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Generalized Sphere Packing Bound
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Abstract— Kulkarni and Kiyavash recently introduced a new
method to establish upper bounds on the size of deletion-
correcting codes. This method is based upon tools from
hypergraph theory. The deletion channel is represented by a
hypergraph whose edges are the deletion balls (or spheres),
so that a deletion-correcting code becomes a matching in this
hypergraph. Consequently, a bound on the size of such a code
can be obtained from bounds on the matching number of a
hypergraph. Classical results in hypergraph theory are then
invoked to compute an upper bound on the matching number as a
solution to a linear-programming problem: the problem of finding
fractional transversals. The method by Kulkarni and Kiyavash
can be applied not only for the deletion channel but also for other
error channels. This paper studies this method in its most general
setup. First, it is shown that if the error channel is regular and
symmetric then the upper bound by this method coincides with
the well-known sphere packing bound and thus is called here
the generalized sphere packing bound. Even though this bound
is explicitly given by a linear programming problem, finding its
exact value may still be a challenging task. The art of finding the
exact upper bound (or slightly weaker ones) is the assignment of
weights to the hypergraph’s vertices in a way that they satisfy
the constraints in the linear programming problem. In order to
simplify the complexity of the linear programming, we present a
technique based upon graph automorphisms that in many cases
significantly reduces the number of variables and constraints in
the problem. We then apply this method on specific examples of
error channels. We start with the Z channel and show how to
exactly find the generalized sphere packing bound for this setup.
Next studied is the nonbinary limited magnitude channel both for
symmetric and asymmetric errors, where we focus on the single-
error case. We follow up on the deletion channel, which was the
original motivation of the work by Kulkarni and Kiyavash, and
show how to improve upon their upper bounds for single-deletion-
correcting codes. Since the deletion and grain-error channels
have a similar structure for a single error, we also improve upon
the existing upper bounds on single-grain error-correcting codes.
Finally, we apply this method for projective spaces and find its
generalized sphere packing bound for the single-error case.

Index Terms— Sphere packing bound, linear programming,
asymmetric errors, Z channel, deletion channel, subspace codes,
grain errors, fractional transversals.

I. INTRODUCTION

NE of the basic and fundamental results in coding theory
asserts that an upper bound on a length-n binary code C
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that can correct r errors is
2)‘1

B(r)’

where B(r) = >_7_ (). This is known as the classical sphere
packing bound. This bound can be applied for other cases
as well. Let X be a finite set with some distance function
d: X x X — N. Assume that the volume of every ball is
the same, that is, if B,(x) £ {y € X | d(x,y) < r} then for
all x € X, |Br(x)] = A, for some fixed value A,. Then, the
resulting sphere packing bound on an r-error-correcting code
C C X becomes |X|/A,. However, what happens if the size
of all balls is not the same? Clearly, a naive solution is to
use A, as the minimum size of all balls and then to apply the
same bound, but this approach can give a very weak upper
bound. The goal of this paper is to study a generalization of
the sphere packing bound for setups where the size of all balls
is not necessarily the same.

The lower counter bound for the sphere packing one is the
well-known Gilbert-Varshamov bound [11], [24]. This bound
states that if the size of all balls of radius r is the same, A,,
then a lower bound on a code C € X with minimum distance
r+1 becomes | X|/A,. In [23], a similar study was carried out
for the Gilbert-Varshamov bound in case that the size of all
balls is not necessarily the same. Using Turdn’s theorem, it was
shown that the same expression on a lower bound of a code
still holds, with the modification of using the average size of
the balls. That is, if A, £ (> cex |Br(x)])/1X], then a general-
ized Gilbert-Varshamov bound asserts that there exists a code
with minimum distance » 4+ 1 and of size at least |X|/A,.
Thus, an immediate question to ask is whether the same
analogy holds for the sphere packing bound: Is |X|/A, an
upper bound on the cardinality of an r-error-correcting
code C C X? Even though in most of the cases we study
in this work this derivation does hold, the answer in general
to this question is negative.

The deletion channel [19] is one of the examples
where the balls can have different sizes. Recently, in [16],
Kulkarni and Kiyavash showed a technique, based upon
tools from hypergraph theory [2], in order to derive explicit
non-asymptotic upper bounds on the cardinalities of
deletion-correcting codes. These upper bounds were given
both for binary and non-binary codes as well as for deletion-
correcting codes for constrained sources. Since the method
in [16] can be applied for other similar setups, more results
were presented shortly after for different channel models.
Upper bounds on the cardinalities of grain-error-correcting
codes were given in [10] and [13] and similar bounds for
multipermutations codes with the Kendall’s 7 distance were
derived in [4].

This paper has two main goals. First, we study the method
studied for the deletion channel by Kulkarni and Kiyavash [16]
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and analyze it in its most general setting. We assume that
the error channel is characterized by a directed graph, which
depicts for a given transmitted word, its set of possible
received words. Then, an upper bound will be given on codes
which can correct r errors, for some fixed r. This bound is
established by the solution of a linear programming given from
a hypergraph that is derived from the error channel graph.
In particular, it is shown that the sphere packing bound is a
special case of this bound. We also study properties of this
bound and show a scheme, based upon graph automorphisms,
that in many cases can significantly reduce the complexity
of the linear programming problem. In the second part of
this work, we provide specific examples on the application
of this method to setups where the balls have different sizes.
These examples include the Z channel, non-binary channels
with limited magnitude errors (symmetric and asymmetric),
the deletion channel, the grain-error channel, and finally,
projective spaces. In some of these examples we improve
upon the existing results which use this method to calculate
the upper bound on the code cardinalities. When possible in
these examples, we compare the bounds we obtain with the
state-of-the-art ones.

In order to describe our results, we need to introduce
some notation. Let H = (X,&) be a hypergraph, where
X = {x1,...,x,} is its vertex set and &€ = {E{, ..., E;,} is
its hyperedge set. Let A be the n x m incidence matrix of H,
so A(i, j) = 1if x; € E;. A transversal in 'H is a subset
T C X that intersects every hyperedge in £. The fransversal
number of H, denoted by 7(H), is the size of the smallest
transversal. Every transversal can be represented by a binary
vector w € {0, 1}" which needs to satisfy AT.w > 1. However,
if the vector w can have values over R and still satisfies the
last inequality, then it is called a fractional transversal. Under
this setup, it is clear that *(H) < 7(H), where t*(H) is the
linear programming relaxation of 7 (H), defined as

n
t*(H) = min {Zwi AT w>1lwe ]R’i]. (D)

i=1
Let G = (X, E) be a directed graph which describes an error
channel. The vertex set X is the set of all possible transmitted
words, and the edges set E consists of all pairs of vertices at
distance one, which correspond to a single error in the channel.
The distance between x,y € X, is the path metric in G and
is denoted by d(x, y). Note that since the graph is directed,
it is possible to have d(x, y) # d(y,x). For every x € X,
its radius-r ball is the set B,(x) which was defined above
and its degree is deg,(x) = |B,(x)|. The largest cardinality
of an r-error-correcting code in G of length n is denoted
by Ag(n,r). Given some positive integer r, the graph G
is associated with a hypergraph H(G,r) = (X,, &) where
X, = X and & = {B,(x) | x € X}. Observing that every
r-error-correcting code C C X is a matching in H (G, r) (which
is a collection of pairwise disjoint edges), the following upper

bound on Ag(n, r) was verified in [16],

Ag(n,r) < T (H(G, r)). )

One of the first properties we present asserts that if the
graph G is regular such that deg,.(x) = A, for all x € X,
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and the distance function d is symmetric, then the bound
7*(H(G, r)) coincides with the sphere packing bound, that
is, t*(H(G,r)) = lA_X,l' Therefore, in this work the bound
t*(H(G, r)) is called the generalized sphere packing bound.

The expression 7*(H(G,r)) provides an explicit upper
bound on Ag(n,r). However, it may still be a hard problem
to calculate this value since it requires the solution of a linear
programming problem that can have an exponential number of
variables and constraints. Clearly, one would aspire to find this
exact value, but if this is not possible to accomplish, it is still
valuable to give an upper bound on t*(H(G, r)), which is an
upper bound on Ag(n,r) as well. Such an upper bound will
be given by finding any fractional transversal and the goal
will be to find one with small weight, where the weight of
a fractional transversal is the sum of its entries. In fact, all
the upper bound results presented in [4], [10], [13], and [16]
follow this approach and an upper bound on the value
7*(H(G, r)) in each case is given.

The rest of the paper is organized as follows. Section II
establishes the rest of the definitions and tools required in this
paper and demonstrates them on the Z channel. This channel
will be used throughout the paper as a running example and
a case study we rigorously investigate. In Section III, we
start with basic properties of the generalized sphere packing
bound. In particular, we show upper and lower bounds on its
value and prove that if the graph G is regular and symmetric
then the sphere packing bound coincides with the generalized
sphere packing bound. We also show several examples which
establish a dissenting answer to the question brought earlier
about the upper bound validity of an average sphere packing
value. We then proceed to define a special monotonicity
property on the graph G which states that a graph is monotone
if for all » and two vertices x and y, if y € B,(x) then
deg,.(y) < deg,(x). This property is useful in order to give
a general formula for a fractional transversal and a corre-
sponding upper bound. In fact, this property and fractional
transversal were used in the previous works [10], [13], [16].
Lastly in this section, we use tools from automorphisms
on graphs in order to simplify the complexity of the linear
programming problem in (1). Noticing that in many channels
there are groups of vertices with similar behavior motivates
us to treat them as the same vertex and thus significantly
reduce the number of variables and constraints in the linear
programming (1). In Section IV, we study the Z channel. Our
main contribution here is finding a method to calculate the
generalized sphere packing bound for all radii. In Section V
we carry out a similar task for the limited-magnitude channel
with symmetric and asymmetric errors. We focus only the
single error case of radius one in both cases and find fractional
transversals and corresponding upper bounds. Section VI
follows upon the original work of [16], improving the bounds
derived therein for the deletion channel (for the case of
a single deletion). Since the structure of the deletion and
grain-error channel is very similar, especially for a single error,
we continue with the same approach to improve upon the
existing upper bounds from [10] and [13] on the cardinalities
of single-grain error-correcting codes. Section VII studies
bounds on projective spaces and in particular we give an
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optimal solution for the radius-one case under this channel.
Finally, Section VIII concludes the paper and proposes some
problems which remained open.

II. DEFINITIONS AND PRELIMINARIES

In this section we formally define the tools and definitions
used throughout the paper. We mainly follow the same
definitions and properties from [16].

Let H = (X, £) be a hypergraph where X = {xq,...,x,},
& = {Ei,...,Ey,} and A its n x m incidence matrix.
A matching in H is a collection of pairwise disjoint
hyperedges and the matching number of H, denoted by v(H),
is the size of the largest matching. The matching number
of H, v(H), is the solution of the integer linear programming
problem

v(H) ZmaX{ZZi tA-z<1,ze(0, 1}’”].
i=1

Note that the transversal number 7 (H), defined in the previous
section, is the solution of the integer linear programming
problem

t(H) = min IZwl AT w > 1, w e {0, 1}”].
i=1

These two problems satisfy weak duality and thus
v(H) < ©(H). The relaxation of these integer linear
programmings allows the variables z and w to take values
in R4, which are not necessarily integers. The value of this
linear programming relaxation for the matching number is
denoted by

m
Vv¥(H) :max[Zzi tA-z<1,z¢ Rﬁ],
i=1

and the corresponding one for the transversal number is the
value 7*(H), stated in (1). Note that the real solutions can
be significantly different than the integer solutions and since
v*(H) and 7*(H) satisfy strong duality, the following property
holds [16]

v(H) <vi(H) ="(H) < (),

and in particular, for any fractional transversal w,
n
v(H) < TF(H) < Do
i=1

Lastly, we mention here that we will usually denote the
fractional transversal by w = (wy,...,w,), such that
w; corresponds to the value that is assigned to the vertex x;.
However, when it will be clear from the context, the
notation w, will be used to refer to the value of w;,
where x = x;.

