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ABSTRACT Various methods have been proposed for the construction of balanced run-length limited codes.
Amongst these methods is the enumerative coding approach by Kurmaev. The advantage of this approach
is that the code has maximum cardinality and thus approaches capacity with increasing codeword length.
However, enumerative coding has the disadvantage of becoming prohibitively complex for large codeword
lengths. We propose an alternative enumerative coding method that reduces the encoding and decoding
complexity. We call it quasi-enumerative coding as it does not follow a strict lexicographic order, but retains

a one-to-one mapping between rank and the corresponding balanced run-length limited codeword.

INDEX TERMS Enumerative coding, balanced codes, run-length limited codes.

I. INTRODUCTION

Constrained codes are an important class of codes that impose
beneficial constraints on the encoded data with various
applications in magnetic and optical storage media [1], [2],
[3]. Examples of such codes include run-length limited
(RLL) codes, which limit the number of consecutive zeros
between ones, and balanced codes, where the number of
zeros equals the numbers of ones in each codeword. In the
case of RLL codes, the minimum run-length constraint limits
inter-symbol interference, while the maximum run-length
constraint ensures sufficient transitions for clock recovery.
Balanced codes are an instance of spectral-shaping codes
where the low frequency region of the spectrum of the
encoded data is suppressed or reduced.

Balanced RLL codes consist of codewords which are both
balanced and run-length limited simultaneously. Examples of
such codes in literature include the codes by Immink et al. [4]
and Palunci¢ et al. [5] which are based on adaptions of
the Knuth’s balancing procedure for random (non-RLL)
binary sequences [6] extended to RLL sequences, and the
enumerative coding approach by Kurmaev [7]. While the
codes based on Knuth-like balancing of RLL sequences are
well suited to long codeword lengths due to the simplicity of
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the balancing method, they are not of maximum cardinality
and also require the addition of a suffix to identify the
balancing point. The advantage of enumerative coding by
Kurmaev is that the codes include all possible balanced
RLL codewords resulting in maximum codebook cardinality.
However, it has the disadvantage of being prohibitively
complex in terms of computation and/or storage requirements
for larger codeword lengths.

Manada and Morita [8] prove that the capacity of balanced
RLL codes is equal to that of the corresponding RLL codes.
Hence, the addition of the balancing constraint to RLL
sequences does not alter the resultant capacity. Furthermore,
Palunci¢ and Maharaj [9] use bivariate generating functions
to count the exact number of balanced RLL sequences of a
particular length.

In this paper we present various enumerative coding
constructions which reduce the encoding and decoding
complexity as compared to the enumerative coding technique
of Kurmaev. The first proposed construction has maximum
cardinality assuming that codeword boundaries coincide with
run-length boundaries. The second proposed construction is
an adaption of enumerative coding of permutation RLL codes
developed by Milenkovic and Vasic [10]. The third construc-
tion is a simplified version of the previous construction. The
cardinality, i.e., the code rate, of the constructions decreases
from the first to the third; however, the encoding and decoding
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complexity decreases from first to the third. Therefore, there
is a trade-off between code rate and complexity between the
three constructions.

Traditional enumerative coding adheres to a strict lexi-
cographic ordering of the codewords. The novelty of the
approach proposed in this paper, which we term quasi-
enumerative coding, relaxes the strict lexicographic order-
ing but retains a one-to-one mapping between index and
codeword. This relaxation allows for the construction of
more efficient codes in comparison with existing enumerative
codes in literature.

This paper is organized as follows. Preliminary concepts
and notation are introduced in Section II, while results perti-
nent to balanced RLL codes are summarized in Section III.
The quasi-enumerative coding constructions for balanced
RLL codes are presented in Section IV. Section V presents a
performance comparison in terms of complexity and code rate
efficiency and the paper’s concluding remarks are contained
in Section VI.

Il. PRELIMINARIES AND NOTATION

Letx = (xjx2...x2,) € {0, 1}%" be a (d, k)-constrained
word. A word is said to be (d, k)-constrained if two
consecutive 1s are separated by at least d and at most k Os.
Assume that a (d, k)-constrained word x is obtained through
the concatenation of the valid segments

100...0,1000...0,...,10000...0,
—— ——— ————
d d+1 k
where the lengths of these segments are in the set {d + 1,
d +2,...,k + 1}. These segments are referred to as run-
length segments. Hence, it is assumed that x; = 1 which

means that (d, k)-constrained words x can be concatenated
without violating the (d, k) constraints. A (d, k)-constrained
word x can also be represented as a (d + 1,k + 1)-RLL
wordz = (2122 ... 20m) € {—1, +1}?" viaa simple bijective
mapping [4]

Zi=2Zi-1®x;,
zi =2z —1,
and
xi = (=zi-1zi + 1)/2,

where 1 < i < 2m, %9 £ 1 and @ denotes modulo 2 addition.
Clearly, x; = 1 corresponds to a transition from —1 to +1 or
vice versa from z;_1 to z;, while x; = 0 corresponds to no
transition. It should be noted that in the concatenation of
(d, k)-constrained or (d 4+ 1, k4 1)-RLL words, the definition
of Zg is only required for the first word, where for subsequent
words the role of Zg is taken over by the last bit of the previous
word.
Let w(x) denote the weight of x, i.e.,

2m
w(x) & Zx,-.
i=1
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Clearly, w(x) equals the number of run-length segments in x
and the number of runs in z. The digital sum or charge of z is
defined as

2m
A
o(z) = ZZi~
i=1

A (d, k)-constrained word x is said to be balanced if
o(z) = 0, i.e., if z has an equal number of —1s and +1s.

A (d, k)-constrained word or its equivalent (d + 1,k +
1)-RLL word can be uniquely represented in terms of
the run-length segment or run lengths. Consider a (d, k)-
constrained word x consisting of w(x) run-length segments.
Then p"’(x) = (p{pY...p}) € {d+ 1,d +2,... .k +
1} is the run-length representation of x where p!, 1 <
i < w, is the length of the ith run-length segment in x.
Equivalently, p;" is the length of the ith run in z. For
our purposes, a more amenable run-length representation is
px) = (p1p2...ow) = ") —[d+ 11" € {0, 1,...,r —
1}, where r 2 k — d + 1 and the notation [a]” denotes a
word consisting of w symbols a. It is clear that for a given
run-length representation p of x, the length of x is

w
wid + 1)+ pi
i=1
For convenience, in the remainder of the paper, the argu-
ment x will be dropped and w(x) and p(x) will only be
denoted as w and p, respectively.
The notation (.,.) is used to denote the interleaving/

deinterleaving operation. More specifically, if o) =
IDING! 1 2) @ 2

(,oi ),oé )...pfv(a)) and p@ = (,of )pé )""Oy(v<)2>)’ then the

interleaving operation, which produces the interleaved

word p, is defined as

P = (01020304 . . . Pyw—1Pw)

= (", p?)
M 2 (1) (2) 1 @2
Z(Pl P1 Py Py ~--PW<1)PW(2))
if w) = w® or

P = (1020304 - . . Pw—1Pw)

= (", p?)
1 @ (1) (2 (D 2 (1)
:(pl P1 Py Py --~:0W(|)71,0W(2>:0W(|))
it wh = w® 4 1, where w = w® + w®, Therefore,

all the odd indices in p are composed from p(! and all the
even indices in p are composed from p®. Conversely, the
deinterleaving operation produces the subwords p!) and p®
from p = (p102 . .. py) and is denoted as (p(V, p@?) = p.
Example 1: Consider the (1, 3)-constrained word

x = (101000100100100010100100).
Then

z=(-—++++-———+++—-
——++-——+++)
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where ‘+’ denotes ‘+1° and ‘—’ denotes ‘—1°. Clearly,
z is balanced as it contains an equal number of ‘+’s and
‘—’s. The run-length representation is p = (02112011) =
((0121), (2101)). O

Ill. BALANCED RLL CODES
Restricted integer compositions play a fundamental role in
counting the number of balanced RLL words and also form
the basis of one of the quasi-enumerative coding schemes
presented in the next section. Hence, restricted integer
compositions are formally defined.

