Vi (Bf) = Vi (B) = A (B). We have
shown that the first write-regions corresponding to boundaries
Bf and B} have the same volume, and one is a subset of
the other. It follows from Lemma A.l in Appendix A that
Aq1(BY) = Ay(B}) and Bf = B). The optimal total codebook
cardinality in two writes is given by

Sy(B}) = Vi (BY) - Va (BY) (38)
=Vi (By) - Va (By) (39)
= (A (uz) - [[A]]) - (u3 - [JA]]) . (40)

Since BY is optimal, it follows that uj = arg max,, ¢ o 1ju-Au).
This completes the proof. [ ]

In the next subsection, we extend Lemma III.3 to the case
of t > 2 writes.

B. Optimal t-Write Regions

Consider n cells that can store levels [0, £1] x [0, 2] X ... X
[0,£4,] = A. Let the subset A; C A denote the set of points
that may be used on write ¢, fori = 1,...,¢t. If s; € A; is
written on write i, the set of points, A;;1(s;), that can be
written in write ¢ + 1 is

Ai+1 (Si) = {X S Ai+1 X > Si}~ 1)

Let B; denote the boundary for write ¢, V; denote the codebook
cardinality for write ¢, and S;(¢1,{s, ..., £, ) denote the total
codebook cardinality.

The following theorem gives the sum-rate optimal write-
regions for ¢ writes on n cells.

Theorem 111.4 (Sum-rate optimal t-writes): The boundary
for the i write when storing information ¢ times on n
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cells such that the total codebook cardinality is maximized
is given by

n t
B =q¢xeA:[[W—z)= [ wn-lAlp 42
7j=1 m=t—i+1
foralli=1,...,t —1 where u] =0 and
uf £ argmax A(u) - uF~! (43)
u€e[0,1]
for all £ = 2,...,t. The codebook cardinality on write ¢, for
i=1,...,t1is
t
Vit = < 11 UTn> A (ui_ig) Al @4
m=t—i+2

and the total codebook cardinality in ¢ writes is

t
S(ly, .. ) = (H (u:;)’”‘lA(um> (A" @s)
m=2

Proof: The theorem is proved by induction. From Lemma
II1.3, the claim is true for £ = 2. Suppose the claim is true
for k writes. Consider the case for k + 1 writes. Let the
optimal boundary for the first write be By , | ;. Here the second
subscript denotes that the total number of writes is k + 1. The

codebook cardinality on the first write is

Vi1 (B 1) = [| A k1 (B )] -

Suppose that a point x € Ay j41(B7 ;) is written on the first
write; then an upper bound on the total codebook cardinality in
k subsequent writes is S} ({1 — 21,02 — x2,..., L, — xy). Let
QLB +1) denote the product of the codebook cardinali-
ties for writes 7 = 2,3,...,k + 1 after an arbitrary first write
with BY ;| ; as the boundary of the first write-region. Thus,
we can upper bound this product of codebook cardinalities as

k+1
Q5 (BT k1)

(46)

< inf Sy =1, by —xn)  (47)
x€A1 ke (BY 4yy)
k
=c inf ;—z)| (48)
x€A1,k+1(BI,k+1)j1;[1
k 1
where ¢ = T[] (ujn)mf A(ul,) is a constant independent

m=2
of x or By ; ;. Here the equality labeled (48) follows from
the induction hypothesis. Let p € [0, 1] satisfy

n

J

A —1 .
p=AIT inf (4 —z5). (49
x€A1,k+1(BIYk+1) J:l_[l
Define B’ to be an n-dimensional hyperbola such that
(4 —y;) =p-[[A] (50)

1

for all y € B’. Then, using the definition of p, one can easily
show that

Aq g1 (Bik.}_l) C Ay 1 (B') =H(p) (51

and therefore,
Vi1 (BT,;@H) <Vigs1 (B) = Ap) - Al

By the induction hypothesis, for a point x’ € B’, the optimal
boundary for the i subsequent write in [2],¢1] x [2}, {2] x
X [ ], s

(52)

X'+ By (0=, by — ) (53)

j=1
k n
T (O (54)
m=k—i+1 j=1
n k
=¢xeh:J[W—az)= [ wn-p-lalp (55
j=1 m=k—it+1

where B ; (a1,...,an) is the optimal boundary for cells that
can store levels [0, aq] X ... %[0, a,] and x+B denotes the set
{x+y : y € B}. Note that the boundary in (53) is independent
of the point x” written on the first write, forall 7 = 1,..., k—1.
This implies that

QETHB) = o - pP ||A
> Q5 1k41)-

(56)
(57)

Therefore the optimal boundary Bj ; ., is the same as the
hyperbolic boundary B’, and

Vit (BY kp1) = A1 (B)]| = Ap) - [|A]

for some p € [0,1]. Then the total codebook cardinality in
k + 1 writes is

(58)

Sk+1(B>1k7k+1)
=Vipp (B)- QS“(B')
= cp A" Agp) - pF

(59)
(60)

By (43), the value of p that maximizes p* - A(p) is Uf 41
which implies that

n k+1
Bl =Sxeh: [[W—a)= J[ wn-lAl
j=1 m=k—i+2
(61)
for ¢ = 1,...,k. Hence the claim is true for k& + 1 writes.