Every error channel studied in this work will be depicted
by some directed graph G = (X, E), where the set E defines
the set of all pairs of vertices at distance one from each
other. The distance between every two vertices x,y € X,
denoted by d(x,y), is the length of the shortest path from
x to y in the graph G, and d(x, y) = oo if such a path does

2315

not exist. Note that this definition of distance is not necessarily
symmetric and thus it may happen that d(x,y) # d(y, x).
However if for all x,y € X, d(x,y) = d(y,x), then we
say that G is symmetric, and otherwise it is not symmetric.
For any x € X, we let B™(x), B}n(x) be the sets
BM(x) = {y € X | d(x,y) < r} and B"(x) = {y € X |
d(y,x) < r}. The out-degree of x is deg?'(x) = |B"'(x)|
and the in-degree is deg"(x) = |Bi"(x)|. The definitions
of B%(x) and deg®'(x) coincide with the ones in the
Introduction for B,(x) and deg,.(x), respectively. To ease
the notation in the paper we will follow the ones from the
Introduction for the “out” case and use the ones defined above
for the “in” case.

If a word x € X is transmitted and at most r errors occurred
then any word in B, (x) can be received. A code C € X in this
graph is said to be an r-error-correcting code if for all for all
x,y €C, B-(x)N B.(y) =9. We let Ag(n,r) be the largest
cardinality of an r-error-correcting code in G of length n. If for
every r > 0, there exists some fixed A, such that for every
x € X, deg,(x) = A,, then we say that the graph G is regular
and otherwise it is called non-regular.

For any positive integer r, H(G,r) = (X,,&) is a
hypergraph associated with G such that X, = X and
E = {B,(x) : x € X}. As was stated in (2), the value
*(H(G, r)) is an upper bound on Ag(n,r) and is called in
this work the generalized sphere packing bound.

The average size of a ball of radius 7 in G is defined to be

A, ! z deg, (x).

|X| xeX

In [23], wusing Turdn’s theorem a  generalized
Gilbert-Varshamov bound was shown to hold also for
the cases where the size of all balls is not the same. This
bound asserts that a lower bound on Ag(n, r) is given by

| X

= < Ag(n,r).
Aoy

In the Introduction we asked about the analogy of the
last bound to the sphere packing bound. Namely, does the
following inequality hold

Ag(n,r) < X1 ?
nr)sy —!
g A

r

We call the value ‘Xﬁ the average sphere packing value and

r

denote it by ASPV (G, r). We do not call this value a bound
since, as we shall see later, it is not necessarily a valid upper
bound.

The following example demonstrates the definitions and
concepts introduced in this section for the Z channel.

Example 1: The Z channel is a channel with binary inputs
and outputs where the errors are asymmetric. Here, we assume
that errors can only change a 1 to O but not vice versa;
see Fig. 1. The corresponding graph is Gz = (Xz, Ez), where
Xz =1{0,1}" and

Ez ={(x,y):x,y€{0,1}",x > y, wg(x) = wu(y)+ 1},
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oe 0

Fig. 1. The Z-channel.

and wpy (x) denotes the Hamming weight of x. Let r be some
fixed positive integer. For every x € {0, 1}",

Bz, (x)={ye{0,1}" : x>y, wux)—wn(y) <r},
and deg, ,(x) = X7, (wH(x))

The correspondmg hypergraph is H(Gz,r) = Xz.r,Ez.r),
such that Xz , = {0,1}" and £z, = {Bz ,(x) : x € {0, 1}"}.

The generalized sphere packing bound becomes

" (H(Gz, 1))

:minI D we:Vxe{0, 1), D wy>1 wx>0].
xe{0,1}" YEBz,(x)
3)
The average size of a ball with radius r is
_ 1 wH(x) 1 «— (1)~ (w
5= > 2 (") =52 ()2 (!
xe{0,1}* i=0 w=0 i=0
l -~ < (1) [(w
=522, )
i=0 w=0
For 0 < i

< 2o (0)(Y) = (7)2"" and thus we get
r

r n
<. _ Y n—i _ (z)
o 2 (-2
i=0 i=0
Therefore, the average sphere packing value in this case
becomes
2" 2"
ASPV(Gz,r) = ~ = A
r i
Zr 205t
In particular, for r = 1 we get
2" 2"
Az1 1+n2

In the sequel it will be verified that the average sphere packing
value for r = 1 is a valid upper bound for the Z channel. O

Even though the generalized sphere packing bound
7*(H(G, r)) gives an explicit upper bound on the cardinality
of error-correcting codes, it is not necessarily immediate to
calculate it. To accomplish this task, one needs to solve a
linear programming which, in general, does not necessarily
have an efficient solution. Furthermore, note that in many
of the communication channels the number of variables and
constraints can be very large and in particular exponential
with the length of the words. Our main discussion in this
paper will be dedicated towards approaches for deriving the
value t*(H(G, r)) for different graphs G. However, in cases

2n+1
n+2

ASPV(Gz,1) =
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where it will not be possible to derive this explicit value, we
note that every fractional transversal provides a valid upper
bound and thus we aspire to give the best fractional transversal
we can find.

III. GENERAL RESULTS AND OBSERVATIONS

In this section we start by proving basic properties on the
value of the generalized sphere packing bound t*(H(G, r))
as specified in (1). We then show some approaches for
finding fractional transversals. Finally, we present a scheme,
based upon automorphisms on graphs, that in many cases can
significantly reduce the complexity of the linear programming
problem for calculating the value t*(H(G, r)). As specified in
Section II, we assume throughout this section that the error
channel is depicted by some directed graph G = (X, E) and
for a fixed integer r > 1, H(G,r) = (X, &) is its associated
hypergraph.

A. Basic Properties of the Generalized Sphere Packing Bound

We start here by proving some basic properties and giving
insights on the value of *(H(G, r)). The next lemma proves
a lower bound on the generalized sphere packing bound in
case that its in-degree is upper bounded.

Lemma 1: If for all x € X, deg"(x) < A, then

(G, r) > AL
Proof: Since deg (x) < A, for all x € X, the weight of
every row of the incidence matrix A of H(G, r) is at most A,
that is, Z;=1ai,j < A forall <i < n, where n = |X|.
Let w be a fractional transversal in H(G,r). Then, for
every 1 < j <n, >} a;jw; > 1, and thus

non
n < E E aj jw;.
J=1i=1

However, note that
n n n n
n < ZZai,jw,- = ZZai,jw,-

j=li=1 i=1 j=1
n n n

=> wi Y aij <A w;,
i=1 =1 i=1

and therefore
n
n
i=1

Hence, we conclude that *(H(G, r)) > %'. [ |
Next, we show an upper bound on the generalized sphere

packing bound in case that its out-degree is lower bounded.
Lemma2: If for all x € X, deg,(x) > A, then

t*(H(G,r)) < E

Proof: 1If deg,.(x) > A for all x € X then the vector
w = 1/A is a fractional transversal and thus
T (H(G,r)) < IX]/A. L]

The last two lemmas readily imply the following.
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Fig. 2. The graph G,.

Fig. 3. The graph G3.

Corollary 3: If the graph G is symmetric and regular then
the generalized sphere packing bound and the sphere packing

bound coincide. Furthermore, t*(H(G,r)) = %, where for
all x € X, deg,(x) = deg"(x) = A,.

The next example shows that for a non-symmetric graph G,
the sphere packing bound and the generalized sphere packing
bound need not be equal.

Example 2: In this example the graph G» = (X2, E2) has
six vertices, so X» = {x1, x2, X3, X4, X5, X6}. For 2 < i < 6,
there is an edge from x; to x1 and finally there is an edge from
X1 to x7; see Fig. 2. Therefore, deg; (x;) =2 forall 1 <i <6,
so the graph G, is regular and the sphere packing bound

becomes % = 3. However, the vector w = (1,0,0, 0,0, 0)
is a fractional transversal, which is optimal, and thus the
generalized sphere packing bound of G, equals 1. O

In the next example, we show a graph for which the
average sphere packing value does not hold as a valid bound.
This provides a negative answer to the question we asked in
the Introduction regarding the validity of the average sphere
packing value as an upper bound.

Example 3: The graph G3 = (X3, E3) in this example has
five vertices, so X3 = {x1, x2, X3, x4, x5}. There is an edge
from the first vertex to all other four vertices; see Fig. 3. The

average size of a radius-one ball is % = 9/5 and thus the
average sphere packing value becomes % = 25/9. However,
the minimum distance of the code C = {xp, x3, x4, x5} in

Gz is 00, and in particular, it can be a single-error-correcting
code, which contradicts the average sphere packing value. O

Example 3 depicts a directed, i.e. not symmetric, graph
where the sphere packing value is not an upper bound to the
code size. Next we show an example of a symmetric graph
that does not satisfy the average sphere packing value either.
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Example4: Assume there are n = k> vertices partitioned
into two groups: the first one consists of k vertices and the
other group of the remaining n —k vertices. Every vertex from
the first group is connected (symmetrically) to a set of exactly
% = k — 1 vertices from the second group such that there
is no overlap between these k sets. The n — k vertices in the
second group are all connected to each other. Thus, the average
radius-one ball size is

x k-k+m—kn—k+1)
| =

n

:n—2«/ﬁ+3—% > n/2.

Therefore, the average sphere packing value is less than 2.
However, it is possible to construct a single-error correcting
code with the k vertices of the first group. O

Examples 3 and 4 prove that the average sphere packing
value does not hold in all cases. In fact, from Example 4, we
do not only conclude that it does not hold in general, but also
that the ratio between this value and a size of a code can be
arbitrarily small. However, it is still very interesting to find
some minimal conditions such that this bound holds.

B. Monotonicity and Fractional Transversals

Remember that a vector w is a fractional transversal
ifw>0and for1 <i <n,

Z wy > 1.
YEB(x;)

A first example for choosing a fractional transversal is stated
in the next lemma.
Lemma4: The vector w given by

1

min, ¢ gin(y,) {deg, (x)}’

w; =

for 1 <i < n, is a fractional transversal.
Proof: Itis easy to verify thatw > 0. Forevery 1 <i < n,
if y € B/(x;), then x; € B,"(y) and thus

1 1
= — = .
min, ¢ gin(y) {deg, (x)} ~ deg, (x;)

Wy

Therefore, we get

PIRTENDY

YEB(x;) YEB(x;)

1
- =1
degr(xi)

|
A graph G is said to satisfy the monotonicity property,
or G is monotone, if for every r > 1, x € X and y € B,(x),

deg, () < deg, (x).

In this case, the fractional transversal from Lemma 4 can be
stated more explicitly.

Lemma 5: If G is monotone then the vector w given by
1

deg, (x;)’

for 1 <i < n, is a fractional transversal.

wj
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Proof: If G is monotone then for every x € B}“(xi),
deg,(x) > deg,(x;). Therefore, the fractional transversal w
from Lemma 4 simply becomes

1
B degr (xi) .

wj
| |
As aresult of Lemma 5, if G is monotone, then the following

expression is an upper bound on Ag(n,r),

n n 1
Agn,r) <D wi=D» ———. &
i=1 i=1 deg, (x;)

We call this bound the monotonicity upper bound, which
holds in case that G is monotone, and denote it by M B(G, r).
We will build upon Example 1 to exemplify the monotonicity
upper bound for the Z channel.