Definition 1: A restricted composition of an integer n is a
sequence (p} o, . . . p;,) of integers, where p; € {1,2,...,r},
1 <i < w, such that

oL+ Py + ...+ P, =n

Let R(n, w; r) be the number of such compositions. It is
known that [11, Eq. (42)], [12, p. 441]

w

Rouwir) = > (1) (;”) (” e 1). (M

j=0

If we consider a (d, k)-constrained word x consisting of
w run-length segments, by removing d zeros from each
run-length segment, the equivalent of a restricted integer
composition is obtained. If p’ £ (p{p}...p}), then p’ =
o+ [11¥ = p’’ — [d]". It is easy to see that the number of
(d, k)-constrained words x of length m consisting of w run-
length segments is R(m — wd, w; k — d + 1). We note that
the expression for R(n, w; r) from (1) can also be obtained
from the formula for A(d, k, r) [7, Eq. (9)], the number of
(d, k)-constrained words of length n, weight v, and at most r
trailing zeros, by setting r = 0 (removing the trailing run of
zeros), w = v — | (removing the trailing run-length segment),
m = n—1 (removing the 1 of the trailing run-length segment),
andr=g=k—d+1.

In [9], bivariate generating functions are derived which
count the number of balanced RLL words of a particular
length. The derivation is based on the observation that any
balanced RLL word can be obtained by interleaving two RLL
words of equal length and consisting of:

1) the same number of run-length segments, or

2) differing by one in the number of run-length segments.
More precisely, any balanced (d, k)-constrained, or (d + 1,
k + 1)-RLL, word p of length w can be obtained by
interleaving p" of length w(! and p® of length w®, i.e.,
o= (pWM, p?), where w = w) + w® and

W e

pIVEED e
i=1 i=1

INote that the variables n, v and ¢ follow the notation from Kurmaev’s
paper, which are equivalent to m, w and r here. The r (number of trailing
zeroes) from Kurmaev’s paper should not be confused with  in this paper
(alphabet size for the run-length representation).
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when w) = w®_ and

W e

d+1+> p" =2 p
i=1 i=1

when w) = w®@ 1.

Let B(2m,d,k) be the number of balanced (d, k)-
constrained words of length 2m. Noting that a (d, k)-
constrained word of length m can consist of at least wyj, =
7171 and at most wmax = |z77] run-length segments,
it follows that

B(2m, d, k)
= Rz(m — Wmind, Wmin; kK —d + 1)
Wmax
+ > (Ron—G-1d.i—1ik—d+1)
i=Wmin+1

X Rm —id,i;k —d+1)
+Rm—id, ik —d+ 1)).

Example 2: Consider balanced (1, 3)-constrained words
of length 20 (m = 10). Then, the weights of the interleaved
subwords can be

Forw = 3:
R(n,w; r) = R(m —wd, w; r)
=R(7,3;3)

()0
-()6)-()6)

=15-9=6,

and forw = 4:

R(n,w; r) = R(m —wd, w; r)
= R(6,4;3)

S0
(0

and forw = 5:

R(n,w; r) = R(m —wd, w; r)
=R(5,5;3)

39377



IEEE Access

F. Palunci¢, B. T. Maharaj: Quasi-Enumerative Coding of Balanced Run-Length Limited Codes

TABLE 1. List of all (1, 3)-constrained words of length m = 10 and weight
w e {3,4,5).

w=3 w=4 w=25
(022) (0002) (00000)
(112) (0011)
(121) (0020)
(202) (0101)
(211) (0110)
(220)  (0200)
(1001)
(1010)
(1100)
(2000)

-2 ()00
-(:)()

1.

OO IANWNPRWN—O

All (1, 3)-constrained words of length m = 10 and weight
w € {3, 4, 5} are shown in Table 1. Therefore

B(20, 1,3) = R*(7, 3: 3) + R(7, 3; 3)R(6, 4; 3) + R*(6, 4: 3)
+ R(6,4;3)R(5, 5; 3) + R%(5, 5; 3)
= 6%+ 6(10) + 10* + 10(1) + 12
=207,

which agrees with the value in [9, Tab. 1]. O

Let C(d, k) denote the capacity of (d, k)-constrained
codes. Zehavi and Wolf [13] show that the probability
distribution of run-length segment lengths of a maxentropic
(d, k)-constrained sequence is such that a run-length segment
of length i, d + 1 < i < k + 1, has a probability 27/C(@5,
They obtained this result using

. H(X15X25"-7Xl’l)
C(d, k)= lim sup ,
n—>0op oy EX1 + X2 +... +X,)

where X; is a random variable denoting the length of the
ith run-length segment, H is the entropy function, E is the
expectation operator, and the supremum is taken over all joint
probabilities P, (X) of the n random variables X1, Xa, ..., Xj,.
By showing that the X; are independent and identically
distributed, applying Lagrange multipliers they prove that
PX =i)=27Cdb g4 1 <i<k+1.

Let Cpa(d, k) denote the capacity of balanced (d, k)-
constrained codes. Manada and Morita [8] prove that
Chal(d, k) = C(d, k). This result can be more easily proved
using the approach of Zehavi and Wolf. Note that

Coal(d, k)

1. H(X], Y17X27 Y21 AR ’Xl’lv Yn)
= lim sup ,
n—>oop yy EX1+ Y1+ X0+ Yo+ ...+ X, + 1a)

where X; is the length of the ith odd-indexed run-length
segment and Y; is the length of the ith even-indexed
run-length segment, and the supremum is taken over all
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joint probabilities P,(X,Y) of the 2n random variables
X, Y,X,Y...,X,,Y,. In essence, Xi,X5,...,X, and
Y1, Y2, ..., Y, represent the run-lengths of the two inter-
leaved RLL subwords. For the resultant word to be balanced,
itisrequired that E(X1+Xo+. . .+X,,) = EY1+Y2+. . .4Y)).
Since the two RLL subwords represented by X1, X2, ..., X,

and Y1, Y2, ..., Y, are independent, it follows that
Coal(d, k)
. HXy, X5, ..., X)) +HY1,Y2,..., )
= lim sup
nsoop oy pyy EXi+...+X) +EX1+...+Y,)
. [ H(Xl’sz'-'5Xn)
< lim max{ sup ,
n—00 P,(X) E(X1 +X2++Xn)
HY,Y,,...,Y%,
sup ( 1, 12 n) ]’ (2)
N EX1+Y2+...+7)

where the inequality follows since

A+B
<
C+D ™~

A B
maxy—, —y, A,B,C,D>0.
C' D

Therefore, to maximize Cypy(d, k), either term in (2) needs to
be maximized. But, since both terms correspond to C(d, k),
it follows that Cpy(d, k) = C(d, k). It is worth noting that
both X and Y should have the same distributions to ensure
that E(X) = E(Y). Therefore, P(X = i) = P(Y =
i) = 27€(0 This gives the run-length segment length
distribution of the interleaved subwords for maxentropic
balanced RLL sequences, a result that will be leveraged in
the next section.