This completes the induction step, proving the theorem. H

C. Computing the optimal hyperbola parameters, uj,

The expression defining u;, in (43) can be interpreted
as follows. When the first write region is H(uj}), the total
codebook cardinality for & writes, Sk, is given by the product
of the codebook cardinality in the first write, V7, and the total
codebook cardinality in the last k — 1 writes, Si_1. V7 is
proportional to A(u}), the normalized volume enclosed by
the hyperbola. In the worst case, the volume accessible for
the last k — 1 writes is equal to the volume accessible from a
point on the boundary of H(w; ) and, thus, proportional to wj.
Then, replacing ¢t by k—1 and ||A|| by a constant times u}, in
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14
As(x1)
x1
As(x7)
Ay X/l \\
1\
O 1

Fig. 2. Optimal boundaries for 3 writes over 2 cells. We can see that the
boundaries for the second write are independent of the points written on the
first write.

(45), the total codebook cardinality in the last £ — 1 writes
is proportional to (u})*~1. Therefore, the total codebook
cardinality in & writes is proportional to (uZ)k_1 - A(uy)
and the optimal hyperbola parameter is clearly given by the
expression in (43). We now show how to compute this optimal
parameter. We make use of the following lemma, which gives
an expression for the normalized volume of the region H(u).
Lemma I11.5: For n > 2,

(62)

Proof: See Appendix B. [ ]
First consider the case of n = 2 cells. The following
proposition from [13] gives the value of the optimal hyperbola
parameter, uj,.
Proposition 111.6: For n = 2 cells and for any k > 2, let

fu(u) £ Alu) - w7

=(1-u+ulnu)- u*?

(63)
(64)

for all u € [0,1] and let 7, & —%-L_ Then, f; has one local
maximum in the interval [0, 1] at

Tk

u,t = argmax fk (U) = W

u€e(0,1)

(65)

where W_q is the real branch of the Lambert W function
satisfying W (z) < —1 [18].
Proof: See Appendix C. |
For n = 2, the proposition shows that the optimal hyperbola
parameter, uj, can be expressed in closed form using the
Lambert W function. In contrast, for arbitrary n, the parameter
uy, can only be found numerically. For the case of ¢ = 2 writes
on n cells, let 2} € [0,00) satisfy us = e~ *», where u} is
the optimal hyperbola parameter. We computed the value of
zy for different values of n and plot the results in Figure 3.

0.65

0.6

0.5

0.45 :
10' 10 10

Number of cells (n)

3

Fig. 3. Ratio of z}; and n, where uj = e~ %n is the optimal hyperbola pa-
rameter for ¢ = 2 writes on n cells. The ratio 275 /n converges monotonically
to 0.5 as n increases.

D. Asymptotic Rates

In this subsection, we determine the rates that the continu-
ous approximation achieves asymptotically as the number of
cells, n, becomes large, that is, as n — oo, when cells can
store fixed discrete levels in Z;. We consider ¢ = 2 writes on
n cells in the region [0,¢ — 1]™ in this subsection.

Let the first write-region be the hyperbolic region H(u).
Then the total codebook cardinality in two writes is Sa(u) =
u-A(u) - ||A||>. We consider u = e~*» for some non-negative
zn € R so that 0 < w < 1. Then, by Lemma IIL.5,

n—1 i
Sa(e™) =e <1 —e Y (ZZ) ) “(g—1)*" (66)

=0

where [|A]| = T[j_, s = (¢ — 1)". Continuing, the sum-rate
upper bound in (11) is

1 1
Ry < - log, I ~ - logy Sa(e™*") (67)

Zn 1
=log, (¢ — 1)2 —logy e . +logy [P(n, 2,)]™ (68)

where P(n,z) is the lower normalized incomplete Gamma
function [19].

The value of z, that maximizes the expression in (68),
denoted by z;, can be found numerically. Figure 3 shows
that z* /n approaches 0.5 monotonically as n increases. The
following proposition confirms this numerical behavior.