Example 5: It is straightforward to verify that the graph Gz
from Example 1 satisfies the monotonicity property since for
every x,y € {0,1}",if y € Bz, then wg (y) < wg(x). Thus,
according to Lemma 5, the vector w = (wy)xefo,1}» given by

1 1
= deg,(x) = zzzo (wH'(x)) >

1

Wy

is a fractional transversal. Therefore, the monotonicity upper
bound M B(Gz, r) derived in (4) is calculated to be

> o= 3 o

r wp (x)
xe{0,1} xe{0,1} Zi:O( Hz )

> (s

w=0

MB(Gz,r) =

For example, for r = 1, we get

1

MB(Gz.1) = EO(Z)W

i=0 \i

_Z": ny 1 2t
N w/w+1 a4l
w=0

Note that the average sphere packing value, calculated in

. n+1 ..
Example 1, forr = 11is 31? is smaller than the monotonicity

upper bound. In fact, this hints that in some cases, which will
be studied in the sequel, it is possible to improve upon the
monotonicity upper bound. Indeed, it is possible to verify that
in this case the fractional transversal according to Lemma 5
is not optimal by showing that the vector w’ = (w)xef0.1}"»
where

W — 1 ) wy(x) +2
wrx)+1 wyx)+3°
for x # 0 and w6 = 1, is a fractional transversal. The

corresponding bound for this fractional transversal becomes

1 2n+1

<
2nt6 S 400
n2+3n+4 +

2n+1 .

n+3—

which verifies the validity of the average sphere packing
value. However, this choice of fractional transversal is still
suboptimal and hence we seek to find a further improvement.
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Finding the exact value t*(H(Gz,r)) will be the topic and
problem we solve in Section IV. O

The exact value t*(H(Gz,r)) will be obtained
in Section IV.

C. Automorphisms on Graphs

One of the main obstacles in calculating the value
of *(H(G, r)) is the large number of variables and constraints
in the linear programming in (1). However, most of the
graphs studied in this work contain symmetries between their
vertices. For example, the linear programming in Example 1
for the Z channel has 2" variables and 2" constraints in
order to find the value of t*(H(Gz, r)), but it is not hard to
notice that vectors of the same weight have identical behavior,
and thus, one would expect to assign the same weight to
these vertices. This will reduce the number of variables and
constraints from 2" to n+ 1, which significantly simplifies the
linear programming problem in (3). This subsection presents a
scheme, based upon graph automorphisms, that in many cases
can be used in order to significantly reduce the number of
variables and constraints to calculate the bound t*(H(G, r)).
We will show the general scheme along with a demonstra-
tion how it is applied on our continued example of the
Z channel.

Let us first remind some tools derived from properties on
automorphisms of graphs. Let G = (X, E) be a directed graph
with n vertices. An automorphism of G is a permutation of
its vertices that preserves adjacency. That is, an automorphism
of G is a permutation 7w X — X such that for all
(x,y) € X x X, (x,y) € E if and only if (x(x),n(y)) € E.
Assume |X| = n, we let S, be the set of all permutations of
n elements. The set of all automorphisms of G is

Aut(G) = {n €S, | n is an automorphism of G}.

It is known that Auz(G) is a subgroup of the symmetric
group S, under the operation of functions composition.

The group Aut(G) induces a relation R on X such that
(x,y) € R if and only if there exists 7 € Aut(G)
where 7 (x) = y. It is possible to verify that R is an equiv-
alence order and hence X is partitioned into 1 < n(G) < n
equivalence classes, denoted by X1, ..., X;(c). Furthermore,
we denote X'(G) = {X1,..., Xy}

For any ¢ > 0, let us define the set

n
W, = [w : w is a fractional transversal and z w; = c].

i=1

Given a partition X = {X1,..., Xi} of X, we say that a
fractional transversal w is X-regular if for all 1 < j < k and
every x,y € Xj, wy = wy.

Given a fractional transversal w and an automorphism
m € Aut(G), the vector w” is defined by w = wy(;). The
next lemma proves that the vector w” is a fractional transversal
as well.

Lemma6: Let w be a fractional transversal and m an
automorphism. Then, the vector w” is a fractional transversal
as well.
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Proof: 1Tt is clear to verify that w™ > 0. We need to show
that for all 1 < i < n the following inequality holds

> w1

YEB(xi)
Since 7 is an automorphism, y € B,(x;) if and only if
7 (y) € By (7 (x;)) and therefore
> wy=1,

2 W= D wy =
yeB, (m(x;))

YEB(x;) YEB(x;)
where the last inequality holds since w is a fractional
transversal. [ |
Our main result in this part is stated in the next theorem
and corollary.
Theorem 7: For every ¢ > 0, if W, # 0 then W, contains
an X (G)-regular fractional transversal.
Proof: Let w € W, be a fractional transversal.
If w is X(G)-regular then the property holds. Otherwise,
let 7 € Aut(G) and w”™ as defined above. Note that

n n n

T
D Wi =D wepy =D wi=c,
i=1 i=1 i=1

and together with Lemma 6 we get that w” € W,. Similarly,
we can show that %" ¢ W,.. Let 7y, 72, ..., 7x be some
order of the automorphisms in Auz(G). We can similarly
derive that the vector

N .
w* = Zi:l w™
N
belongs to W, as well.

We finally show that w* is X(G)-regular. For all
1<j<n(@) and xp, xp, € X
N i N
* _ 2ai=l wn, _ 2im1 Wai(n)
w,, = N = N .
Now, let 7* € Aut(G) be such that 7*(n2) = n; and note that
(m1,...,mp)={x*om,...,x" om,}.
Thus, we get
N i N Fom; N
Wt = 2is1 Wi _ it Wy _ 2 i1 W(a*on;)(n)
" N N N
N N
_ 2=t Umtm) _ 2=l Wmin) _ s

N N e

|

Lastly, we note that Theorem 7 holds not only for the

automorphism group Aut(G) but also for every subgroup H

of Aut(G). Given a subgroup H of Aut(G), assume it

partitions the vertex set X into ny equivalence classes

Xur(G) ={X1,..., Xny}. Let Ag be an ng x ng adjacency

matrix corresponding to the subgroup H, such that for
1<i,j<ng,

_ HG,y)ix e Xiyy € Br(x) N X}
| Xil '
The next Corollary summarizes this discussion.

Corollary8: Let H be a subgroup of Aut(G) and
Xu(G) = {X1,...,Xny} is its partition of X into ng

An(i, J) 5)
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equivalence classes. Then, the generalized sphere packing
bound t*(H(G, r)) from (1) becomes

ny
t*(H(G,r)) = min H z IXilwi - AL - w>1,we IR'_LH].
i=1
(6)
Proof: According to Theorem 7, it is enough to consider
only fractional transversals which are Xy (G)-regular. Such a
fractional transversal can be represented by a vector w € IR'J’rH
such that for 1 < i < ny, w; is the weight given to all the
vectors in the set X;.

The condition AT - w > 1 from (1) can be stated as for
all x € X, ZyeB,(x) wy > 1. However, for all x € X; the
number of vertices y € B, (x) which belong to some set X ;
is fixed and is given by the value Ag(i, j). Therefore, for
every x € X;, this condition can be written as
z;lil Ap(i, j)w; > 1. Finally, since there are |X;| vectors
which are assigned with weight w; we get that the weight of
this Xp(G)-regular fractional transversal is > ;| |X;|w; and
thus the corollary holds. [ ]

The next example shows how to apply the auto-
morphisms scheme presented in this subsection for the
Z channel.

Example 6: In Example 1, we saw that in order to find the
value t*(H(Gz,r)) according to (3), it is required to solve
a linear programming with 2" variables and 2" constraints.
Let us demonstrate how the automorphism scheme studied in
this subsection can reduce both the number of variables and
constraints to be n + 1.

First, we define the following set of automorphisms on Gz.
For every ¢ € S,, a permutation 7z, : {0,1}" — {0, 1}"
is defined such that for all x € {0,1}", (7,(x))i = X0()-
It is possible to verify that the set H = {n, o € Sy}
is a subgroup of Aut(Gz). Furthermore, the set {0, 1}"
is partitioned under H into n + 1 equivalence classes
Xy (Gz) = {Xo, X1,..., Xy}, where X; = {x € {0, 1}"
wg(x) = i}, for 0 < i < n. Therefore, according to
equation (6) in Corollary 8, it is enough to limit our search and
find only fractional transversals w which are Xy (Gz)-regular.
Hence, the problem in (3) is simplified to be

n min{¢,r}
. n 4
r*(H(gz,r))zmm{Z(f)wg: Z (i)wgi >1,
=0 i=0
wg>0,0<€<n]. @)

a
In the next section we will continue with Example 6

and show exactly how to solve the problem stated
in (7).
IV. THE Z CHANNEL
The Z channel was already discussed before in

Examples 1, 5, and 6. We derived the linear programming
problem to find the value t*(H(Gz, r)) in (3) and calculated
its average sphere packing value. Then, we saw that
Gz is monotone and thus we calculated its monotonicity
upper bound. Finally, we showed how to use the graph
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automorphism approach in order to derive a more compact
linear programming problem to calculate *(H(Gz,r))
in (7).

The goal of this section is to solve the linear programming
problem in (7) by finding the appropriate fractional transversal
and prove that it gives the value of 7*(H(Gz, r)). This result
is proved in the next theorem.

Theorem9: For all r < 20, the optimal fractional
transversal which solves the linear programming in (7) is given
by the following recursive formula

= wl . =0, ®)
wy =1,
and for all k: 1 <k <n —r we have

P ) (&)

i=1
Soon, we will show the equivalent formula

wy =1, and for all k > 1

x _ ap0 . Dy -1
wi =rk! > — 9)

m=r-+k

where D; is given by another recursive relation independent
from n:

Dy=Dy=---=D, ,=0,

D,_1=1, and foralli > r
D; Di— D,

rt o (r=1 0!
We divide the proof into three parts. First, we show the
equivalence of the two formulas above. Then, we show that
w* is in fact a transversal or in other words, it is in the
feasibility region of the linear programming. Next, we dis-
cuss its optimality. Our method shows both feasibility and
optimality for all »r < 20 and we conjecture that w* is
the optimal transversal weight for all radii » € N. We note
that the weight assignment in Theorem 9 could also be the
optimal weight assignment for » > 20, but one needs to

verify that for each r using the method presented in the
following.

—=0. (10)

A. Equivalence of the Two Formulas
In order to see the equivalence of two definitions, we
fix r and look at w; as a function of both k and n denoted

by wj(n) in this subsection. Lets define the sequence Ak (n) as
Ar(n) = wi(n) — w;(n — 1) for all n. So,

Ar(n) = (—l)

Ak(n) =0

ifk=n—r,

ifk>n—r,
r k-H.’)

Ak(n) = = D" Apyiln) . ==
i=1

()

ifk<n-—r.
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Now, we define another sequence D;(n) as
Di(n) = An—i—l(n)~,!(,,_"7,!_1)! to normalize and reverse
the direction of the recursion:

Do(n) = Di(n) = --- = Dr—2(n) =0,

D,_1(n) =1, and for alli > r

Di(n) = Di—1(n) R Di_,(n) _o.
r! (r—1) 0!