IV. QUASI-ENUMERATIVE CODING

Enumerative coding for constrained codes has the distinctive
appeal that the resultant codes are optimal in terms of code
rate as all possible constrained codewords are included in the
codebook. The concept of enumerative coding was originally
proposed by Cover [14]. Enumerative coding requires a
lexicographic ordering or ranking of codewords. For two

arbitrary codewords p(l = (,oil)pg)...pfvl)) and p@ =

(piz)péz)...pévz)), oD lexicographically precedes p® (or
oD has a lower rank than p®), if ,o;]) < p]gz) and pi(]) = pfz)

Vi<jLetBC{0,1,...,r—1}" be acodebook consisting
of | B| codewords. Enumerative coding is a bijective mapping

[:{0,1,2,...,|B| -1} > B

between the lexicographic index or rank and the correspond-
ing codeword p = (p1p2...pw) € B.If N(p1p2...pi)
represents the number of codewords in B whose first
i elements are (o102 ... p;), then the lexicographic index or
rank of an arbitrary p € B is

w p—l

)= > Npip2... pici).

i=1 j=0

Kurmaev [7] presents an enumerative coding technique
for balanced RLL codes. It operates directly on the binary
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bit-level and determines N at any index based on the
running digital sum or charge of the bits up to that index
and the required charge ‘“‘unbalance” which needs to be
compensated for by the remaining bits. Since the calculation
of N needs to be done at each index and the run-length
boundaries and charge ‘“‘unbalance” change at each index,
it is computationally intensive, especially for large codeword
lengths. An advantage of Kurmaev’s approach is that it caters
for constraints on the leading and trailing runs of zeros,
allowing a run to transverse codeword boundaries through the
use of merging bits.

The general enumerative coding technique developed by
Hareedy et al. [15] cannot be applied to balanced RLL codes
since balanced RLL codes cannot be defined by means of a
finite set of forbidden subwords, nor can it be applied to RLL
words consisting of a fixed number of run-length segments.

For encoding and decoding purposes, what is paramount
is that the mapping between rank and codeword be bijective,
but there is no real requirement that the ranking has to follow
a strict lexicographic ordering of the codewords. In fact,
dispensing with strict lexicographic ordering allows us to
construct more efficient enumerative coding techniques for
balanced RLL codes. We will call such enumerative coding,
where it need not follow strict lexicographic ordering, quasi-
enumerative coding.

Definition 2: Quasi-enumerative coding is a form of
enumerative coding where the mapping between rank and
codeword is bijective, but the rank need not correspond to
a lexicographic ordering of the codewords.

The utility of quasi-enumerative coding in the context of
balanced RLL codes becomes immediately apparent. Since
balanced RLL words are created by interleaving two RLL
subwords of a particular number of run-length segments,
we can group the balanced RLL codewords based on the
number of run-length segments of the constituent interleaved
RLL subwords. Within each group, the ordering of the RLL
subwords will follow lexicographic ordering, but the resultant
overall ranking will not be lexicographically ordered.

A. CONSTRUCTION 1

This first proposed construction enumerates all the possible
balanced (d, k)-constrained words of length 2m where each
run-length segment in the word satisfies the particular (d, k)-
constraint. The grouping is defined by the number of runs
of the possible (d, k)-constrained interleaved subwords. The
first group consists of words where both subwords consist
of win runs, the second group of words where one subword
consists of wpin + 1 runs and the other consists of wyj, runs,
etc. If the rank / of a word is based on this group ordering,
then the group (specified by w" and w(®) is determined by
the smallest integer j, 0 < j < 2(Wmax — Wmin), such that

J

D RG) =141,

i=0
\ivhere w) = wo + [i/2] and w@ =
RG) £ ROGHRD (i), where RV () £ R(m —

— imod 2 and
wDd, wb; r)
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and R (i) £ R(m — w@d, w®; r). Note that
2(Wmax —Wmin)
BQm.d. k)= > RG).
i=0
The group corresponding to j has w'" = wpi, + /2] and
w? = w) — j mod 2. Having identified the group to which
rank / belongs, we need to find the rank within the group. This
is given by the residual rank 1, where

j—1
— > Ra.
i=0

Since the group corresponding to j contains f?(j) =
RDGHRD(j) words, it follows that I € {0, 1, ..., R() — 1}.
The residual rank / is decomposed into parnal ranks M =
1I/R®] and I® = ] mod R®, so that | = [DR® 4 [@,
The partial ranks 1M ¢ {0, 1, R — 1} and 1@ ¢
{o,1,..., R® — 1} correspond to the lexicographic order of
(d, k)-constrained subwords of length m consisting of w(!
and w® run-length segments, respectively.

Suppose that R k)(m, w) is the set of all (d,k)-
constrained words of length m consisting of w run-length
segments. We wish to develop an enumerative coding
technique for this set. Note that |Rg x)(m, w)| = R(m —
wd,w; r = k—d+1).Since R(n—i, w—1; r) is the number of
restricted compositions of n that start with i € {1,2,...,r},
it follows that

-
R(n,w;r) = ZR(n —Lw—1;r).
i=1
Given an arbitrary rank (or lexicographic index) I €
{0,1,...,R(m — wd,w; r) — 1}, the corresponding word
p=(P1p2...pw) € Raxy(m,w) C {0,1,...,r — 1} can
be determined as follows. Initialize n = m — wd and for each
indexi=1,2,...,w—1:

1) Find the smallest integer j, 1 <j < r, such that

J
ZR(n—i,w—l;r)z?H.
i=1

Then p; =j — 1.
2) Setl el—Zé;}R(n—i,w—l;r),n < n—jand
w<—w—1.

Finally, p, = m—wd — 1 — lez_ll pi + 1. Note that the rank
(or lexicographic ordering) of p corresponds to the inverse
rank (or lexicographic ordering) of the corresponding (d, k)-
constrained binary word x.

Then, the subwords p and p® corresponding to the
partial ranks 1M and 1@, respectively, can be determined
using this enumerative algorithm. Here, the desired balanced
RLL word is p = (p1, p®).

Conversely, suppose we want to find the rank -1 (p) of an
arbitrary (d, k)-constrained word p € ’R(d x)(m, w). Then

w—1 p;

2_1(,0) ZZR(m wd — J—th+1w )

i=1 j=1
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TABLE 2. Grouping by weights w(!) and w(?).

Group i w@D W@
1 0| 3 3
2 1| 4 3
32| 4 4
4 315 4
5 4| 5 5

Furthermore, suppose we want to find the rank /~'(p) of
an arbitrary balanced RLL word p. First, deinterleave p as
(D, p?y = p.Let w) and w® be the number of run-length
segments in p(1 and p®, respectively. Then

j—1
7o) =17 (p"R® + 17" (0@ + D" Rai),
i=0
where j = 2(w(]) — Wiin) + w® — w.

Example 3: We continue with the parameters from Exam-
ple 2, where (1, 3)-constrained words of length 20 (m = 10)
were considered. Recall that 3 < w < 5. The constrained
words are grouped according to the weights w(!) and w® of
the constituent constrained subwords. In this example, there
are five possible groups, which are shown in Table 2.

Suppose we want to find the (1, 3)-constrained word of
rank / = 66. Since R*(7, 3; 3) = 6> = 36 < 66+ 1 = 67 and
R%(7,3:3) + R(7,3; 3)R(6,4; 3) = 6% + 6(10) = 96 > 67,
it follows that j = 1 and w) = 3 + [1/2] = 4 and
w® = 4 — 1 mod2 = 3. The residual rank is | = [ —
R*(7,3;3) = 66 — 36 = 30. Then, if R £ R(6, 4; 3) and
R® £ R(7, 3; 3), the partial ranks are 1M = Li/R(z)J =
130/6] = 5 and I® =] mod R® = 30 mod 6 = 0, so that
1 =1MR® £ 1@ = 5(6) 4 0.

Now, we need to find p(]) consisting of w)' = 4 runs
corresponding to partial rank 1M =5 and o consisting of
w® = 3 runs corresponding to partial rank I® = 0. First,
to find p(l), initialize "V = m — wVd = 6, and then:

o« i=1:

1) R(5,3;3) =6>5+1=6andsoj =
pi J=j-1=0.