Proposition I11.7: Consider ¢ = 2 writes on n cells with
hyperbola parameter us = e~ *", where o depends on n. For
increasing n, the optimal value of «, in the sense of maximiz-
ing the total codebook cardinality, Sa(e~"), approaches 0.5,
that is

1
lim argmax —log, S (e*"‘")
n—o00 o n

=0.5, (69)

and

lim + log, Sz (e7°°") =log, (¢* —2¢+ 1) — 1. (70)

n—oco N

Proof: See Appendix D. [ ]
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For comparison, the capacity for ¢ writes on cells with ¢

discrete levels was shown in [12] to be Cy; £ log, (75771).
For ¢ = 2 writes,
1
Ry < lim —log, Iy (71)
n—o00 n
~ Tim ~logy 5, () (712)
n—oo
< Cqa2 = 1og2 (¢*+4q)—1. (73)

That is, for any fixed ¢, even if the optimal value 2} is
selected, the sum-rate under the assumptions of the continuous
approximation is strictly less than the capacity. But, as ¢
becomes large, their ratio goes to 1.

IV. FIXED-RATE OPTIMAL ¢-WRITES

In practice, it might be preferable to constrain successive
writes to have the same rate. Continuing the developments
of the previous section, this section considers shaping regions
Ay, ..., Ay such that the codebook cardinality is constant, that
is V3 = Vo = -.. = V. The following theorem, the proof of
which is analogous to the proof of Theorem IIL.4, gives the
optimal write-regions under this constraint.

Theorem IV.1 (Fixed-rate optimal t-writes): The unique
optimal boundary for write ¢ when storing information ¢
times on n cells such that the total codebook cardinality is
maximized and the codebook cardinality on each write is the
same is given by

B =<xehA: [
j=1

t

II

m=t—i+1

v - [[AL e (74)

forall ¢ = 1,...,t —1 where v] = 0, and for £ > 2, v}
satisfies
A(f) = vi - A (v y). (75)
The codebook cardinality on write 7, 7 = 1,...,t, is
Vix = A (v7) - Al (76)
and the total codebook cardinality in ¢ writes is
Six (01, 6n) = (A (v]) - A" (77)

Proof: We prove the theorem by induction. First, suppose
t = 2. Let the boundary be

B =qxeh: [J6—a)=vs-|Al (78)
=1

so that the first write-region A;(B’) is H(v;). The second
write-region A is A\ A;(B') and As(x1) = {x € Ag : x >
x1} for all x; € Ay(B’). Then, the codebook cardinality in
each of the two writes, under the constraint that the rates are
equal, is

Viu(B) = min {4 (B iy a0} 9

— i {41 B i s} (50)

=min {A(vz) - [|A]l; vz - [|A]} 1)

= Avz) - [[Al = vz - [|A] (82)

where (80) follows from the fact that the minimum is achieved
when x; lies on the boundary B’ and (82) follows from (75).
Now, suppose the optimal write-regions are A} and A3 with
maximum codebook cardinality V5. Then Vi (B') < V5. We
will prove that A} C A;(B’). Suppose the opposite is true;
that is, suppose there exists x" € A} such that J[,({; —2}) <
v; - [|JAJ]. Since the codebook cardinality V; is upper bounded

by the volume of the second region,

Vi < a5 =TT — ) <3 - A = Vi (B

J

"), (83)

which contradicts the optimality of AJ]. Thus, the optimal first
write-region A must be contained in A;(B’). On the other
hand, by the optimality of A} and A3,

Vix(B') < Vi < [|AT]] (84)
< A (B = Vix (B), (85)

which implies that
Vix = 1A =Vix (B') = A(v3) - A. (86)

To sum up, A} C A;(B’) and ||[A}| = ||A1(B)]. It now
follows from Lemma A.1 that A} = A;(B’). It can similarly
be shown that A5 = A\ A;(B’). This proves that the theorem
holds for ¢ = 2.

Now suppose the theorem holds when the number of writes
is k. Consider the case for k+1 writes. Suppose vy, , | satisfies
A(vi,,) = viq - A(vg). Define the boundary for the first
write-region as

n

xeA: [J =) =vipr - A
j=1

LEi1 = (87)

so that the first write-region is Ay 41 = H (vj). Let
Ve 1 (01 — 1, ..., £y — xy,) denote the optimal codebook car-
dinality for the last k writes in the region [z,/1] X ... X
[, £n]. Then the codebook cardinality on each subsequent
write is given by

Viix, k1
< min{|A17k+1|| , omin Vi, (0 — @1, 0l — o)
XEAL k+1
(88)
= mi H(vj, , A( (¢; —
min ¢ [[H(viy0)] ) min AQ]) J:H1 ;)
(89)
=min{ |[H(viy,)|| . min  A(vf) H (l; —xj)
x€BY )1y j=1
(90)
= min {A(viy) AL, AwR) - vy - A} on
= A(vi1) - A= A(vF) - vigr - [1A]- 92)

Equality (89) follows from the induction hypothesis, (90)
follows from the fact that the minimum occurs when x lies
on IB%’L r11> and (92) follows from (75). In a manner similar to
the proof of Theorem II1.4, it can be shown that the optimal
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boundary for the i" subsequent write after storing a point
x' € B}, on the first write is given by