Note that the initialization and the recursion for sequence
Dj(n) are independent of n. So the sequence D;(n) is also
independent of n and we drop n to write w; (n) as

wi(n) = Ag(n) + Ar(n — 1)+ -+ + Ag(k +r)

rk! rk! rk!
=—D, - Dy o24+---+———7-D,_
o Dn—k 1+(n_1)! n—k—2+ +(k—i—r)! r—1
n
Dy —i—1
=rik! D’ —
m=r+k

B. Transversal Property for w*

The definition of w* in (8) ensures that the inequality
constraints in (7) are satisfied. So, the non-negativity of w*
is enough to show that the w* is a valid transversal.

First, we study the case » = 1. A simple induction on i,
shows that D; = (—1)!. Therefore,

n —k—
(=D
wi= 2. oml

m=k+1

_( 1 1 )
T \k+1 (k4 D(k+2)

|
+((k FOKk+2)k+3)

1
- (k+1)(k+2)(k+3)(k+4))+"'>0‘

In general, it is not easy to derive an explicit formula
for w* for r > 2. However, we show that D,, is bounded
by an exponential function of 2r (see Appendix A) and
hence, the first few terms in (9) are dominant compared to
the rest and w,’: > 0 is always the case. We divide the
proof into two parts. First, we claim the positivity of w} for
k>3r—1.

Theorem 10: Let w* be the transversal weight assignment
defined in (8). For all k > 3r — 1 we have
rlk!

k)!
We refer to the Appendix A for the complete proof of
the Theorem 10. The proof of the case k < 3r—1 is incomplete
for arbitrary radius r. However, we introduce a method to
verify the feasibility (transversal property) of w* for any fixed
r in the following fashion:

Given k < 3r — 1, we look for a number n; such that

p—(n=k=r) 5

wp =

Nk

Dy 1 L& e
> (X)) o

m=r—+k m=0
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which implies the following for all n > ny:

n

Diyp—k—1
wp = rlkl Yy ———
m!

m=r+k
ng n
Dy ——1 Dy ——1
=”"’( 2 Tt 2 T)
m=r—+k m=ny—+1
@ & Dy = (Qrynker
DY D I .
m=r—+k n: m=ny+1 m:
> rlk! < Dy ——1 1 - (Zr)m
K Z m! (2r)k+r Z m!
m=r+k m=ni+1
2 m
o nk Doyt e — Z%:o (nrl)v o
= e Z m' (2r)tk Z
m=r+k

where (a) is verified by Lemma 25 in Appendix A.
Now, we are left with checking only the values of w; for
the finite set of k < 3r — 1 and n < ng. Note that,

"k m
: 2r 2 (2]”) _
nkh—I>noo |:e m! i| =0.

m=0

Also, D; is bounded by an exponential function

(see Lemma 25) and hence the following limit exists
. & Dmfkfl
lim _

ng—>00 m!
m=r—+k

O =

Finally, if w,’: > € > 0 for all n > k 4+ r, then
b > f,—,kc, > 0. So, the number n; should exists.
As an example, when r = 2 we have n1 = ny = 6,
and n3 = n4 = 7. Using the above approach, we have verified
the feasibility for all » < 20. Numerical calculations also show
that ny < 4r — 1 for all r < 20. In Appendix A, we prove that
w* defined in (8), is also the optimal transversal assignment
and gives us the best bound using this approach.

In order to evaluate the results, we compared between the
different upper bounds for the Z channel. The first bound is
the monotonicity bound (MB in short), which was calculated
in Example 5; the second one is the average sphere packing
value (ASPV in short), which was calculated in Example 1;
and the third bound is the generalized sphere packing bound
(GSPB in short). The best known (to us) upper bound for the
Z channel, due to Weber et al. [26], appears in the last column
of Table I. We see from Table I that this bound is better than
the GSPB even under optimal weight assignment. However,
the bound of [26] involves solving an integer programming
problem, and the authors of [26] have computed this bound
only for n < 23. In contrast, our bound in Theorem 9 is easy
to compute for all n, and we give its values for r =1,2,3,4
up to n < 32 in Tables I, II, III, and IV.

In the next section, we will extend the study of the
Z channel for non-binary symbols.

V. LIMITED MAGNITUDE CHANNELS

We turn in this section to generalize the Z channel for
the non-binary case. In this setup, every symbol can have ¢
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TABLE 1
Z CHANNEL: UPPER BOUNDS COMPARISONFOR r = 1
[ n H MB [ ASPV [ GSPB [ [26] ]
5 10 9 8 6
6 18 16 14 12
7 31 28 26 18
8 56 51 47 36
9 102 93 86 62
10 186 170 159 117
11 341 315 295 210
12 630 585 551 410
13 1170 1092 1032 786
14 2184 2048 1940 1500
15 4095 3855 3662 2828
16 7710 7281 6935 5430
17 14563 13797 13170 10374
18 27594 26214 25075 19898
19 52428 49932 47853 38008
20 99864 95325 91514 73174
21 190650 182361 175351 140798
22 364722 349525 336586 271953
23 699050 671088 647131 523586
24 1342177 1290555 1246069 ?
25 2581110 2485513 2402690 ?
26 4971026 4793490 4638907 ?
27 9586980 9256395 8967211 ?
28 18512790 17895697 17353537 ?
29 35791394 34636833 33618332 ?
30 69273666 67108864 65191862 ?
31 134217727 130150524 126535913 ?
32 260301048 | 252645135 | 245818070 ?
TABLE 11

Z CHANNEL: UPPER BOUNDS COMPARISON FOR r = 2
[»n ][ MB | ASPV [ GSPB [ [26] |

5 7 5 4 2

6 12 8 6 4

7 19 13 9 4

8 31 21 16 7

9 51 35 27 12

10 84 59 46 18

11 140 101 79 32

12 238 174 138 63

13 407 303 243 114

14 703 532 432 218

15 1224 942 772 398

16 2151 1680 1388 739

17 3806 3013 2510 1279

18 6780 5433 4562 2380

19 12153 9845 8327 4242

20 21902 17924 15260 8069

21 39672 32768 28068 14374

22 72190 60133 51802 26679

23 131914 110740 95904 50200

24 241977 204600 178065 ?

25 445447 379146 331499 ?

26 822696 704555 618679 ?

27 1524039 1312642 1157328 ?

28 2831211 2451465 2169652 ?

29 5273303 4588640 4075740 ?

30 9845788 8607148 7670997 ?

31 18424950 | 16176901 | 14463616 ?

32 34553129 | 30460760 | 27317244 ?

values, 0, 1,...,9 — 1 and we denote [¢g] = {0, 1,...,qg —1}.

We study the limited magnitude model and focus solely on the
single error setup which is carried for two cases. Namely, the
error can be asymmetric (Fig. 4(a)) or symmetric (Fig. 4(b)).
This error-channel is motivated by the feature of the errors in
non-binary flash memories. The cells in flash memories
are charged with electrons and due to the inaccuracy in
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TABLE III
Z CHANNEL: UPPER BOUNDS COMPARISON FOR r = 3

[ n “ MB [ ASPV [ GSPB [ [26] ]
5 7 4 2 2
6 11 6 3 2
7 17 9 5 2
8 26 13 7 4
9 40 20 11 4
10 63 31 18 6
11 99 50 29 8
12 156 80 48 12
13 248 130 81 18
14 400 214 136 34
15 650 357 231 50
16 1066 601 395 90
17 1764 1020 682 168
18 2946 1744 1186 320
19 4960 3006 2076 616
20 8418 5216 3653 1144
21 14395 9108 6462 2134
22 24786 15993 11486 4116
23 42956 28232 20507 7346
24 74902 50081 36768 ?
25 131345 89240 66176 ?
26 231537 159687 119534 ?
27 410164 286866 216639 ?
28 729924 517216 393863 ?
29 1304514 935722 718180 ?
30 2340710 | 1698286 | 1313176 ?
31 4215629 | 3091572 | 2407381 ?
32 7618868 | 5643846 | 4424196 ?

TABLE IV
Z CHANNEL: UPPER BOUNDS COMPARISON FOR r = 4
[ n H MB [ ASPV [ GSPB [ [26] ]
5 7 4 2 2
6 11 5 2 2
7 17 7 3 2
8 25 10 4 2
9 38 15 6 2
10 58 22 9 4
11 89 33 14 4
12 135 49 21 4
13 207 76 34 6
14 320 118 54 8
15 496 185 87 12
16 774 294 143 16
17 1217 472 236 26
18 1927 767 393 44
19 3073 1258 660 76
20 4939 2081 1118 134
21 7998 3470 1905 229
22 13050 5829 3266 423
23 21450 9862 5632 745
24 35509 16791 9763 ?
25 59192 28761 17010 ?
26 99330 49540 29772 ?
27 167749 85775 52333 ?
28 285019 149239 92366 ?
29 487070 260846 163640 ?
30 836918 457873 290949 ?
31 1445509 806964 519048 ?
32 2508896 | 1427610 | 928919 ?

cell-programming and electrons leakage, the charge level of
a cell can either increase or decrease by limited magnitude.
For more details see for example [5], [6], [14], [18], [30].

A. Asymmetric Errors

In the asymmetric non-binary channel, the value of every
symbol can only decrease, and in this study we only consider
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q-1 q-1 ¢g-1 q-1
q-2 q-2 g2 q-2
. .
. ° ° °
° ° °
2 2 2 2
1 | 1 |
0 0 0 0
(a) (b)
Fig. 4. Two cases of the non-binary channel: (a) asymmetric errors,

(b) symmetric errors.

the case where the value of each symbol can decrease by
one. The corresponding graph is G4,y = (X 4,4, Ea,4), Where
Xa,q =1q]" and

n n
Eag= [(x,y) x,yelglhx =y, > xi=> yi+ 1].
i=1 i=1
Given some x € [¢]", its ball of radius one is described by the
set Bag1(x)={yelql": x>y, 20 1 xi <2, yi+1}
and degy , 1(x) = wn(x) + 1. The hypergraph in this case
is H(Ga,q,1) = (Xa,q,1,E4,4,1), where X4 41 = [¢]" and
g1 =1{Bag1(x):x €[q]"}.

According to the above definitions it is immediate to verify
that for all y € By 4,1(x), wp(y) < wp(x) and thus the
graph G4 4 is monotone. In the next two lemmas we calculate
the monotonicity upper bound and the average sphere packing
value under this setup.

Lemma 11: The monotonicity upper bound of the graph G4 4
forr=11is

qn+1 -1
MBGaa D = GGy |
Proof: Since the graph G, 4 is monotone, according to
Lemma 5 the following vector w = (wx)xe[q) is a fractional
transversal,

1 1
Cdegy 1 (x)  wa(x)+ 1

Thus, the monotonicity upper bound from Equation (4)
becomes

MB(gA,q P 1)

= > we=
xelql
2

ot +-+ig—1=n
n+1 _ 1
-9 - (12)
(g —Dn+1)

Wy

1
Z wy(x)+1

xelgl"

( n ) 1
i07i19"'7iq—1 l1++lq—1+l
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The last equality follows from the identity

(1 + (C] _ 1))6)” — Z ( . n . )xi1+...+iq1,
. —  _ \l0s 5.5 lg—1
ig+-+ig—1=n

and thus
qn+1 -1

(g—DE+1)
1
=/ (1+ (g — Dx)"dx

n . .
/ Z ( . . )x11+~~~+tq_|dx
=n 10511;-~-;lq—1

gt tig—

z( )
. iOail,'~'aiq71 ll++lq71+1

ik ig_1=n

|
Lemma 12: The average sphere packing value of the graph
Gag forr=1Is
6]"+1
ASPV(Gag,1) = .
©@aa D= T D 11

Proof: The value of the average ball size is

C D (wrx) + 1)

xelgl"
n . .
(. . . )(ll+"’+1q1+1)
l()»ll»"';lq—l
1

1
—,,'(m]"_l(é]—1)+q"):n+1—n/q.