2) 10« JO -39 R6 —i,3;3) = 5,00 «
6—1=5andw! «wlh —1=3.

o =2

1) R(4,2;3)+R3,2;3)+R(2,2;3)=34+2+1=
625+1=6andsoj:3andp§1)=j—1=2.
2) 10« [0 32 RG5—i,2;3) = 0, n) «

1 and

5—-3=2andw) « ) —1=2.
° l:3
1) R(1,1;3) =1 >0+1=1andsoj = 1 and
V=j-1=0
Py =] =u
Finally, p{" =6-1-32 , pV +1=5-(14+3+1)=0.

Hence, p(l) = (0200). Similarly, to find p(z), initialize n® =
m —w®d =7, and then:
o I=1:
1) R6,2;3) =1>0+1 =
pP=j—1=0.

land soj = 1 and
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2) 1® « 1® -39 RT —i,2;3) = 0,n® «
7—1=6and w® <« w? -1 =2,

o =2

1) RS, 1;3)+R4,1;3)+R3,1;3) =04+0+1=
l>0+1=landsoj=3andp§2):j—1=2.
Finally, o) = 7—1-3"2 | p®4+1 = 6—(1+3) = 2. Hence,
p? = (022). Therefore, the balanced (1, 3)-constrained
word of rank [ = 66 is p = (0022020) = (pV, p@) =
((0200), (022)).

Conversely, if we are given the balanced (1, 3)-constrained
word p = (0022020), the rank /~!(p) can be found as fol-
lows. First, deinterleave p as (o1, p®) = ((0200), (022)) =
p = (0022020). Hence, w'") = 4 and w® = 3. Then

(1)
3 P

e =3 > R(6- zp<l>+1,4—i;r)
i= lj 1

_ZR(6 ]—Zp(l)+l,3;r)
+ZR(6 j- Zp“)+1,2;r)
+ZR(6 j- Zp“>+1,1;r)

= R(4, 2, 3)+ R(3, 2, 3)
=342
=5

and

2
2 o

1—1(p<2>)—ZZR(7 J—Zp‘2’+1,3—i;r)
i=1 j=1

0

ZR(7 ]—Zp(z)—i—l,Z; r)

=1

+ZR(7 Jj— Zpa)+l,l;r)

j=1 h=
=R(5,1;3)+ R4, 1; 3)

~

Since RV = Rm — wWVd, wD: r) = R(6, 4; 3) = 10, R?® =
Rm — wPd, w?;r) = R(7,3;3) = 6and j = 2(4 — 3) +
3 —4 =1, it follows that

0
7o) =171 MRD + 171 (0™ + D RG)
i=0
= 5(6) + 0+ R(0)
=30+36
= 66.

O
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Calculating each of the terms R(n, w; r) separately is inef-
ficient. Fortunately, the parameters update in a predictable
manner, which can be utilized to lower the computational
complexity. It is easy to see that

(w+1)_ w+1 (w)
i) wH1—j\y
and

n—d—jr—1
w

_(n—jr—w)(n—l—jr—w)...(n—d—jr—w)

(n—jr—d)

wn—jr—1Dn—jr—2)...
(n—jr—l)
X 9
w—1

and hence

w4+ 1\ (n—d—jr—1 w\ (n—jr—1
(0 -00)
_ m—jr—wn—-1—jr—w)...n—d —jr —w)
_( wn —jr—D(n—jr—2)...(n—jr —d)

)0

X—
wH1—j

Also

and

n—1l—jr—=1y  w-—1 n—jr—1
w—2 S on—jr—1 w—1

and hence
w—1\(n—1—jr—1 w\ (n—jr—1
J w—2 J w—1
_(w—j w—1 1) w\ (n—jr—1
T \Uw on—jr—1 j w—1 )
Finally
n—1—=jr—=1\ n—jr—w(n—jr—1
w—1 Con—jr—1 w—1
and hence

n—1—jr—1 n—jr—1
()0
_ (n—jr—l—w_l)(n—jr—l)
n—jr—1 w
The quasi-enumerative encoding of Construction 1 is
described by Algorithms 1, 2 and 3, while the cor-

responding quasi-enumerative decoding is described by
Algorithms 4, 5 and 6.
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Algorithm 1 Encoding of Construction 1

Input: Rank /, (d, k)-constraint, word length 2m
Output: Balanced (d, k)-constrained word p

EncodeConl(l, d, k, 2m)
r<—k—d+1
w < [Z5]
n<~m-—wd
i(l)’ 2(2)’ w(l), W(Z)’ R(l), R(Z), ot(l), a®
GroupEncodeConl(l, n, w, r, d)
oD « RLLEncode(I'V, m, w0, d, r, RV, o)
p® « RLLEncode(I®, m, w®,d, r, R, a?®)
return (p(V, p@)

Algorithm 2 Finding the Group (w(!) and w®)
GroupEncodeConl(l, n, w, r, d)
i< —1,A <« 0,jmax < L”;W
Dy (1) - 05(1)

(2) (2) (2) )

aV) — (af

oc(z) <~ (g

]de
Ve (- ly( )(” I forj=0,1,
R(l) - ijdx M
while \ < ' + {
i—i+1
ifimod2=0
R® « RO @ oM
/\prev <~ MA<— A+ (R(l))Z
else
j;nax <_jm21Xajmax <~ LMJ

8~<—(W+1 Yo n—izir W—l)ag
wtl—j 34 | n—i—jr J

-+ » Jmax

1f I‘]—O 1, ..., jmax
o — o 48 forj=0,1.... jmax
1 1 Jmax ]max (1)
R( )< R( IR YLD Wi
Aprev < A, A <= A+ RMDRD
w<«w+1l,n<n—d
I <1 — Aprev
ifimod2=0
return L#J, I mod R®, w, w, RD R?,
o), g@
else .
return | - |,/ mod R®, w,w — 1, RV, R,
aD, g@

B. CONSTRUCTION 2

This and the following quasi-enumerative constructions are
based on permutation RLL codes introduced by Datta
and McLaughlin [16]. They also present enumerative
encoding and decoding algorithms for permutation RLL
codes. Permutation RLL codes consist of codewords p =
(p1p2 ... pw) consisting of w run-length segments where p; €
{0,1,...,r =1}, 1 <i<w,andr = k —d + 1, i.e., the
ith run-length segment of length p/, d + 1 < p < k + 1,
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Algorithm 3 Encoding of R4 x)(m, w)

RLLEncode(l, m, w, d, r, R, &)
p <~ (p102...pow)
n<m-—wd Jmax(_l_ J
w o «—w,t <0
fori=1,2,...,w—1
s<——1,A<«<0
while A <+ 1
s<«—s+1
ifs=0 /
j;nax <_]/.maXa];max‘_|_@J
5 < (5 an;—ll = Doy
forj=0,1,...
wo—w —1
else /
j;nax <_jmaijmax <~ LHT_WJ
8 < (L2 — Dyajforj =0, 1, ..
aj <—aj+dforj=0,1,..., jmax
RoRE Ty -3 10
/\prev<—>\ A< A+R
n<n—1
?<_?_)\prev
pi st <—t+s+1
py <—m—wd—1-—t
return p

» Jmax

- » Jmax

Algorithm 4 Decoding of Construction 1

Input: Balanced (d, k)-constrained word p = (p1), p®),
(d, k)-constraint, word length 2m
Output: Rank /

DecodeConl(p(l), p(z), w, w(z), d, k,2m)

r<—k—d+1

w < [Z5]1

n<m-—wd

v, R(l), R(2)’ a(1)7 a® <
GroupDecodeConl(n, w, w® W, r,d)