1 k1
:XI—|—B;]€(€1—iCll,...,[n—iC;.L) (93)
n k
=<{x €A : H(Ej—xj): H U:II'/UZ"Fl.HA”
j=1 m=k—i+1
(%94)
n k+1
“xen: [0 IT wilaly. ©9
j=1 m=k—i+1

From (95), B; 1kl is independent of x’, the point stored on
the first write, and the inequality in (88) is in fact an equality.
Thus, the claim in the theorem is true for k 4+ 1 writes. This
proves the theorem by induction. [ ]

A. Computing the optimal hyperbola parameters, v}

As was the case for sum-rate optimal write-regions in
Section III-C, the hyperbola parameters for optimal fixed-rate
write-regions can be computed easily for the case of n = 2
cells. This is done in the following proposition which is similar
to Proposition III.6.

Proposition IV.2: For n = 2 cells, the optimal hyperbola
parameters, v}, are given by the recurrence relation

-1

vk = k-1
W_4 <— exp <—1 - 11 v;%))
m=1

Proof: See Appendix E. [ ]
Again, as was the case for sum-rate optimal write-regions,
the hyperbola parameters for optimal fixed-rate write-regions
for n > 2 cells can only be computed numerically. In the
following proposition, we derive bounds on v;.
Proposition IV.3: For t > 2

exp (— (n!)%) <wv; <1
Proof: See [14, Section IV.A]. |

(96)

o7

V. SEPARABILITY OF SHAPING GAIN

This section shows that the contributions of the lattice A and
the shaping regions A; to the total codebook cardinality may
be separated under the continuous approximation. We allow
the lattice A to be scaled arbitrarily, while fixing ¢ = 1. Define
Ay = ||Ay]| and for i = 2,... ¢,

Ai = inf

xEA; 1

1A (x)]] -

Here, ¢ = 1 implies that A; < 1. Using this A; along with
equations (8) and (20), the sum-rate upper bound may be
written as

(98)

1 t 1
E 10g2 S, ~ 5 10g2 <W> + 10g2 (Ashape)a (99)

where
t

Ashape = H (Ai)l/n~

i=1

(100)

This shows that the upper bound on the sum-rate can be
separated into two parts — one part that depends only on
the lattice A and one part that depends only on the shaping
regions A;.

The term Vol (A)2/ " is sometimes called the normalized
volume of the lattice, and appears frequently in the study of
lattices for communications [17]. The design of the lattice
has a strong influence on the error-correction capability of
the code. The continuous approximation is relevant when
Vol (A) <« 1; the contribution of the lattice dominates (99).

A “shaping gain” ghape €xpresses the benefit of using non-
cubic shaping regions Aq,...,A;. A naive, cubic scheme is
a partition of A based on cubes with edge length i/t for
i = 1,...,t, which easily leads to A; = t". Accordingly,
in analogy to (100), define Acype = ( t") Then, the shaping
gain of any scheme with A,y is defined as

Ashape
Acube

As shown in Section III, the optimal shape for ¢ = 2 is
a hyperbola with parameter %" = 0.5, in the limit of n —
oo. The optimal sum-rate upper bound in (70) separates into
two parts, log,(q?> — 2¢g — 1) and —1. The former part is the
contribution due to the lattice only, and the latter part is the
contribution due to the shape only; refer to (D.6). That is,
Proposmon II1.7 also shows that, for sum-rate optimal shapmg,
limy,_yo0 £ —logy Ashape = —1. This corresponds to Aghape =
giving shaping gain

Yshape = 10g5 bits per cell. (101)

§’

(102)

1
Yshape log, 1= 1 bit per cell.

1
= log, 5
That is, the sum-rate optimal shaping region gains 1 bit/cell
over the cubic shaping.

Fixed rates were studied in Section IV. In [14] it was
hypothesized that for ¢ = 2 writes, % = % is optimal for
fixed rates as n — oo. This corresponds to A; = Ay = e <.
In this case,

1
Yehape = logy e~ % — log,  ~ 0.9385 bitkcell. (103
Thus, the hyperbolic fixed-rate shaping achieves nearly the

same shaping gain as sum-rate optimized shaping.

VI. MESSAGE ASSIGNMENT FOR CODES WITH
DISCRETE SUPPORT

In this section we consider cells that support discrete levels
x € L and discuss the construction of an encoder-decoder pair
(¢, ) for a given codebook {Ei}f.:l as described in Section
II-B. We associate with the encoder-decoder pair a function

DL UM,;,

such that ®(x) denotes the message associated with any
point x € L. Then, the encoder and decoder are defined in
Algorithm 1 using look-ups of the message assignment ®. We
will refer to the function ® as the message assignment. The
encoder-decoder pair (¢, ) that satisfy the conditions (13),
(14) and (15) can be defined in this manner if and only if
Step 7 in Algorithm 1 can be performed successfully, that is,