1
q"

q iotii++ig—1=n

Here, the second equality is a result of the identity

n . .
w0 = 2 (io it ..., 1)x11+...+1q_1+1,
ity ige

i+ ig_1=n

and hence

(14 (g — Dx)" +xn(g — DA + (g — Dx)"!
— Z ( n )
i+ tig_1=n 1051155 ig—1
X (ll + ..+ il]—l + l)xil+'“+iQ*1 ,

and thus by assigning x = 1 we get the required result. N
The linear programming problem from (1) becomes

r*(H(gA,q,1)>=min[ Dlwe >

wy > 1].
YeBag,1(x)
However, it can be significantly simplified according to the
tools developed in Section III-C. Similarly to the set of

automorphisms from Example 6, for every permutation o € S,

we define a permutation 7, = [g]" — [¢]" such that for
all x € [q]", (z5(x)); = Xxs()- Hence, also here the set
Hy ={n, :0 €8,} is a subgroup of Aut(Ga 4). However,

now the subgroup H4 partitions the set [¢]" into the following

njp = (";qjl

qg—1
X = ix,- = (0, aig1) 20, :n],
j=0

) equivalence classes
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where X; is characterized as follows

={xelgl":x'(j)=i;,0<j<qg—1},

and x7'(j) = {1 < k < n:x = j}|. We denote the set
Iytobe Iy ={i : i = (ig,....iq1) > o,z;f.;(‘)i,- — n)
and define an n4 X nyg matrix Ay such that its entries are
indexed by the vectors (i, j) € I4 x I4. We assign the values
Ap@,i)=1and Ay(i, j) = iy if there exists ] <k < g —1
such that jy = iy — 1 and jr—1 = ix—1 + 1 and for all
¢ € [q] \ {k,k — 1}, jr = ir,. All other values in the
matrix Ay are assigned with the value 0. Finally, according
to Corollary 8 we proved the following theorem.

Theorem 13: The generalized sphere packing bound for
H(Ga,q,1) is given by

" (H(Ga,q.1))

:min[ Z|X,~|w, AL w>
iEIA

We finish this section by showing an improvement upon
the monotonicity upper bound from Lemma 11. In the
fractional transversal notation of Theorem 13, if one applied
the monotonicity upper bound, then the fractional transversal
assignment would be w; = 1/(n—ip+1) fori € I4. However,
under this assignment almost all of the constraints hold with
strict inequality. We show that it is possible to reduce the
weights in this assignment without violating the constraints
and thus obtain a stronger upper bound.

Theorem 14: The vector w = (w;);c1, given by

1
n—io+1+ 521

(n—ip)

1 w_(wl)lEIA ER ]

wj =

if iop # n and otherwise w; = 1 is a fractional transversal for
t*(H(Ga,q,1)) as stated in Theorem 13.

Proof: 1t is straightforward to verify that w; > 0 for all
i € Ii. According to the conditions for 7*(H(Ga,q,1))
from Theorem 13, we need to show that for all
i = (ig,i1,...,ig—1) € I the following inequality holds

w(io,il,...,iqfl) + il w(io-‘rl,il—l,...,iq,]) + izw(io,il+1,iz—1...,iq,1)

+o g1 W(g,ir,..igat+1ig 1) = 1

If i9p = n then this inequality holds with equality and it is
possible to verify that it holds for i = n — 1 as well. Thus,
we can assume that iy < n — 1. After placing the values of w;
stated in the theorem, we need to show the following
1 i
i1—1 + . i1—2

n—iot 4 gy "ot g

7 i3+ +ig—1

+ . >
n—io+ 1+ 55555 zo+1+2(n )

Note that
1 > 1
—io+ 1+ 5ol
to 2(n—io)

n—io+ 1+ 5=

and thus it is enough to show that
i2+i3+---+iq_‘1+1+ [
n—i0+l+m

) 2 1»

i =2
n—10+ 355D
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TABLE V
NON-BINARY CHANNEL, ASYMMETRIC ERRORS:
UPPER BOUNDS COMPARISON FOR ¢ = 3

[ n “ MB [ ASPV [ Theorem 14 [ GSPB ]
5 60 56 60 55
6 156 145 154 144
7 410 385 402 381
8 1093 1035 1071 1021
9 2952 2811 2888 2770
10 8052 7702 7877 7591
11 22143 21252 21673 20955
12 61320 59049 60056 58235
13 170820 164929 167424 162744
14 478296 462867 469156 456987
15 1345210 1304446 1320524 1288583
16 3798240 3689718 3731321 3646657
17 10761680 10470824 10579575 10353898
18 30585828 29801576 30088394 28464819
19 87169610 85043521 85805885 84168158
20 249056028 243264027 245304388 230986164
21 713205900 697356880 702851238 690706260
22 2046590844 | 2003046358 | 2017923470 1984633746
23 5883948676 | 5763868091 5804351676 | 5712720517
or, since ig + i1+ - +ig_1 =n,
n—ig—ir+1 i 1
. i . i1—2
n—io+ 1455y n—iot oo
and
i n—ig—1i;+1
. i1—2 > 1 - . i
n=io+ G n—io 1+ 3G
which is
. : i
i I+ 355
. i1—2 2 . i1 :
"_’OJFW n—lo+1+m

Let us denote n — i) = M and we need to show that
1

M+ 42~ M1+ 5

and equivalently

2(M —1) 2M + 1
M2 —2M +i1—2 7 2M24+2M + iy’

or
2M? +2M +2 > 3iy,

which holds since M =n —ip > i;. [ |
Table V summarizes the upper bounds results we derived in
this section for ¢ = 3. The first column is the monotonicity
upper bound we found in Lemma 11. The second column
is the average sphere packing value from Lemma 12. The
third column is the improvement in Theorem 14 over the
monotonicity upper bound. Lastly, the last column is the value
of the generalized sphere packing bound from Theorem 13,
which we solved numerically. Note that there is no upper
bound we know of in the literature for this error channel.
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B. Symmetric Errors

Since this model and graph are very similar to the
asymmetric case, they are briefly presented. The graph is given
by Gs,qg = (Xs,4, Es,q), where X5 , =[q]" and

ES,q ={(x,y):(x,y) € EA,q or (y,x) € EA,q}-

Similarly, for every x € [¢]", its corresponding ball of radius
one is the set Bg,1(x) = {y € [q]" : y € Bag,1(x)
or x € Bjg1(y)}. The hypergraph is H(Gs 4, 1) =
(Xs,4.1,E5,4,1), where Xs,1 = [q]" and &Es41 =
{Bs,q,1(x) : x € [q]"}.

This setup is different than all other error channels studied
so far in the sense that it does not satisfy the monotonicity
property. Thus, we cannot conclude the corresponding
fractional transversal of the monotonicity upper bound.
However, we can still calculate the average sphere packing
value.

Lemma 15: The average sphere packing value of the graph
Gs,q forr=11Is
ql’l

ASPV(gS,q, 1) — m
Proof: First we calculate the value of the expected ball
size, which is given by

in- > ent+1-x'0)-x"(g—1)

1 xelgl"
1 n . .
=—- > |. . o )1+ Fig2)
qn . . lo,lla""ZQ*l
gt Fig—1=n

1
N (n+1)g" +n(g —2)¢"") =2n+1-2n/q.

n

The second equality is derived in a similar manner to the
one in Lemma 12 using the identity

QR+ (g - 20"
= > ( n )xi1+~~~+iq—2+n+1
iO» ll; MR lq—l

io++Hig_1=n

SO

(n+ Dx"Q2 + (g —2)x)" +x"n(g —2)2 + (g — 2)x)"!

i09i1""9iq71

i+ tig_1=n
(it g2+ Dx/ttFig=2,

and we get the required equality by assigning x = 1. [ ]

Next, we define the set of automorphisms to be used here.
One can verify that every permutation in H4 is an automor-
phism in Gs ,. However, in this case we can expand and use
more automorphisms. For every binary vector b € {0, 1}", we
define the permutation

w2 [q]" — [q]",
as follows. For every x € [¢]", mp(x) is the vector defined as

L q—l—xi ifbi=1,
””(x)l—[x,- if b = 0.
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Then, the set Hs = Ha U {7y, b € {0, 1}""} is a subgroup
of Aut(Gs,4). The subgroup Hy partitions the set [¢g]" into

ns = (”“F(J%%kl) equivalence classes

fq/21-1
X=1X; 1 i={(o,...,irg21-1) =0, z i,-:n],
j=0

and X; is the set

Xi={xelgl":x'"()+x"g-1-))
i;,0<j<[q/2]— 1}

We define
fq/21—1
Is = [i 2 i = (g, ...,i[q21-1) =0, Z i :n]
j=0

and the ng x ng matrix Ag with the following entries
(i,j) e Is x Is.

1) For alli € Is, As(i,i) =1,

2) As(i, j) = k if there exists 1 < k < [g/2] — 1 such
that jr = i — 1 and jr—; = ix—1 + 1 and for all
Cellq/21\{k, k =1}, je =1i¢.

To conclude, according to Corollary 8, the generalized sphere
packing for H(Gs,4,1) becomes

t*(H(Gs,4,1))

= min [ Z 1Xilw; : AL -w > 1, w = (wp)iarg € R'J’rs].
iEIS
We can derive a bound similar to Theorem 14.
Theorem 16: The vector w = (Wx)xe[q given by
. 1
degg , 1(x) — 1
is a fractional transversal.
Proof: Let x € [g]" and let i; = x~1(j) for j € [q].
Then, degsjq’l(x) =2n—ip—1i4-1+ 1. We need to show that

Wy

1 o
+ ; ;
2n —(ip—1) —ig—1
i1 i1+ 2+ +2ig3+ig2
+ ; ;
2n—(o+1)—ig—
ig—2
+ ; ;
2n —ig— (ig—1+1)
or
L+iy+2ip+---+2ig3+ig2 n
2n —ip —ig—1

2n —ip —ig—1

2n —ip —ig—1

+ fq—1 > 1
2n —io— (ig—1 — 1)~

io+ iq—l
2n —ig—ig—1+1
L
2n —ip —ig—1 — 1
Since 1/(2n — ip — ig—1) = 1/2n —ip —ig—1 + 1) and
1/2n —ip —ig—1—1) 2 1/(2n — iy —ig—1 + 1), it is enough
to show that

L+iy+2ip+---+2ig3+ig2 ig+ig—1
2n —ig—ig—1+1 2n —ig—ig—1+1
i1 +ig-2
2n—ig—ig1+1~
which holds with equality. ]
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TABLE VI
NON-BINARY CHANNEL, SYMMETRIC ERRORS:
UPPER BOUNDS COMPARISON FOR ¢ = 3

[ n ][ ASPV [ Theorem 16 | GSPB |
5 31 37 32
6 81 93 82
7 211 238 216
8 562 624 572
9 1514 1663 1538
10 4119 4484 4177
11 11307 12217 11449
12 31261 33564 31618
13 86963 92872 87872
14 243201 258535 245544
15 683281 723466 689388
16 1927465 2033685 1943532
17 5456626 5739520 5499244
18 15496819 16255303 15610684

TABLE VII

NON-BINARY CHANNEL, SYMMETRIC ERRORS:
UPPER BOUNDS COMPARISON FOR g = 4

[ n ][ ASPV [ Theorem 16 [ GSPB |
5 120 139 123
6 409 463 417
7 1424 1586 1449
8 5041 5540 5115
9 18078 19666 18313
10 65536 70707 66297
11 239674 256844 242193
12 883011 940934 891482

Comparison results for ¢ = 3 and ¢ = 4 are summarized
in Tables VI and VII. The first column is the average sphere
packing value which was calculated in Lemma 15. The second
column is the upper bound we found in Theorem 16. The last
column is the value of the generalized sphere packing bound
that we solved numerically. Note that in this example the value
of the average sphere packing value is less than the one of the
generalized sphere packing value, however, that doesn’t mean
that it is not a valid upper bound.