M RLLDecode(m, p(l), d,r,RD, a(l))

I® « RLLDecode(m, p@, d, r,R?, a?®)

return [/ 4+ [(DR® 4 ]@

is represented by p; = p —(d +1). Letv;,0 <j <r — 1,
be the number of symbols j in p. Clearly Z;;ol v; = w. The
length of the binary (d, k)-constrained wordx = (x1x2 . .. Xp,)
corresponding to p is

r—1
m—w(d—l—l)—l—z,ol_w(d—i—l)—l-ZJvJ
i=1 j=0

Due to the result by Zehavi and Wolf [13], the run-length
segment probability distribution of a maxentropic RLL
sequence is known to be P(p; = j) = 2~ U+td+DCL) for
j€1{0,1,...,r — 1}. By choosing vj/w & 2~UFd+DCd.l)

39382

Algorithm 5 Finding Rank Contribution for the group (w("
and w®)

GroupDecodeConl1(n, w), w® w, r, d)

i< —1,A < 0,jmax < |2
ad (a(l) (1) 05(1)
oc(2> <« (a(2) (2) ](izx)
! ) o = 0,1
(1) Jmax (])
RW « ijo $
while w < w
i<—i+1
ifimod2 =0
if w < W(l) and w < W(z)
R(z) <—R(1) a(2) <« o
Mwexxex+®%2
else
ifw+1<whandw < w®
Jrax <_jmaX9jmax <~ LMJ

) w1 Z, o n—i=jr—w ) €))
9 T(W‘H(_)J 1wzd1n i—jr I 9%
orj =
Ol(l)
J

-+ »Jmax

<oV +5forj=0,1,

1 1 de jmaX (1)
R( ) < R( ) + Z 8 - —Jmax+1 C(]
Aprev <= A, A < A +R<1)R<
w<«w+1l,n<n—d

return \prey, RO RD oD @

-« »Jmax

Algorithm 6 Decoding of R4 x)(m, w)
RLLDecode(m, p,d, r, R, )
n < m—wd,jmax < [

w <«—w, [ <0

fori=1,2,...,w—1
s<—0,A«<0
while s < p;
ifs=0 )
j;ndx <_jmax’jmax <~ L@J
5 — (M rA e — Dy

for]_O L,..., jmax
wo«—w —1
else )
];nax <_jmax»]'max<_|_n_l+wj
8 < (L% — Dajforj = 0,1,
Olj<—0tj+8jf01'j=0,1/,-~~’jmax
R R+ 3050+ 200 1%
Aprev <= A A < A+ R
n<n—1s<«<s+1
i<—2+/\prev
return /

» Jmax

the rate of the permutation RLL code can be made arbitrarily
close to capacity for increasing codeword length. Any
permutation of p is a valid codeword as it also satisfies
the desired run-length segment probability distribution. The
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number of codewords in the permutation RLL code is

w!
volvi!.. vl

A more efficient enumerative encoding and decoding algo-

rithm for permutation RLL codes is presented by Milenkovic

and Vasi¢ [10]. The proposed quasi-enumerative construc-

tions will make use of this enumerative coding of permutation

RLL codes.

As in Construction 1 above, a balanced RLL word is
obtained by interleaving two RLL subwords consisting of
a fixed number of run-length segments. The RLL subwords
are from permutation RLL codes of appropriate parameters.
As before, wpin = [ki_H] and wmax = Lﬁj. Associate the
index i, 0 < i < Wmax — Wmin, t0 Wmin + . Then
(Wmin + 0)!

pO& 28 T
(OINO)] @
vy ot ov !

where P = P, For each i, select v 50 that v]@ /(Wmin + ©)
is as close to 2~UHd+DCE.R) 35 possible, i.e., maximize the
number of permutation RLL words, under the constraint

r—1

— (¥min + D@ + 1) =D v

j=0
If
(l) @ @)
L0 2 AT A AT
G 1) (l D -1
1 e S g
for 1 <i < Wmax — Wmin, then it follows that
P(]) _ Wmin +1
>
@ _ Wmin +2
PO = =P
o Wmin + DWmin + Z)P
NONG)
pliy _ Wmin +1 1)
NE)
H/l':l Wmin +J
H]i_:l o)

Let Bperm(2m, d, k) represent the number of balanced (d, k)-
constrained words where the subwords are permutation RLL
words. Then

Bperm(zma d, k)
Wmax —Wmin
— p2 + Z pli=1p + (P(i))Z
i=1

_ P2 + Wmaxzwmm J 1 Wmin +] P H}:l Wmin +J P
z o0 i )
1V H]:l v

+ I:H]=]Wmm+J:| P2
[T, w0
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Wmax —Wmin i . ) i
H’. | v Wmin + I

i=1 j=
Suppose we want to find a balanced RLL word of rank /.
To find w) and w® of the two subwords, find the smallest
J» 0 <j < Wmax — Wmin, such that

1+Z[

Then w) = wpin + . If

Wnin + @ v®
1+ =1 } ( -+ 1)
Z|: ; , p@ Wmin + 1

e
Ha:l v(a)

then w® = wyin +j— 1, otherwise Ww® = winin +j.Ifj =0,

then the residual rank is / = [ and the partial ranks are [V =

1i/PO] and I® = [ mod PO, so that | = VPO 4 ],

Ifj # 0, if w) = w® then

j 2
zzl_pz[l _ [M]
Hj U(a)

2 0)
—1 Wmin + @ ( v )
E g 1
+ [ L 1V(a) } Wmin+i+

and the partial ranks are 1M = 7/PV | and I® =] mod PV,
so that [ = (VPO + @ Else if w) = w® + 1, then

5 Wmin + @ v®
i = 1 a= 1. min ( 1)
|: * z|: l —1 v@ Wmin + i +

and the partial ranks are M = L?/PU_I)J and I® = | mod
PU=D 5o that | = [(DpU—D 4],

Example 4: Consider the same parameters as from Exam-
ple 3. We want to find the balanced (1, 3)-constrained word
of rank / = 55. Recall that 3 < w < 5. Then

ew=30(=0m—-—wd+1) = 10—3(2) = 4 and

(O) =0, vio) =2and v(o) = 1. Note that Z 0]1)(0)

—1 Wmin + a]2( @

1 [+1
i (@) w~+i+)Z ’
-1V min

P2

4 Then
p=p0 - 2 _3
o2t
and the three words in lexicographical order are (112),
(121) and (211).

sw=d(=Dm—wd+1)=10-4Q2) = 2 and
(1) =2, v(l) 2 and vzl) = 0. Note that Z 0]1)(1)
2 Then

and the six words in lexicographical order are (0011),
(0101), (0110), (1001), (1010) and (1100). Also

ay _ 21200!
012111
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ew=50=2:m—wd+1) =10-52) = 0and

v(()z) = 5, uiz) = 0 and véz) = 0. Note that Z}:O J
v;z) = 0. Then
PP = —5! =1
510!0! ’
and the single word is (00000). Also
1010!
v(z) — 5.0.0. —
21210!

Therefore
Bperm(20, 1, 3)

Wnin =+ J v(i)
=P 1+ = 1. ( +1)
[ Z[ A A

j 1

—ol+(3) G+ Gag) (5 +1)]
=70
=324+ 3(6)+ 6%+ 6(1) + 1%

Now we can proceed to find the balanced (1, 3)-constrained
word of rank [ = 55. Forj = 0, 1 < (55 4 1)/P? = 56/9.
Forj=1

1 + 0)
;[ - liwmvll;) j} (wml:nl+i+1)
(;‘)2(§+l)

6=17> 56/9.