BHATIA et al.: LATTICE-BASED WOM CODES FOR MULTILEVEL FLASH MEMORIES 941

Algorithm 1 Encoder-decoder pair (¢, ) based on matrix &  Algorithm 2 Algorithm to construct ® given {£;}f_;

1: // Inputs are message to be written and current cell levels
2: // Output is next cell levels
3: function ¢ (m, x)
Require: (m,x) € Ui_; (M x L; 1)
4: /I Determine the number of writes already completed
74— E;le 1{x e Ej_l}
/I Find an accessible point that encodes message m
Find x’ € £;(x) : ®(x') =m
return x’
end function

R A A

10: // Input is current cell levels
11: // Outputs are number of writes and message
12: function ) (x)

13: /I Determine the number of writes done

14: Qi+ E§:1j Lixe,}

15: /I Determine the message that point x encodes
16: m + D(x)

17: return (i, m)

18: end function

® satisfies the following property for all 7 =1,...,¢ and for
all x € Ej_li

Ix' e Li(x): ®(x')=m Vme M,;. (104)

The condition in (104) implies that from any point, x, there
exists at least one accessible point in the next write-region,
x’, that encodes the message m, for all messages m.

In the following subsections, we discuss the construction
of a message assignment function ® for the case of n = 2
cells, and then for an arbitrary number of cells. Note that
[10] uses a lattice to define the message assignment function
where codebooks are defined using tilings of the lattice. Here,
we consider the message assignment problem for an arbitrary
codebook {L£;}. For numerical results in this section, the
codebooks were constructed using (17) with the proposed
hyperbolic shaping regions as A,;.

A. Message assignment for 2 cells

We first consider the case of n = 2 cells with cell levels
(z1,72) € L = Z2. In this case, we propose an algorithm
to find a function ® that satisfies (104) for a given codebook
{L;}t_; such that the number of messages on write i, M;,
is equal to the codebook cardinality, C;. The implementation
details are given in Algorithm 2. We now describe how this
iterative algorithm works and prove its correctness.

For each write 7, on iteration 0, we start at the point in the
codebook £;_; that can access the least number of points,

argmin |L;(z1,22)|.

(z1,22)€L; 1

(Z1,22) =

Let us call this point the pivor point at iteration 0. Note
that |£;(21, 22)| is equal to C; by the definition of codebook
cardinality in (7). We assign messages M; = {1,2,...,C;} to
the points in £; accessible from this pivot point. On the first
iteration, the algorithm considers as the pivot point a point
(2, 24) € L;—1 such that 2 = 21 — 1 and 24 is the largest

1: procedure DEFINEPHI ({£;}!_,)

2 for all i € {1,--- ,t} do

3 /I Initialize ® to Unassigned (denoted by ¢)

4: for all (z1,22) € L; do

5 D(xy,22) < €

6 end for

7 /I Start with point that achieves the min. volume
8 (Z1,82) + argmin |L;(x1,z2)]

(z1,w2)€L; 1

9: Mi(—{1,2,...,|£i(£ﬁl,iﬁg)|}

10: /I Assign messages to points (&1, &) can access
11 ASSIGNPHI (£; (21, %2), M;)

12: /I Assign messages from other points in £;_1

13: /I Tterations with decreasing x

14: (itll, x'z) — (5%1, sz)

15: while 2} > 1Az}, < ¢ do

16: /I Find new pivot point and lost messages

17: (f,28) « (2} — 1, 22) € L1 : zo is largest
18: Miost = M \ (L (2, 28))

19: ASSIGNPHI (L; (2!, 2Y), Miost)
20: (‘rllv x/Q) — (xll/ﬂ ;C/zl)
21 end while
22: / Tterations with increasing x;
23: (itll, {EIQ) — (5%1, Cfg)
24: while 2] < ¢ Az, > 1 do
25: /I Find new pivot point and lost messages
26: (xf,2h) « (z} +1,m2) € Li—1 : 22 is largest
27: Miose — M \ O(L; (2, 2h))
28: ASSIGNPHI (L; (2!, 24), Miost)
9. (x’,y’) « (:c”,y”)
30: end while
31 /I Repeat for all writes
32: end for

33: end procedure

possible. On subsequent iterations, the algorithm will consider
pivot points with decreasing levels on the first cell. The pivot
point in the previous iteration is denoted as (], ).

At every iteration, the algorithm finds messages previ-
ously assigned to the points in L;(x),z5) \ Li(z}],z4) =
Liost (2, 24). Let Moy be the set of these messages that were
encodable in the previous iteration but are not encodable in
the current iteration. The algorithm then assigns My to the
points L;(x”,y") that have not yet been assigned any mes-
sages, a set we denote as Lypare (2, y"’). The algorithm repeats
these steps, with a different pivot point at every iteration. We
show in Appendix F that |Lgpare(z”,y")| > | Mios| at every
iteration, so that a message assignment function that satisfies
the condition in (104) can be defined for any given codebook.