VI. DELETION AND GRAIN-ERROR CHANNELS

In this section we shift our attention to the deletion channel,
which was the original usage of the generalized sphere packing
bound in [16]. We will only focus on the single-deletion case.
First, we revisit the fractional transversal given in [16] to
verify that the graph in the deletion channel satisfies a similar
property to the monotonicity property from Section III-B.
Then we present our main result in this section, namely, an
explicit expression of a fractional transversal which improves
upon the one from [16]. Since the structure of the deletion
and grain-error channels is very similar, especially for a single
error, in the second part of this section we show also how to
improve upon the upper bound from [10] and [13] on the
cardinality of single grain-error-correcting codes.

A. Deletions

As in the previous examples, we first introduce the graph for
the deletion channel. However, note that the graph in this setup
is different than the previous ones. Specifically, a length n
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vector which suffers a single deletion will result in a vector of
length n — 1. To accommodate this structure, the vertices in the
graph are defined to be both vectors of length n and n — 1, so
the graph is Gp = (Xp, Ep), where Xp = {0, 1} U{0, 1}"~!
and

Ep = {(x,y) € {0, 1}" x {0, 1}"":
y==0n...,

For any x € {0,1}", its radius one ball is the set
Bp,i(x) = {y € {0, 1yl (x,y) € Ep}, and for
x € {0,1)"7", Bp 1(x) = @. Therefore, 1 < degp, 1(x)

for x € {0, 1}” and degp, | (x) = 0 for x € {0, 1!

At this point, we could basically construct the hypergraph
for the deletion channel as was done in the previous examples
such that its set of vertices is Xp = {0,1}" U {0, 1}"L.
However, since the length-n vectors do not participate in
the balls we can eliminate them in the hypergraph con-
struction, which coincides with the hypergraph construction
in [16]. Thus the hypergraph for the single deletion channel
is H(Gp,1) = (Xp,1,€p,1), where Xp1 = {0, 1}"_1 and
Ep,1 = {Bp,1(x) : x € {0,1}"}. This definition does not
change the analysis of the upper bounds studied in this paper.
Thus, the generalized sphere packing bound in this setup
becomes

t*(H(Gp, 1))

:minI > wer > wy>1,Vxe{0,1}n].

z€{0,1}—! Y€Bp,1(x)

Xi, Xi+2, ..., Xp) for some 1 <i < n}.

13)

For a vector x € {0, 1}, we denote by p(x) the number of
runs in x. For example, if x = 001010010, then p(x) = 7. It
is easily verified that for x € {0, 1}", deg, | (x) = p(x), [16].
It is also known that the number of length-n vectors with
1 < p < nruns is Z(Zj). Let us first calculate the average
sphere packing value for the hypergraph H(Gp, 1). This will
be done in the next lemma.

Lemma 17: The average sphere packing value of the graph
Gp forr=11s

n

ASPV(Gp, 1) =

n
Proof: Every vector x € {0, 1}" generates a ball, i.e. a
hyperedge, in H(Gp, 1). Thus, the average size of a ball is

given by
|
> deepa =5 3217 )
x€f0,1) =1
1 - n—1 1 n—1 n—2
=57 2 , e+ D= @ T - n2)
p=0
_n+ 1
=—
Thus, the average sphere packing value becomes
2n71 on
n+1)2 n+l
|
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Note that if one chose the hypergraph to contain all binary
vectors of length n — 1 and n, the resulting average sphere
packing value would have been weaker. We specifically chose
the hypergraph this way as it is the smallest one where any
single-deletion code can be studied and analyzed.

In the setup and structure of the graph Gp, it is not possible
to indicate whether the graph Gp satisfies the monotonicity
property. The vectors in the ball centered at some x € {0, 1}"
are of length n — 1 and thus do not have corresponding
balls. However, there is still a very similar property to
the monotonicity one. Namely, for every y € Bpi(x),
where x € {0, 1}",

p(y) < p(x) =degp ;(x).

This property was established in [16] and thus a choice of a
fractional transversal (wyx)yejo,12-1, Was given by

1
p(x)

Wy =

The corresponding upper bound, which we call here the
monotonicity upper bound, was calculated in [16] to be

1 o 1 2"n=2
> w2

xef0, 1)1 p=1

However, it is possible to verify that for this fractional
transversal many of the constraints in the linear programming
in (13) hold with strict inequality, which implies that a better
one could be found. This will be the focus in the rest of this
subsection, that is, an improvement upon the last upper bound
by the equivalent of the monotonicity property.

For a vector x, let u(x) be the number of middle runs
(i.e., not on the edges) of length 1 in x. We call these runs
middle-1-runs. For example, for x = 001010010, u(x) = 4.
First notice that if p(x) > 2 then 0 < u(x) < px) — 2.
Let N,(p, i) denote the number of vectors of length n with
p runs and # middle-1-runs. For p = 1 and ¢ = 0, we have
N,(1,0) =2.For2 < p <nand 0 < u < p—2, the value of
N, (p, ) is calculated in the next lemma. For all other values
of p and u the value of N, (p, u) is zero.

Lemmal8: For2 < p<nand 0 < u<p—2,

p—2\(n—p+1
e o T )
u p—pn—1
Proof: For every x = (x1,...,x,) € {0,1}", let
= (x},...,x,_) € {0, 1)1 be a vector of length n — 1

such that for 1 < i < n—1, x, = x; + x;41. Note that
wy(x) = p(x)—1. Let c(x’) denote the number of times that
two consecutive ones appear in x’, so we have c¢(x’) = u(x).

Let x be a vector of length n such that p(x) = p and
ux)=pu,where l < p<nand0 < u < p—2. Assume the
vector x” has p runs of ones of length hy, ..., hp. Then, first
we have that

14
> hi=wpx)y=p-1 (14)
i=1
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Every run of ones of length 4; in x’ contributes h; — 1 pairs
of two consecutive ones. Therefore,

p
>hi—1)=p.
i=1

Together, from (14) and (15), we conclude that p = p—u — 1.
Furthermore, the number of solutions to (14) (or (15)) is

15)

(”+5_1) = (p;z). For every solution hi,...,h,—,—1, let
ko,ki,...,k,—,—1 be the number of zeros between the

blocks of ones in x’, where ko > 0k, .. kp 2 =1,
and k,_, 1 > 0. Note that their sumis n—1—(p—1) = n—p,

and thus, under the above constraints, the number of
solutions to

p—u—1

Z ki=n—p

j=0
is (Ziﬁfll)

Finally, the number of options to choose the vector x’ is the
number of solutions to choose the runs of ones A1, ..., 7y ;1
and runs of zeros ko, ..., k,—,—1. Every choice of the vector
x’ determines the vector x up to choosing whether it starts
with zero or one. Therefore, we get

_ p—2)(n—p+1)
No(p, 1) =2 .
(p, 1) ( u b1

Next, the main result in this section is proved.
Theorem 19: The vector w = (wx)xeo,1yn-1 defined by

| if px) <1
* ﬁ (l - /ﬁlg))z) otherwise

is a fractional transversal.

Proof: Let x be a length-n binary vector with p runs and
U middle-l—mps. We neeq to slllow that ZyeBD,l(x) wy > 1.
It can be verified that this claim holds for p = 1,2,3 or
# = 0,1 and thus we assume for the rest of the proof that
p =4 and u > 2. Note that for a fixed p, w, decreases when
[ increases.

If a vector y € Bp,1(x) is received by deleting a middle-
I-run bit then p(y) = p—2 and u — 3 < u(y) < u—1.
Otherwise, p(y) = p and u(y) < u 4+ 1 or, if it is the first or
last bit which is a single-bit run, p(y) = p—1 and u(y) < u,
however, the worst case in terms of the value of w, is achieved
for p(y) = p and u(y) = p + 1. Therefore,

-1 — 1
3wy /12(1_(ﬂ_2)2)+(p ﬂ)(l_#t )

YEBp,1(x) P P P P

_ 2p plp—=1) pw+1  pu(p+1)

=1+ N 32 3

plp=2) (p—=2) p p

and thus it is enough to show that for p > 4,2 < u < p —2,

2 -1 +1 +1

mo o pu 2)_#2 +#(/x2 )20’

plp=2) (p—=2) p p:
or
N N .
plp=2) p> " (p=23 wp? p3
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TABLE VIII
DELETION CHANNEL COMPARISON

[ n [ MB[16] | ASPV [ Theorem 20 | GSPB [16] [ LB [25] |
5 7 5 7 6 6
6 12 9 12 10 10
7 21 16 20 17 16
8 36 28 35 30 30
9 63 51 61 53 52
10 113 93 109 96 94
11 204 170 197 175 172
12 372 315 358 321 316
13 682 585 657 593 586
14 1260 1092 1212 1104 1096
15 2340 2048 2251 ? 2048
16 4368 3855 4202 ? 3856
17 8191 7281 7882 ? 7286
18 15420 13797 14845 ? 13798
19 29127 26214 28059 ? 26216
20 55188 49932 53202 ? 49940
21 104857 95325 101163 ? 95326
22 199728 182361 192850 ? 182362
23 381300 349525 368478 ? 349536

The function
u— 1 u+1
f =t — -
(p=2% wp* p3
in the range 2 < x4 < p — 2 is maximized either when u =2
or 4 = p — 2 and thus we need to show that

2 1 1 1 3

- A~ 9 2 o A7 + - _’
plp—=2) p>~ (p—=2% 2p* p3
and
2 1 -3 1 -1
T 27 - 3+ 2 g 3
plp=2) p>" (p=2° (p—2p p
which holds for all p > 4. |

For a vector x with p runs and ¢ middle-1-runs, we denote
its weight by w(p, i), as specified in Theorem 19. From
Lemma 18 and Theorem 19 we conclude with the following
upper bound on 7*(H(Gp, 1)).

Theorem 20: The value t*(H(Gp, 1)) satisfies

n—1p=2

T*(H(Gp, 1) <2+ DD Nao1(p, ww(p, p).
=2 u=0
Proof: We calculate fhe ﬁpper bound on *(H(Gp, 1))
according to the fractional transversal from Theorem 19,
W = (Wx)yeqo,1y-1- Every vector x is assigned with a weight
wy = w(p, 1) according to its number of runs p and number
of middle-1-runs . Thus, we get this upper bound to be

n—1p-2
D we=24> > Nuilp, wlp, ).
xe{0,1}7-1 p=2 u=0

|

Table VIII summarizes the results of the different bounds
discussed in this subsection. MB corresponds to the equivalent
of the monotonicity upper bound, which is the value 2;%12
from [16]. ASPV corresponds to the average sphere packing
value % from Lemma 17. The third column is our upper
bound results from Theorem 20. The column titled GSPB [16]
is the exact value of 7*(H(Gp, 1)) from (13), which this

linear programming problem was numerically solved in [16]
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for n < 14. Since this linear programming has a large number
of constraints and variables it is numerically hard to solve
it for larger values of n. The last column LB corresponds
to the lower bound, which is the best known construction of
single-deletion codes from [25]. We notice here that the single-
deletion codes from [25] show that the ASPV is not a valid
upper bound in case n is not of the form 2™ — 1. However,
we also note that it depends on the choice of the hypergraph.
As mentioned earlier, if the hypergraph consists of all binary
vectors of length n — 1 and n then the ASPV would have been
a valid upper bound.