1+
=1+
Hence w) = wpin +7 =3+ 1 = 4. Since 7 < 56/9 +
22, w® = w) = 4. The residual rank is [ = 55 — 9(1 +
6 —4) = 28, and so the partial ranks are [V = [I/PD] =
128/6] = 4 and I¥ = [ mod P(V) = 28 mod 6 = 4. Then
oM = p@ = (1010), and so

p=(p" p
— ((1010), (1010))
— (11001100).

(2)>

U

The quasi-enumerative encoding for Construction 2 is
described by Algorithms 9 and 10, while the corre-
sponding quasi-enumerative decoding for Construction 2 is
described by Algorithms 11 and 12. PermRLLEncode and
PermRLLDecode represent the enumerative encoding and
decoding algorithms of permutation RLL codes developed
by Milenkovic and Vasi¢ [10]. The parameters v =

v, (()l)vil) . (l) Y ) are determined algorithmically as per Algo-

rithm 8. Smce Wmin +1 = Zj: o v](l), as i increments by one,

we have

‘
|
_

r—1
(i+1) _ (i)
v; =1+ Zvj .
Jj=0

~.
Il
=)
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On the other hand, n(tD = n® — (4 + 1) where

r—1
nD = m — (Wnin + (d + 1) = >_jvi".

j=0
Since the probability of a run-length segment of length /
in a maxentropic RLL sequence is 27/€(@-%) it follows that
run-length segments of longer length are less probable. For
a particular w, a heuristic algorithm to determine v® =
(vo) @ (l) 7 ) is as follows:

) Setauv}’) =0,0<j<r—1.

2) Starting at j = 0, for each j, find the smallest v;') such
that v;” Jw > 2-dHIHNCER) 1f (v;’) — 1)/w is closer
to 2_(d+1+/)c(d k), decrement @ by one. Since w =
>0 (l) i 20 v > w, adjust vj() accordingly.

3) If m — (Wmm + l)(d + 1) # Z OJV , starting at
Jj = r — 1, increment v; by one and decrement v;_1
by one to increase the length by one and vice versa to
decrement the length by one. This process is repeated
with decrementing j until the desired length is attained.

During the initialization stage, this algorithm is used to

determine v for all 0 < i < Wmax — Wmin. Then, all v,
1 < i < Wmax — Wmin» can be calculated. This initialization
step is performed only once for a particular m and (d, k)
constraints and the resultant v can be used for all word
encoding and decoding.

Algorithm 7 Initialization of Construction 2
Input: (d, k)-constraint, word length 2m
Output: v = (VD@ | pOmax—=Wmin))

Init(d, k, 2m)
r<—k—d+1
Wmin <— |—k 1_] Wmax <— Lljrnﬁj
v® — v Y fori =0,1, ..., Wiax—Wmnin
@ FmdNu(m wmm, r,d)
fori=1,2,..., Wmax — Wmin

v« FindNu(m, wiin + i, 7, d)
) @y, @y @)
v(l) UO WV e
< LD =Dy =1,
0o M1 R

return v

C. CONSTRUCTION 3
Construction 3 is a special case of Construction 2. Instead
of considering the different possible number of run-length
segments of the interleaved subwords as in Construction 2,
Construction 3 only uses a single value

__ Wmax + Wmin

-~ 2
for the two interleaved subwords. This w is selected as
half-way between wmax and wpi, because this selection

maximizes the codebook cardinality. For the selected w,
the values vi/w ~ 2 0+d+DCUEH) ypder the constraint
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Algorithm 8 Find v = (vgv ... v,_) for Particular Length
m and Number of Run-Length Segments w

FindNu(m, w, r, d)
v« O0forj=0,1,...,r -1
W <—w,m <~ m—wd-+1)
forj=0,1,...,r =2
pj (_2—(d+l+j)C(d,k)
while v;/w < p;
Uj<—l)j+l
it vj/w —pj > pj — (v = D/w
v < vj—1
ifw <
v < w
wo—w —v,m <~ m —jy;
V1 < w,m «<~m — @ —1v,_;
ifm <0
j<—r—1
while m’ < 0
ifl)jZl
Vj <= V) — l,l)j_l <~ Vj—1 +1
m <~ m +1

ifj=1
j<«—r—1
else
J<j—1
ifm >0
j<—r—1
while m’ > 0
ifvj,] >1
vj<—vj+1,vj_1 <~ Vi1 -1
m <~ m —1
ifj=1
j<—r—1
else
J<iji—1
return v

Algorithm 9 Encoding of Construction 2

Input: Rank [, (d, k)-constraint, word length 2m,v =
WY@ ) max—wnin)

Output: Balanced (d, k)-constrained word p

EncodeCon2(l, d, k, 2m, v)
r<—k—d+1
w < [Z5]1
2(1)’ 2(2)’ W(l)’ w?
GroupEncodeCon2(l, m, w, r, d, v)
(D FindNu(m, wd d)
@ FindNu(m, w@ r d)
p(l) <« PermRLLEncode(?(l), m,wD d r, v(l))
p(z) <~ PermRLLEncode(i(z), m,w®, d,r, v(z))
return (pV, p@)
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Algorithm 10 Finding the Group (w'" and w®)
GroupEncodeCon2(l, m, w, r, d, v)
i <=0, \N<0,7 <1
v©® «— FindNu(m, w, r, d)
P <« L

SRR,
if1> 541
return L%J, [ mod P,w,w
else
A<= A+1
. I
while \ < Pizl
i< i+]1
B~ 28
T <« 1B
A< A+ ]TZ(% +1)
if A > 5l 4 72
[ —1—P)\ P <P

return LI%J I mod PO wiw4i—1
else .
[ <1 — P})x +P2r2, PO« pr

return L}%J, Tmod PO, w+i,wi

Algorithm 11 Decoding of Construction 2

Input: Balanced (d, k)-constrained word p = (pM, p@y,
(d, k)-constraint, word length 2m, v = (M@ .
U(Wmax_wmin))

Output: Rank /

DecodeC0n2(p(1), p(z), wD W@ g k. 2m, V)
r<k—d+1
w < [Z5]
I, P PP

GroupDecodeCon2(m, w W@ worod, V)

1M PermRLLDecode(m, p(l), w) q, r)
1@ « PermRLLDecode(m, p@, w® . d, r)
return [/ + (VP 4 ]@

w= ZZOI v; are chosen in order to maximize the cardinality
of the interleaved subword codebooks.

V. PERFORMANCE COMPARISON

The computational complexity and code rates of the enu-
merative coding by Kurmaev [7] are compared to that of
Constructions 1, 2 and 3 presented above. Enumerative
coding algorithms can be compared in terms of storage and/or
computational requirements. The enumerative coding by
Kurmaev and the quasi-enumerative constructions proposed
here are by nature computationally oriented and are not well
suited to the storage approach. Hence, the comparison will be
in terms of computational complexity.
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Algorithm 12 Finding Rank Contribution for the Group (w"
and w®)
GroupDecodeCon2(m, w¥, w® w, r d, v)
i< 0,\N<0,71 <1
v©® « FindNu(m, w, r, d)
P v(o)!v(ov)v!!...vi(ﬁll
ifw® =@ =y
return O, P, P
else
A< A+1,i<i+1
while i < w®
B
T <« nf
A< A+ 712(% +1)
i<—i+1
ifw) = w® 41
return P>(\ —
else
return PZ()\ — nz), Pr, Pt