A 4-write code for n = 2 cells with ¢ = 8 levels each
is shown in Figure 4. For this code, the codebook {L£;}*_,
is constructed using Equation (17) where the shaping regions
{A;} are as defined in Theorem II1.4 with { = ¢—1 =7 and
the message assignment function ® is defined using Algorithm
2. The code allows 8, 8,9 and 8 messages on the sequence of
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Algorithm 3 Procedure to assign messages M’ to points in
set L’
Require: |[M'| < [{(z1,22) € L : P(z1,22) = €}]

1: procedure ASSIGNPHI (L', M)

2: Cspare — {(;Cl,itg) el : (I)(itl,itg) = 6}

3 for all m € M’ do

4 (l'spareayspare) — ({,U, y) : (5573/) S Cspare

5 q)(xsparea yspare) —m

6: Espare — Lspare \ {(xsparea yspare)}

7 end for

8: end procedure

C B E H

vl 2 > > > 4 > > 4 > 4 » 4
6 C3 HS B3 - EQ\ F4 A4 D4 =G4
5 F3 A3 D3 G3 |3 C4 §F4

oe 1 1 2 2 2 3 3
. B, E, , A, B, A G3 !
0 A, D, G, F,

o 1 2 3 4 5 6 7
Fig. 4. 4-write code for 2 cells with 8 levels that achieves rate 6.085
bits/cell/erase. Points in the i codebook are assigned messages {A;, B, - - - }

according to message assignment function defined in Algorithm 2 such that
after any ¢ — 1 writes, M; messages may be stored on the next write.

four writes to give a worst-case sum-rate of

1
R4:§10g2(8-8-9-8)

= 6.085 bits per cell per erase. (105)

In Table I, we list the worst-case sum-rate R; achieved by
the proposed codes over n = 2 cells that support levels
{0,1,...g—1}, for various values of ¢ and ¢. With no coding,
these cells achieve a sum-rate equal to log, ¢ bits/cell/erase.
As is clear from Table I, the proposed WOM codes achieve
a significant gain in sum-rate even when coding is done over
only 2 cells.

B. Message assignment for arbitrary number of cells

In the case of n = 2 cells above, we could always define an
encoder-decoder pair that, on any write, could store a set of
messages with cardinality equal to the codebook cardinality,
that is, M; = C; for all i. However, when n > 2, a consistent
encoder-decoder with this property may not exist for some
codebooks over n cells, as we show in the following example.

Example VI.1: Consider a code over 3 cells that support 2
levels, {0, 1}, with codebooks

El - {(0,0,0), (1,0,0), (0, 1,0), (0,0, 1)} Z{XQ,Xl,XQ,Xg},
L ={(1,1,0),(1,0,1),(0,1,1),(1,1,1)} ={by, ba, b3, c}.
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TABLE 1
WORST-CASE SUM-RATES Rt IN BITS PER CELL PER ERASE ACHIEVED
BY t-WRITE CODES ON 2 CELLS WITH g LEVELS.

q Z g 12 16 32

1 t\logy g — 2 3 3.59 4 5
2 2.70  4.55 5.63 6.44 8.40
3 2.95 5.48 7.11 8.25 11.13
4 2.59 6.09 8.17 9.71 13.46
5 2.09 6.55 9.07 10.90 15.40
6 1.79 6.61 9.63 11.80 17.21
7 — 6.70 10.10 12.54 18.72
8 — 6.42 10.26  13.15  20.22
9 — 6.38 10.55 13.73 21.43
10 — 5.88 10.78  14.19  22.57

I
eon

X3

Fig. 5. Diagram for Example VI.1 showing points of second write-region
accessible from points of first write-region.

Then, there are 3 points in the second write-region that are
accessible from points x; for « = 1,2, 3. For example, points
b1,bs and c are accessible from x;, but bs is not. This
is depicted schematically in Figure 5 where points £; are
represented as circular regions and accessible points in Lo
for each of the points in £ are represented as subregions of
the respective regions. Clearly Cy = 3. However, there does
not exist any assignment of 3 messages to points in Lo such
that all points in £; satisfy the condition in (104) required
for a valid ® function. Therefore, My < C5 for the given
codebooks.

It is easy to determine that the maximum number of
messages that can be stored in the second write for the case
discussed in Example VI.1 is 2; that is, My = 2. However, in
general, given codebooks £; 1 and £; and a positive integer
M > 2, the problem to determine whether there exists an
encoder-decoder pair that guarantees M/ messages on write %
is an instance of a combinatorial problem, referred to as Ser
M-Coloring in [20], and defined as follows.