B. Grain Errors

The grain-error channel is a recent model which was studied
mainly for granular media with applications to magnetic
recording technologies [28], [29]. In this medium, the infor-
mation is stored in individual grains and every grain can
store a single information bit according to the polarity of
the grain. However, it may happen that a single grain holds
more than a single information bit (we assume here two),
in which case the polarity of the cell is determined by the
last bit that was written to it. Thus, if the value of the two
information bits sharing the same grain is not the same then
one of them will be in error, called grain-error. We will follow
the model studied by previous works which assume that the
first bit smears its adjacent one to the right. There are several
recent studies of this model which analyzed its information
theory behavior [12], proposed code constructions, and upper
bounds [10], [13], [17], [20], [21].

The grain-error channel for a single grain-error is very
similar to the single deletion setup in the sense that in both
case the size of the radius one ball depends only on the number
of runs in the center of the ball. However in this case the length
of the received words remains the same. The graph describing
this channel model is G = (Xg, Eg), where Xg = {0, 1}"
and

Eg ={(x,y): x,y €{0,1}", and there exists 2 <i < n
such that y = x + ¢; and x; # x;—1},

where ‘+’ denotes modulo 2 addition. The radius one ball
for some x € {0, 1}" is the set Bg,1(x) = {y € {0,1}"
(x,y) € Eg}. The hypergraph for the single grain-error
channel becomes H(Gg,1) = (XgG.1,€6,1), where
X1 = {0,1}" and &G,1 = {Bg,1(x) x € {0, 1}"}.
Finally, the generalized sphere packing bound for the single
grain-error channel is

*(H(Gg, )

:minI D owe: > wy>1,Vxe{o,1}"].

xef{0,1}" Y€Bg,1(x)

The size of the ball Bg,(x) can be given by
degg 1 (x) = p(x), where, as before, p(x) is the number
of runs in x. It is also verified that if y € Bg,1(x) then
p(¥) < p(x) and thus the graph Gg satisfies the monotonicity
property. These results were verified both in [10] and [13] and

showed that the vector w = (wy)xefo,1}» given by wy = ﬁ,
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is a fractional transversal. Accordingly, the corresponding
upper bound, called here the monotonicity upper bound, on
t*(H(Gg, 1)) becomes

2n+1 _2
MB(Gg, 1) =

This bound is slightly improved in [10] by noticing that if
there is a code with odd number of codewords, then there
exists a code with one more codeword, and thus this upper
bound becomes 2| znzln_zj .

The average sphere packing value in this case is calculated
in the next lemma. The proof is omitted since it is identical
to the one of Lemma 17.

Lemma21: The average sphere packing value of the graph

GG forr=11s

n+1

ASPV(Gg, 1) =

Note that very similarly to the deletion channel, the

fractional transversal given by the monotonicity property

is suboptimal. We carry similar steps as in the previous

subsection in order to give a better fractional transversal, stated

in the next theorem.

Theorem 22: The vector w = (wy)xe{o0,1) defined by

1 .
oy — @ o iIfux)<l,
- e .

I63) (1 - p’(x)z) otherwise,

is a fractional transversal.

Proof: Let x be a binary vector of length n with p runs
and u middle-1-runs. We will show that ZyeB(;,l(x) wy = 1.
As in the proof of Theorem 19, it is possible to verify that this
property holds for p = 1,2,3 and ¢ = 0, 1, so we assume
that p > 4 and u > 2.

If a vector y € Bg,1(x) is received by a single grain-error
of a middle-1-run bit then p(y) = p —2 and u(y) < u — 1.
Otherwise, p(y) = p and u(y) < u + 1 or, in case the last
bit errs, p(y) = p—1 and u(y) < u, however, the worst case
is achieved for p(y) = p and u(y) = u + 1. Hence, we get

1 )2 U u—1
2 wy>;(1_?)+p—2(l_(p—2)2)

Y€BG,1(x)
—nu—1 1
Gl )] (1 _kt )
p p
2 -1 1 1
S g 2K A 2)_/H; +ﬂ(u;r ).
plp=2) (p=2) p p

The rest of the proof is identical to the proof of
Theorem 19. [ ]

Finally, we conclude with the following theorem.
Theorem 23: The value t*(H(Gg, 1)) satisfies

n p——2
T(HGo, D) <24 > > Nalp, 0)w(p, ).

=2 u=0
Table IX summarizes ptheﬂ improvements and results
discussed in this section on the cardinalities of single-
grain error-correcting codes. In the last column we gave the
cardinalities of the best codes known to wus taken
from [10], [20], and [21]. The best known upper is given
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TABLE IX
GRAIN-ERROR CHANNEL COMPARISON
\ n H MB [10], [13] \ ASPV \ Theorem 23 \ Best UP \ LB \

5 12 10 12 8 120] 8 120]

6 20 18 20 16 [20] 16 [20]

7 36 32 34 26 [20] 26 [20]

8 62 56 60 44 [20] 44 [20]

9 112 102 108 88 [21] 72 [21]
10 204 186 196 176 [21] 112 [21]
11 372 341 358 352 [21] 210 [10]
12 682 630 656 682 372 [21]
13 1260 1170 1212 1260 702 [10]
14 2340 2184 2250 2304 [22] 1272 [21]
15 4368 4096 4202 4368 2400 [10]
16 8190 7710 7882 8190 4522 [21]
17 15420 14563 14844 15420 8428 [21]
18 29126 27594 28058 29126 15348 [10]
19 55188 52428 53202 55188 27596 [10]
20 104856 99864 101162 104856 52432 [10]
21 199728 190650 192850 199728 99880 [10]
22 381300 364722 368478 381300 190652 [10]
23 729444 699050 705510 729444 364724 [10]

in the column before last. For 5 < n < 11 it is taken
from [20] and [21], and for n = 14 is a result from [22].
All other values in this column are the ones calculated by
the monotonicity upper bound [10], [13]. For 12 < n < 23,
Theorem 23 improves on the best known so far, that is the
monotonicity upper bound and the result for n = 14 from [22].

VII. PROJECTIVE SPACES

In this section, we explain an example where there is
no monotonocity property, yet we benefit from the graph
automorphisms and we simplify the linear programming again.

Koetter and Kschischang [15] modeled codes as subsets
of projective space F”, the set of linear subspaces of F”, or
of Grassmann space G(n, k), the subset of linear subspaces of
IFZ having dimension k. Subsets of IFZ are called projective
codes and similar to previous sections, it is desired to select
elements with large distance from each other.

Let us first introduce the graph Gp = (Xp, Ep) for the
projective codes, where X p is the set of all linear subspaces
in IFZ and

Ep={{x,y}:x CyorycCux, and |dim(x)—dim(y)| = 1},

and using the path distance dp(x, y) defined on graph Gp we
define

Bpr(x)={y € Xp:dp(x,y) <r}.

The corresponding hypergraph is H(Gp,r) = (Xp,r,Ep,r),
such that Xp, = Xp and Ep, = {Bp,(x) : x € Xp}. The
generalized sphere packing bound becomes

t*(H(Gp, 1))
Z w(x):Vx € Xp, Z wy = 1, wy 20].

= min [
xeXp yeBp,(x)

Assume x; and xp are elements in Xp with same
dimension k. There exist an injective linear transform
T : F; — [, mapping the basis of x; into a basis
for xp. Note that x C y if and only if 7(x) C 7(y).
Therefore, all such linear transforms are automorphisms
on Gp, which means for any x;,x, € Xp of the same
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TABLE X
PROJECTIVE CODES: UPPER BOUNDS AND WEIGHTS FOR 1 = 1

’ n H wy, Wy, - ,w’[%J ASPV GSPB ‘ [1] ‘

2 1,0 1 1 -

3 1,0 3 2 -

4 0.83,0.17, 0 8 6 6

5 0.67, 0.34, 0 30 22 20

6 0, 0.30, 0.07, 0 159 132 124
7 0, 0.29, 0.15, 0 1142 834 776
8 1, 0, 0.14, 0.03, O 11364 9460 9268
9 1, 0, 0.13, 0.07, 0 157860 116656 107419
10 1, 0, 0, 0.066, 0.016, 0 3073031 2566390 -

11 1, 0, 0, 0.065, 0.032, 0 | 84047153 | 62462160 -

dimensions, there exist an automorphism mapping one to
another and they are in a same equivalence class. So we assign
a same transversal weight to all the subspaces with the same
dimension. We also need to find the size and the distribution
of elements in Bp ,(x). The general formula is given in [7]
but we only study the case r = 1. Given x with dimension
k in X p, there are [kfl]2 = 2K — 1 subspaces of dimension
k —1in Bp 1(x), where

n B (2n _ 1)(2n—1 _ 1) . (Zn—m+1 _ 1)

ml, @ —-DER"I-1---2' -1

is the number of subspaces of dkimension m in a space of
dimension n. There are also 2”;,(2 = 2% _ 1 subspaces of
dimension k + 1 in Bp 1(x) that include x. Therefore, there
are (28 — 1)+ (2" — 1) + 1 elements in Bp_(x). And,
" (H(Gp, 1))

n

:min[Zwk[n} :VOSkSn,wk—i—(Zk—l)wk,l
k=0 kls

+ Q" — Dwgsgr = 1w > 0]. (16)

It is also shown that there exist automorphisms mapping
a fixed subspace of dimension k to a fixed subspace of
dimension n — k (see [3].) So, subspaces of dimension k and
n—k are also in same equivalence classes and we assign same
weights to them. Note that [2]2 = [nfk]z' So, we can benefit
from the symmetry and we set wy = w,—¢ to halve both the
number of constraints and the number of parameters in the
linear programming.

Optimal transversal weights for n < 11 are listed in Table X.
To avoid repetition we only list the first half of the optimal
transversal weight in the second column. The third column is
the average sphere packing value (ASPV) and the fourth col-
umn is the generalized sphere packing bound, which together
validate the ASPV as an upper bound on the size of the code
forn < 11 and r = 1. The last column is the best known upper
bound from [1], which uses the semidefinite programming to
improve the best previously known upper bounds from [7]
for projective codes. While the GSPB is not smaller than the
already existing upper bound, it is easy to derive it for all n as
the linear programming in this case is solved and the optimal
solution is given, see (17) below.

It is interesting to see that winy = 0 for all n > 2,

which is not surprising since [LZ J]2 is the largest multiplier
2
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in the cost function. This leads us to a greedy approach of
starting from the middle, which has the highest impact on cost
function; minimizing it, i.e. wigy = 0; and moving toward
the tails by picking the least possible value that satisfies the
constraints. We call it as the greedy weight assignment, which
is expressed as

* —_—
wrny =0,

and for all k: 0 <k < L%J,

I —wp - @it - Dwi,,
2k+1 _q

,0]; a7)

*
wk—maX[

But, if w; = w} =0, we reset wy to 1.

Finally, we use the symmetry and set w; = w,_,.

It is clear that the greedy output has the transversal property
and lies in the feasible set. The following theorem also
shows the optimality of the greedy assignment in (17)
(See Appendix B for the proof.)