21 T
T (3 + 1)), Pm, PF

A. COMPLEXITY

For balanced RLL codes, the crux of Kurmaev’s enumerative
coding is entailed in equation (16) [7, p. 4501]. Although
more verbose, the similarity with (1) is obvious. This helps
to facilitate the comparison. Also pertinent is equation (7)
which uses (16) [7, p. 4499]. Kurmaev utilizes (dkl'r’)
words, where first run of zeroes is at most !/ and the
last run of zeroes is at most r’. The comparison will be
based on the order of multiplications/divisions needed since
the number of multiplications/divisions exceeds the number
of additions/subtractions, but it is noted that the order of
additions/subtractions is the same. Rather than calculating
the binomial coefficients from scratch each time, recurrence
relations can be utilized as in Construction 1. Assume that
the word length is 2m and w is the number of run-length
segments. For a particular m and w, there are 4(jmax + 1)
multiplications/divisions within each summation consisting
of the product of binomial coefficients, where

. m—w(d+1)
]max N .
-

Although this jiyax corresponds to a charge (digital sum) o =
0, it is noted that when the charge is non-zero, the number
of summations with positive charge are approximately
equal to that of the summations with the corresponding
negative charge. Hence, for a particular m, the number of
multiplications/divisions is approximately

Wmax W

o+ 1)zz4om ](d+1)+r
w=0 j=0
—40(1/ DS 4 1ym — (d+1)W(W+ Do br
w=0

39386

_ 401" + 1) ((Wmax(Wmax +1) + Wnax + 1)(m +r)

r 2

. d+1 (Wmax(Wmax + DCwWmax + 1)
2 6

Wimax(Wmax + 1)
)
400 + 1) I
= ——— Wnax(Wmax + 1) (_ + )(m +7r)

r 2 Wmax

B d—2|—1(2wm36x+4)>

/
~ wwm(wm + 1)((% + Wmax)(m +7)
m—+2d+2
B T)
= omd).

This process is repeated for each index in the word and so the
total number of multiplications/divisions per word is

2m

> 0G%) = oom®).

j=1
On the other hand, for Construction 1, the total number of
multiplications/divisions to find w(") and w'® is at most

Wmax

r
J=Wnmin

4
= ; ((Wmax — Wmin + D(m +r)

— @+

= o(m>).

Wimax(Wmax + 1) _ Winin(Wmin — 1)))
2 2

Similarly, to find the subwords p(l) and p(z), each requires at
most

w .
—jd+1
4r2m Jd+1D+r

.
j=0
ww+ 1)
= 4(0v+ D+ 1) = (d + D=F—)
= O(m?)

multiplications/divisions. Hence, the total number of multi-
plications/divisions per word of Construction 1 is O(m?).
Constructions 2 and 3 are more efficient. For Construc-
tion 2, finding a particular v depends on r (which in turn
depends on d and k constraints) and not on m. Therefore,
the total number of multiplications/divisions to find wV
and w® is at most 40(r)(Wmax — Wmin + 1) = O(@m).
Similarly, it is easy to verify that the permutation RLL
enumerative coding by Milenkovic and Vasi¢ requires O(m)
multiplications/divisions. Therefore, Construction 2 is O(m).
Finally, it automatically follows that Construction 3 is also
O(m). In absolute terms, Construction 3 is the most efficient

VOLUME 12, 2024



F. Palunci¢, B. T. Maharaj: Quasi-Enumerative Coding of Balanced Run-Length Limited Codes

IEEE Access

TABLE 3. Comparison of complexities of Kurmaev’'s construction,
Constructions 1-3 and Knuth-like constructions.

Construction | Kurmaev 1 2 3 Knuth-like
Complexity | O(m?)  0(m2) 0(m) O(m) O(m)[0O(logm)]

computationally of the three constructions proposed in this
paper. Table 3 compares the complexities of Kurmaev’s
construction and Constructions 1-3. In addition, the com-
plexity of Knuth-like balanced RLL codes (e.g. codes by
Immink et al. [4] and Paluncic et al. [5]) is also included,
since these codes are considered in the code rate efficiency
comparison in the next subsection. These Knuth-like codes
require on average O(m) bit-flips during encoding and
decoding. In addition, the balancing index is encoded by
means of a prefix/suffix. This prefix/suffix, which also needs
to satisfy certain RLL and balancing constraints, can be
encoded and decoded using enumerative coding (e.g. the
techniques proposed in this paper) and thus requires O(log m)
multiplications/divisions.

B. CODE RATE EFFICIENCY

The code rates of the various constructions are compared for
various parameters. For the enumerative code by Kurmaev,
there are two options to consider. In the first option, !’ = 0 and
r’ = 0 meaning that codeword boundaries correspond to run
boundaries. Hence, the resultant code cardinality is equal to
that of Construction 1. Alternatively, for non-zero I’ and ¢/,
merging bits are required. It is easy to verify that merging bit
constructions for RLL codewords (e.g. constructions 1 and 2
in [1, Sec. 5.4.2]) do not work for balanced RLL codewords.
Merging bits

000...0100...0
—_——— ——
d+1 d

are applicable for balanced RLL codewords with I’ = k — d
andr’ =k —(d +1).
The comparison is in terms of efficiency

=
Cd, k)’

where 7 is the code rate. It is to be noted that efficiency is
less than one for any finite codeword length since capacity
by definition is when codeword length tends to infinity.
Let nx represent the efficiency of Kurmaev’s code with
merging bits and 71, n2 and n3 represent the efficiencies of
Constructions 1, 2 and 3, respectively. Then

L

n

_TK _n R i
K=cad "= caiyP " carn ™ cdr
where

 log,C@m—2d —2,0,d.k,k —d.k—d — 1)

Fk = ;

2m
and

_ log, B(2m, d, k)
1=,
2m
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TABLE 4. Comparison of 7y, 1, 7, and 3 for various m and (d, k)
constraints.

k) 2m| m nK n2 13
,3) 100[0.9247 0.9081 0.8737 0.8301
200|0.9583 0.9494 0.9235 0.8912
400 0.9770 0.9724 0.9558 0.9364
(1,8) 100[0.9219 0.9124 0.7783 0.7403
200 0.9575 0.9525 0.8447 0.8136
400 0.9770 0.9744 0.8999 0.8794
(1,15) 100[0.9191 0.9097 0.7646 0.7255
200|0.9560 0.9512 0.8342 0.8082
400 0.9762 0.9738 0.8894 0.8697
(2,6) 100[0.8942 0.8839 0.7572 0.7096
200 0.9429 0.9369 0.8537 0.8254
4001 0.9692 0.9659 0.9099 0.8877
(2,10) 100(0.8911 0.8825 0.7110 0.6521
200(0.9414 0.9366 0.7933 0.7669
400 0.9685 0.9660 0.8682 0.8528
(4,12) 100[0.8326 0.8275 0.6168 0.5804
200 0.9115 0.9074 0.7291 0.6979
4001 0.9529 0.9505 0.8235 0.8088

and
_ log, Bperm(2m, d, k)

2m

2

)

and
_ logy Bperm(2m, w, d, k)
r3 = .

2m

C(@2m,o,d,k,l',r') is obtained with equations (7) and (16)
from [7], while Bperm(2m, w, d, k) = P? where
w
T ol v g!
and
W= "Wmax + Wmin—"
2

Table 4 shows a comparison of ng, 11, n2 and n3.
Construction 1, which is equivalent to Kurmaev’s code with
no merging bits and I’ = 0 and ' = 0, has the best code
rate. The use of merging bits with Kurmaev’s code leads
to a reduced code rate and efficiency. It worth noting that
a better merging bits scheme could improve the code rate
and efficiency. Comparatively, the reduction in code rate and
efficiency of Constructions 2 and 3 is larger. This is the
price of the reduced computational complexity of these two
constructions.

As a final comparison, the selection of v for Construc-
tions 2 and 3 is not limited by a particular m, but rather
v® is chosen algorithmically for a particular w. This will
give v that is closer to the optimal run-length segment
distribution. The results are shown in Table 5. A comparison
of Tables 4 and 5 demonstrates that Constructions 2 and 3 can
achieve similar efficiencies to that of Construction 1 at larger
codeword lengths.