Definition VI.1 (Set M-Coloring): Given a collection of
finite subsets Sp,So,...,S,, of a set U, does there exist a
coloring

I\ JSk—{12,...,M}
k=1

such that, for each £ = 1,...,m, and for each color j =
1,..., M, the set Sy has at least one element of color j?
One can see that the existence of a message assignment
with M messages can be interpreted as an instance of
the Set M-Coloring problem. Specifically suppose £;_1 =
{X1,...,Xm}. Then sets U = L; and S = L;(x}) for
k = 1,...,m. It was shown in [20, Theorem 5.5] that
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the Set M-Coloring problem is NP-complete [21] for any
fixed M > 2. It is important to note that this does not
prove hardness for the message assignment problem. Indeed,
Algorithm 2 is a polynomial-time algorithm that solves the
message assignment problem for n = 2.

For a given codebook, the problem of finding a message
assignment has been interpreted as finding the disjoint cover-
ings for a corresponding bipartite graph, as shown in [22].
This bipartite covering problem is an optimization version
of the Set-M Coloring problem and therefore is NP-hard.
Solving this covering problem sub-optimally [23, Algorithm
1], we have found message assignments for some codebooks
that achieve higher sum-rates with 3 cells than achieved with
2 cells in Table I. For e.g., for t = 2 writes on n = 3
cells where ¢ = 8, we could construct a message assignment
function with M; = 136 and M, = 101, giving a sum-
rate 4.582 bits/cell/erase; the case n = 2 achieves 4.554
bits/cell/erase for the same ¢ and q.

VII. CONCLUSIONS

This paper described the design of lattice-based WOM
codebooks using minimal assumptions of the continuous
approximation and a worst-case rate. The optimal shaping
regions were shown to bounded by rectangular hyperbolas,
and we defined a total codebook cardinality II; which gave
an upper bound on the sum-rate. For large ¢, corresponding
to the condition of the continuous approximation, this upper
bound approaches the capacity, for the case of ¢ = 2 writes.

Note that the analysis only considered maximizing the size
of codebooks. Indeed, an example showed that a consistent
encoder-decoder pair that achieves rates equal to the codebook
cardinality may not exist for all codebooks when n > 3. That
is, it has not been shown that hyperbolic shaping regions have
a consistent encoder-decoder that can achieve capacity. But
for n = 2 cells, we proposed an algorithm to find a message
assignment for codes and proved that the algorithm achieves a
message set cardinality equal to the codebook cardinality and
is therefore optimal.

Determining the existence of a message assignment with
M > 2 messages for codes over multiple cells for a given
codebook is a special case of the Set M -Coloring problem. An
important open problem is finding low-complexity algorithms
to determine message assignments that can achieve high rates
for a given codebook.

APPENDIX A
LEMMA FOR SECTION III

Lemma A.1: Let C and D be closed subsets of A. Let
Exs={y € A:|ly — x| < d} be an open ball with radius §
and center x and let ||x —y|| denote the Euclidean distance
between x and y. Suppose C C D and ||C|| =||D| > 0. If,
V§>0and Vx € D, | DNEx;s| >0, then C=D.

Proof: Suppose the opposite is true; that is, suppose C is
strictly contained in . Let x” € A be a point in A such that
x' € D, but x’ ¢ C. Since C is closed, there exists an open
ball Ey 5 such that Ex: 5 NC = 0. [|[D N Ey 5| > 0 implies
that | D|| > ||C|| + ||D N Ex:,s || > ||C||, which contradicts the
assumption that ||C|| = ||D||. Therefore, C = D. [ |

APPENDIX B
PROOF OF LEMMA I11.5

A = A" [ dx

x€H(u)
Ap—1 AGn—2 ai
u

- / / ---/(1—H7)dx1---da:n_1 (B.1)

0 0 0 [T(1—z))

j=1

where
a; =1 — foralli=1,2,...,n—1 (B.2)

n—1
Hj:iJrl(l — ;)
is the normalized volume of region H(u) when the number of
cells is n. One can verify the claim for n = 2, namely

1—u

/(1— Y )dxlzl—u—uln<l>.
1—a U

0

(B.3)

A2 (u) =

Now, let the hypothesis be true for some n—1, n > 3. Then
from (B.1),

1—u

A(n) (u) —

I
—
o\é
N
—
|
N
—
[ |=
8
"
M3
=] N
=

(1—u)— (B.5)
i=0

where the equality labeled (B.4) is true from the induction

hypothesis and

1—u

) A u u ‘ o u i+1

\Ilz(u)—/l_fv[ln(l_$>} dz = z,_'_1(lnu) .
0

(B.6)

Then, replacing (B.6) in (B.5), we get the required result for
n. Hence, the lemma is true for all n > 2 by induction. [ |

APPENDIX C
PROOF OF PROPOSITION III.6

Set the derivative of fj,(u) with respect to u to 0 and solve

for u to get
1
u=0or [l—u——ulnu) =0 (C.1)
Tk
with 7, = — % as defined in the statement of the proposition.