Theorem 24: Let Gp be the associated graph with projective
code when ¥y is the space and wW* be defined as (17), then

T (H(Gp, 1)) = Zw"m .
2

k=0

VIII. CONCLUSIONS AND DISCUSSION

This paper follows up on a recent work by Kulkani and
Kiyavash for deriving upper bounds on the cardinality of
deletion-correcting codes. We study this method in order
to give a generalization of the sphere packing bound. This
scheme can provide an upper bound on the cardinality of
codes according to any error channel. The main challenge
in deriving this upper bound is the solution of a linear
programming problem, which in many cases is not easy to
find. We found this solution for the Z channel and projective
spaces in case of radius one. In the other setups studied
here, namely the limited magnitude, deletion, and grain-error
channels, we didn’t completely solve the linear programming
problem but found a corresponding upper bound, which is
a valid upper bound on the codes cardinalities in each case.
Thus, solving the linear programming, in order to find the
generalized sphere packing bound for each error channel, still
remains an interesting open problem. We lastly also mention
that other error channels can be studied as well using the
method presented in the paper.

APPENDIX A
OPTIMAL TRANSVERSAL WEIGHT FOR Z CHANNEL

In this section, we first complete the proof of the transversal
property for the proposed transversal weight assignment w*
in (8) by using Lemma 25 to prove Theorem 10. Next, we
show that this choice of w* is also the optimal transversal
assignment for the Z Channel and hence the generalized sphere
packing bounds in Tables I, II, III, and VI are the bests one
can get with this method.

Lemma 25: For all r € N, |D,,| < 2r)y™—"+1,
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Proof: The proof is based on induction on m. Let us
assume |D;| < (2r)! "+ for all i < m — 1. Therefore,

r! r! r!
Dy, = _(mDml + mDmfz +- 4+ _!Dmr)

0
< r'|Dm—1] r!'|Dm—2| o | Dp—r|
S o= (=2) 0!
- R0 L AT ()8 Uil ri@rym—2r+l
S =1 (r—2)! 0!
_ (2r)’”_’+1 rl@2r)~! r!(2r)_2 r'Q2r)="
N r—10" " (r-2) 0!
< (zr)m—r+1(2—1 + 2—2 4t 2—r)
< (zr)m—r+1.

| ]

Now, we are ready to prove Theorem 10.
Theorem 10 (Recall): Let w* be the transversal weight
assignment defined in (8). For all k > 3r — 1 we have

wz > rlk! y—(—k=r) 0.

0!
Proof:
n
Dpy—g—1
wy = rlk! z mm'
m=r+k
1 “ Dy—k—1
it 3, 5)
(I” + k)' m=r+k+1 m!
k! " Dy k)!
rk'(l_ z Imk1|'(r+))
(r+ ) m=r+k+1 -
k! z Dip—k—
vlm(“_ ZZJJQEi)
’ m=r+k+1
k! Z 2p)ym—r—k
J#m(y‘ Z:EJQJ%)
: m=r+k+1
—k—
__rlk 1_” r2,m _ TR ken
(r + k)! o (r + k)! ’

(18)

where (18) comes from Lemma 25. In other words, for
k > 3r — 1, the first term in (8) is greater than the sum of the
absolute values of the remaining terms and they cannot cancel
it out. [ ]

The idea behind the optimality proof is to write the cost
function f(w) as a non-negative linear combination of some
other cost functions denoted by f;(w) and show that w* is a
feasible point which minimizes them all, and hence w* also
minimizes the cost function f(w) and it is the desired optimal
solution.

Let us define the cost functions f;(w) for all 0 <i < n as

Se(w) = wo k=0,

4 k
ﬂm=zw%:9
i=0
fi(W) = wy

Vi<k<<n—r,

Vn —r <k <n.
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From (7), any feasible w should satisfy

fk(w)> V1 < k n—r,
Se(w) =0 Vn—r <k<n

And, w = w* gives us equalities in all of them. We are
required to show w* also minimizes f(w), where

Fon =3 w (”)
i=0

In order to prove the optimality, we show f(w) can be
written as

fw) =yofow) +y1 (W) + -+ yu fu(W),

where y;’s are some non-negative constants. Hence, for any
transversal weight w we have

FW) = yofo(w") + y1 fi(W*) + -+ + yu fu(WF)
=yo+yi1+--+ Yn—r :f(W*)

We first show that the choice of y is unique. Then the
problem reduces to show the non-negativity of y. Note that
the cost functions f;(w) are inner products of w with some
non-negative vectors m;, i.e. fj(w) =< m;, w >, where

1 ifi=j=0,
1 ifi=j,andn—r<1< n,

mij = (ijr) ifl<i<n—randi <j<i+r,
0 otherwise.

Now, if we form the (n + 1) x (n + 1) matrix M with
elements {m; ;}, the problem of finding y will be equivalent
to solving M"y = ¢, where ¢ = ((g), (1), -+, (!)). M is an
upper triangular matrix with non-zero elements on the main
diagonal, and hence M is non-singular and the solution is
unique. Since M is upper triangular, M7y = ¢ gives us the
following recursions on y;’s

yo=1,
Vi:1<i<n-—r,
i—1

>

r+j
( . )yj); (19)
j=max{i—r,1} !
n—r .
n r+jJ
yi:(i)_ > (z‘)”’

j=max{i—r,1}

And,

Vi: n—r <i <n.

Lemma 26 gives an explicit formula for y; when
0 < k < n —r, which again uses the sequence D; defined
in (10). We present the proof at the end of this subsection.
Lemma 26: If y is the solution to MTy = ¢, then

yo=1, andforalll k < n—r we have

r! n!
= D— — ] .
" (k+r)!n§(n_m)!
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Let us benefit from a simple change of variables to get

n—k

. (n—k+r)! Dy f—m+r—1
e S 2
—k—1 —k—1
_nz Dintr-1 _l+nz Dintr—1
- 1 k! 1’
— m+k)! k! — (m + k)!

which is proven to be positive if k > 4r — 1 by using the same
argument as w,f > 0 when k > 3r — 1 in (18). Also, we can
verify zx = 0 for the values of r < k < 4r — 2 by finding
some numbers nj{ such that

!
3

Dprgr—i— 1 & (2r)m
Z m+r‘k 1 > - k(ezr_z(r)‘ )’
— m! 2r) i

and we get z; > 0 for all n > nj because

n—1

Dpyr—i—1
e
m:

m=k
n n—1
_ Zk Dyr—k—1 + Z Dintr—k—1
N m! m!
m=k m=ng+1
ng n—1 —k
Dpyr—i—1 (Zr)m
> —mrrere
= Z m! z m!
m=k m=ng+1
ng 00
N Z Dipyr—k—1 _ 1 Z (2r)"
— m! (2r)k 4 m!
m=k m=nj—+1
nk 2 ng - @2r"
— Z Dm+r—k—1 . e " - Zrnz() (T)Y > 0
m! (2r)k -
m=k

Finally, we check the values of z; for the finite set of
k <4r —1and n <nj.
In order to show y; > O for k > n — r, we rewrite the
expression for y; when k > n —r as
>

= () ()
k Jj=max{k—r,1} k !
n n
- ()= ()
n—p
)’nrp( k ),

n—1
—ynri e —
where n —r — p = max{k —r, 1}. So, yx > 0 is equivalent to

n—r

Yn—r

D, 00
W0

> 0 forall i

<1-

n—r—2 —

By assuming y; > < n—r and the recursive formula

for y;’s, we have

i ()]
(

Yn—r—1— Yn—r—2—
W) L)

= <';:f§
j

:1_

Yn—r

Yn—r—1—
T A

Yn—r—-2—
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where n —r —q = max{n—2r, 1} < max{k—r, 1} =n—r—p.
Now, it suffices to show
—t —¢
(") _ Go) (n =k r!
AR
= n—-k(n—k-1)---n—k—0 <r@r—1---(r =0,

which always holds since n — k < r. In short, for any fixed
radius, one can verify the optimality in a very same fashion as
feasibility by just proving zx > 0 for all r < k < 4r — 2 and
the non-negativity of the remaining y;’s follows immediately.
Doing so, we proved the optimality of our transversal weight
assignment for all » < 20. _

Proof of Lemma 26: We define sequences {yi] (n)} for
1<j<n—ras

vl () =0, 1<i <,
r4j . nlr! .

v = (1)/( j )_(r+j)!(n—j)!’ ‘=

i i—1 (r+€)

vl (n) = > /(n) j<i<n—r;

{=max{i—r,1} ( )

And, define yl/(n) as y/(n) = Z] |y J(n). 1t is easy to see
that for all 1 <i < n —r we have
r++¢
("7 i

(,;,.) () .

So, y! is nothing but the exact sequence y; defined in (19).
Now we use the variable change

i—1

>

{=max{i—r,1}

yi(n) =

ol = v+ i "I

to get the recursion for (5{ (n) as

AR bsi<i,

o m =1, i=J

6/(n) 9 (n) . 9, (n) =0, j<i<n-—r
r! (r=1! 0!

We observe that 5{ (n) is also equal to D;_jy, | defined
in (10). Substituting this value in the formula for y’ gives
the desired:

n—r
Yi = Zylj (n) =
j=1

n'r!

Jj
Z‘S e T

n—r

r! n!
- (r—i—i)!jz_;(n—j)!D

i—j+r—1

l
r! n!
— D._. 1.
(r—l—i)!j;(n—j)! -l

APPENDIX B
OPTIMAL TRANSVERSAL WEIGHT
FOR PROJECTIVE CODES

The idea behind the proof is to again write the cost function
Fw) =27 _owk [2]2 as a non-negative linear combination of
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some other cost functions f;(w), where w* minimizes them
all and so minimizes the cost function f(w). We benefit from
the symmetry in the optimal transversal i.e. w; = w}_, so
we limit the discussion to k < L%J. Let us define the cost
functions f(w) as

W) = wiep1 + Q1 — Dwg + Q" — Dwgeya,

if Kk = [n/2] — 1(mod4) or k = [n/2] — 2(mod4) and
otherwise
Jie(W) = wy.
with the only exceptions of
flw) = wimy + @ = D + @71 = Dwea, (20)
if k= % for n even, and
Je(W) = wo + w1 (2" = 1), 21

if k=0and |5] # 1 or 2 (mod4).

The idea is to writt f(w) = Dj_quwx[f], as
> i—o Yk fx(W), where y;’s are some fixed non-negative real
numbers. Note that all cost functions f;(w) take their mini-
mum values on w*. So, the non-negativity of y (for all k) is
enough to have the optimality of w* for f(w).

Assume that k is given such that

kEL%JH mod 4,

and non of the indices in {k,k — 1,k — 2, k — 3} fall into the
two exceptional categories in (20) and (21). We have,

Je(w) = wy,

Se—1(W) = w1,

feea W) = w2 QK1 = 1) + w1 + w7 = 1),

fie3(W) = w3 (22 — 1) + wp—n + wp— 2K - 1.

It is easy to see that {wg, wr—1, wgx—2, wx—3} show up only
in these f;(w)’s. Comparing the corresponding coefficients
in f(w) results in the following system of equations for
V> Yi—1, Yi—2, and yg_4:

n _
[ = Yk + yk—2 2V 1)
k1,
S i
= Vi1 4 Y2 + ye3 22 1)
Lk —1],
" = 2 = 1) + s
[k =21,
-
= 322 = 1).
—3], =% 3( )

And, the solution to the system of equations is given by

Vi3 = [k—3} /@71 >

Vi—2 = ([k . 2} - yk—3)/(2k_1 -2)2>20

n
Vi—1 = [k 1} — k2 — k3@ 1 >0
— 11
n n—k+1
Vi = [k} — k22 -1 =0.
2
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The story is not much different on the edges i.e. where yg
or yu) are involved. Due to the symmetry, the non-negativity
of the first half of the y is followed by the non- negat1v1ty of
the other half. So yx (Vk) are all non-negative and w* is the
optimal transversal weight.
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