Thus, Constructions 1 to 3 have decreasing computa-
tional complexity and decreasing code rate efficiency. This
is the fundamental trade-off between the three proposed
constructions.
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TABLE 5. Comparison of 5, and 53 for various m and (d, k) constraints
where v() are selected for a particular w.

(d,k) w  2m 72 73
(1,3) 50 276 [0.9407 0.9232
100 548 [0.9655 0.9548
200 1100)0.9804 0.9742
(1,8) 50 352 [0.8924 0.8775
100 688 [0.9308 0.9252
200 1386 |0.9585 0.9555
(1,15) 50 352 [0.8814 0.8665
100 712 [0.9223 0.9123
200 1464 0.9509 0.9397
(2,6) 50 430 [0.0144 0.9026
100 864 [0.9490 0.9421
200 1738 10.9708 0.9667
(2,10) 50 490 |[0.8836 0.8733
100 988 [0.9275 0.9202
200 1938 |0.9567 0.9535
(4,12) 50 730 [0.8818 0.8749
100 1462 |0.9286 0.9239
150 2202(0.9475 0.9433

While Construction 1 is of maximal cardinality, Con-
structions 2 and 3 are not. In order to further contextualize
their efficiency, it is instructive to compare them also to
the efficiencies of balanced RLL codes based on Knuth-like
balancing schemes. Specifically, in this context, pertinent
code constructions are those of Immink et al. [4] and
Paluncic et al. [5]. The codes by Paluncic et al. [5] are of
variable and fixed length. The original fixed-length codes by
Immink et al. [4] cannot be cascaded freely as run-length
violations could occur at codeword boundaries. For fair
comparison, the merging bits proposed in [5] to rectify this
will be taken into account. In all these codes, the balancing
procedure is applied to a RLL source word. Hence, the code
rate of the overall code is dependent on the code rate of
the RLL code. We will assume maximal cardinality of the
RLL codes, as this is an upper bound on the desired code
rates. For fixed-length codes, we compute the maximum
number of RLL words of particular length. The codes
by Palundi€ et al. [5] require the codeword boundaries to
correspond to the run-length boundaries, so the cardinalities
of the fixed-length codes are computed using the generating
function approach from [9]. Such a limitation does not apply
for the constructions from [4]. The maximal cardinalities
are between those of the above method and the cardinalities
calculated using the formula in [1, Eq. (4.4)]. For the
variable-length codes from [5], the cardinality is r", where
r = k —d + 1 and w is the number of runs in the source RLL
word (for more details, see [5, p. 7061]).

In Tables 68, FL1 denotes the fixed-length codes from [4],
FL2 the fixed-length codes from [5], and VL1 and VL2 the
variable-length codes 1 and 2 from [5], respectively. For ease
of reference to Tables 5-7 in [5], the balanced RLL code
length (2m) is shown as the sum of the (average) source
RLL word length and (average) balancing redundancy. The
last column in the tables also includes n; for comparison
purposes. For FL1, nknuth has two values separated by a dash:
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TABLE 6. Comparison of 7y, for various variable- and fixed-length
codes with 7, and »5 for (d, k) = (1, 3).

2m Const. MKnuth n2 n3 m
232 (211 + 21) | FL2 0.9024 0.9319 0.9020 | 0.9633
234 (210 +24) | FL1 0.8904 — 0.8977 | 0.9323 0.9038 | 0.9636
300 (279 +21) | VL1 0.8910 0.9445 0.9163 | 0.9706
336 (315 +21) | VL2 0.8982 0.9493 0.9283 [ 0.9733
480 (457 +23) | FL2 0.9487 0.9616 0.9426 | 0.9805

TABLE 7. Comparison of ny, ¢ for various variable- and fixed-length
codes with 5, and »5 for (d, k) = (1, 9).

2m Const. TKnuth N2 13 m
50 (30 + 20) | FL2 0.5674 0.6897 0.62220.8554
110 (90 4 20) | VL2 0.6276 0.7780 0.7356 | 0.9274

156 (136 + 20) | FLI
166 (144 + 22) | FL2
266 (246 + 20) | VLI

( 0.8613 — 0.8679 | 0.8185 0.7945 | 0.9466
(
(
360 (338 4 22) | FLI1
(
(
(

0.8577 0.8254 0.8014|0.9494
0.7094 0.8680 0.85190.9667
0.9344 — 0.9372 ] 0.8902 0.8776 | 0.9745

390 (367 4 23) | FL2 0.9368 0.8953 0.8827(0.9762
460 (438 4 22) | VL2 0.7303 0.9058 0.8926 | 0.9795
640 (618 4+ 22) | VLI 0.7407 0.9240 0.9136 | 0.9847

TABLE 8. Comparison of 7y, for various variable- and fixed-length
codes with 7, and y5 for (d, k) = (3, 7).

2m Const. TKnuth 72 13 1
248 (214 + 34) | FL2 0.8426 0.8461 0.8170(0.9395

(
300 (260 4+ 40) | FL1 0.8499 — 0.8706 | 0.8659 0.8493 | 0.9491
352 (318 4+ 34) | VL2 0.8618 0.8806 0.8626 |0.9559
412 (378 +34) | VL1 0.8752 0.8946 0.8725|0.9617

the first value is based on maximal cardinality assuming RLL
codeword boundaries correspond to run boundaries and the
second value without this limitation using [1, Eq. (4.4)]. The
actual value is between these two bounds.

For (d, k) = (1, 3), Table 6 shows that 7, is bigger than
NKnuth for various values of 2m and different constructions.
In the case of n3, the same applies, except for FL2, where
NKnuth 1S marginally greater. But recall that ngpym assumes
maximal cardinality for the source RLL code, which can
be achieved with enumerative coding, but would be more
complex than quasi-enumerative coding since interleaved
RLL codes are generated at half codeword length. Non-
enumerative RLL codes operate at lower efficiency.

In the case of (d,k) = (1,9) shown in Table 7,
a slight majority of the entries have 7, and 53 better than
NKnuth- Notable are the cases of FL1 and FL2 for larger
2m which demonstrate ngnpuh larger than 7, and n3. The
gain is significant. The comparison can be further refined
by considering the very efficient rate 8/12, (1, 9)-constrained
code developed by Immink [17]. By concatenating the RLL
codewords of length 12 to be as close to the source RLL
length of 136 for FL1, an efficiency of 0.8405 can be attained,
which is still greater than 7, and n3. Similarly, in the case
of length 338 FL1, an efficiency of 0.9084 can be attained,
which is slightly better than 1, and n3. However, it should
be noted that the 8/12, (1, 9)-constrained encoder consists of
358 states.
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For all the entries of Table 8 for (d, k) = (3, 7), 1, is better
than nknuth, While 13 is slightly lower in most cases. With
non-enumerative RLL codes, the efficiency would be lower
than n3 for the variable-length codes.

For the majority of cases considered, 7, and n3; are larger
than nknun- The significant exception is when the difference
between k and d is large.

VI. CONCLUSION

Quasi-enumerative coding is proposed as a means of more
efficiently constructing balanced RLL codes. All three
proposed quasi-enumerative coding constructions have a
significantly lower computational complexity compared to
the enumerative coding construction developed by Kurmaev.
Constructions 2 and 3, which are based on permutation RLL
codes, have a lower computational complexity than Construc-
tion 1, but this reduction in computational complexity comes
at the cost of reduced code rate efficiency. In comparison to
balanced RLL codes based on Knuth-like balancing methods,
Constructions 2 and 3 achieve better code rate efficiency
in the majority of cases. The three quasi-enumerative
coding constructions can cater for different operational
requirements in terms of computational complexity and code
rate efficiency.
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