For u = 0, f,(0) = 0; thus u; # 0. The other expression in
(C.1) is equivalent to e 7k = 1pe™. But, by the definition
of the Lambert W function, eV ("™ )W (rpe™) = 7e™;

therefore, 7‘/‘,(::6%) is a root of (C.1). Since T, &
(—%, - 2\1/5} C (-1,0), W(rke™) is multi-valued and takes

two values Wy (7,e™) and W_; (7€) corresponding to the

u =
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two branches of the Lambert W function. One can check that

the root (Tke 3 equals 1 and is a local minimum. The other
Tk
root, denoted as U, = Fr(reemy> corresponds to the local
maximum. |
APPENDIX D

PROOF OF PROPOSITION II1.7

An asymptotic expression is needed for the last term in (68)
as it depends on n. From [19],

1
P(n,an) = 3 erfc( 2) R(n, (), (D.1)
where ¢ —(2(a—1-log, ))% for @« < 1, erfc is
the complementary error function and function R has the
following asymptotic expansion that is valid for all a > 0:

S BT

where dj, is a constant that depends only on ¢ and k. The
following asymptotic expression for the complementary error

function holds for x — oo:
2

R(n, ) ~ (D.2)

e " w2k — DN
fc(x 1 D.
erfe(r) ~ G + E EF | (D.3)
where (2k — 1)!! is the double factorial. Thus,
A oo
ez (2k — )N ) .
P(n, =— E B ) A ,
(n, ) 2mn k=0 <( ) (k1 k(0 )
_&n oo
a € Z —k
L D , D.4
5 1;:0 K(On (D.4)
1 2 lo
Loy [P, an)] ~ 5 logy (e) + 22227)
o (532 Du(On ™)
n 3
(D.5)

and from (68),

(20— 1) logy(e)
(D.6)

ﬂm) = log, (¢ — 1)2 -
+ log, ().

The total codebook cardinality in (D.6) is maximized when
o = 0.5 and is equal to

1
lim —log,Ss (e

n—oco N

: 1 —0.5n\ __ 2
111520 - log, 92 (e ) =logy (g —1)" — 1. (D.7)
For « > ¢ = +2(a—1-1log, oz))% so that
limy, o0 £ - 1og2 [ (n,an)] = 0. [ |
APPENDIX E

PROOF OF PROPOSITION IV.2

For convenience of notation, we drop the asterisk from v}.
For k > 2, the optimal hyperbola parameter, vy, satisfies

A(Uk) = Vg - A(Uk_l) = Vg - @k where @k £ Hf,;:ll Um.-
Using Lemma III.5 for n = 2, we get ;—kl - exp (;—:) =
—e~(146%) & ¢ By the definition of Lambert W func-
tion, —v, ' = W(&). However, Wo (&) # —v,~! since
Wo(z) > —1 for all z. By induction on k, &, lies in the
domain of W_;. Therefore v, = — (W_1 (&))" € (0,1]. m

APPENDIX F
PROOF OF CORRECTNESS OF ALGORITHM 2

Consider stage ¢ where the algorithm assigns messages to
points in the codebook for write . Let x; denote the kth pivot
point in the codebook £; 1 and V. = |£;(xk)| denote the
number of points in codebook L; accessible from xy. In this
proof, we will show that at any iteration k of the i"" stage,
the number of points in £;(xj) that have not been assigned
a message at any iteration ¢ < k is larger than the number
of messages that point x; cannot encode at the start of the
k™ iteration; that is, there are enough points that have not
been assigned a message such that x;, satisfies the condition
in (104) at the end of the k'™ iteration.

Let S, (or S,j) be the number of points in £;(xy) that
were not assigned any messages up to any iteration ¢ < k
(or £ < k). The set Liosi(Xk+1) denotes the points in £; that
were accessible from xj but are not accessible from x4 .
Partition Lo (Xg+1) into sets of points that were assigned
(or were not assigned) messages up to some iteration ¢ < k.
Denote the cardinality of these sets as Ay ;41 and Sk i1,
respectively. Finally, let G, ;41 be the number of points in
L; accessible from xj1 but not accessible from xj. By the
definitions above, for all /,

Vi = Vier— (Arc104+ Sec1.0) + Geor e, (F.1)

S, = |Lopae(xe)] =S —Se—10+Goo1,0 > Seot1s
(F2)
SZ_ = SZ —Ag_l’g = SZ - |M1051(Xg)|. (F3)
Now, from (F.1), (F.2), and (F.3),
1~ S0 = (Vk+1 - ‘70) +Ap g1 —A_10.  (F4)

Since S5 = A_10 = Vo = M; and f/k—t—l > M, by definition
of the first pivot point, we have

|£spare(xk+l)| = k+1 Z Ak k+1 = |Mlosl(xk+1)| (F.5)

and S,:Zrl > 0. Thus, at every iteration, the algorithm has
enough spare points that have not yet been assigned a message
to assign all the missing messages. [ ]
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