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Abstract—In the field of lossless source coding, universal
coding of integers (UCI) and generalized universal coding of
integers (GUCI) are binary codes that are suitable for probability
distributions without prior knowledge. UCI C is defined as a
prefix coding in which the constant expansion factor K. times
max{1, H(P)} is greater than or equal to the expected codeword
length, where P is the decreasing probability distribution of the
source and H(P) is the entropy of P. Since P is decreasing,
when the set of codewords of the prefix code C is determined,
the length of the n+ 1-th codeword of the prefix code C is greater
than or equal to the length of the n-th codeword for any positive
integer n, at which time the expected codeword length of C is
minimized, and C is said to be minimal. GUCI G is defined as
a prefix variable-to-variable length (VV) coding for which the
constant expansion factor Kg times H(P) is greater than or
equal to the coding rate. In this paper, we prove two important
theorems for UCI. First, we provide and prove the necessary
and sufficient conditions for a minimal prefix code to be UCI.
Second, we provide the first proof of an essential theorem for VV
codes. This theorem can reveal the connection between UCI and
GUCI and prove the converse part of Shannon’s first theorem
concerning VV codes.

Index Terms—Variable-length codes, Source coding, Universal
coding of integers.

I. INTRODUCTION

A variable-length code is a source code that encodes a
single source symbol into variable-length binary bits. Huffman
codes [1] are variable-length codes that provide the best com-
pression effect when the underlying probability distribution
is known. However, in reality, the probability distributions of
most sources are unknown and difficult to measure. Therefore,
in 1975, Elias [2] considered the coding problem of universal
codes. This class of universal codes is called universal coding
of integers (UCI). A variable-length code is termed a prefix
code if no codeword is a prefix of any other codeword.

Suppose that the discrete memoryless source S = (A, P) is
considered, where A = N = {1,2,--- ,r,---} is a countable
alphabet and P is a probability distribution that decreases
over A (ie., Y o P(r) =1, and 0 < P(r+1) < P(r)
for all » € A). The distributions considered in this paper
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are all decreasing probability distributions. Let C denote a
prefix code for the discrete memoryless source S = (A, P),
and let Lc(-) be a length function such that Le(r) de-
notes the length of the r-th codeword for all r € A. Let
H(P)£ -7, P(r)log, P(r)! be the entropy of P, and let
Ep(Le) £ 5272 P(r)Le(r) denote the expected codeword
length for C. Elias [2] defined that C is said to be universal if
there exists a constant K such that

Ep(Lc) < K¢

max{1, H(P)} — b

for all P with H(P) < oo. K¢ is termed the expansion
factor of C. Elias found that when the set of codewords
{C(1),C(2),--- ,C(r),- - } of the prefix code C is determined,
Ep(Lc) is minimized when the codeword length satisfies

Le(1) < Le(2) < -+ < Le(r) < ---

Elias [2] defined that C is said to be minimal if it satisfies
Le(r+1) > Le(r) for all » € A. Therefore, it is reasonable
to consider minimal prefix codes when studying UCIL.

Since this pioneering work was published, many UCI vari-
ants have been constructed, and they can be broadly divided
into two categories [3, 4]: (1) flag strategy UCIs (see [5-
7]), (2) message length strategy UCIs (see [8—11]). Today,
UClIs are applied in many applications, such as the inverted
file index [12], H.265 video coding standards [13], evolving
secret sharing [14], and biological sequence data compres-
sion [15, 16].

Recently, Yan et al. [17, 18] made it possible to construct
a new class of codes that satisfies an inequality similar to

Ep(Lc)

H(P) < Ke.

They solved the problem by introducing variable-to-variable
length (VV) codes, where the VV codes encode variable-
length input chunks as variable-length codewords. They [17,
18] defined generalized universal coding of integers (GUCI)
as follows. A VV code G with a prefix property is said to be
generalized universal if there exists a constant Kg such that

Rg <Kg

P - @

for all P with 0 < H(P) < oo, where Rg denotes the coding
rate of G and Ky is termed the expansion factor of G. The
coding rate and the prefix property of VV codes are defined
in Section II.

'"We define P(r)log, P(r) = 0 when P(r) = 0.
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In this paper, we prove two important theorems for UCI.
First, we provide and prove the necessary and sufficient
conditions for a minimal prefix code to be UCI. Second,
we provide a proof of an essential theorem for VV codes.
This theorem was first introduced by Nishiara et al. [19], but
they did not present its proof. The theorem was used in their
paper [19] to prove a coding theorem for VV codes. Moreover,
this theorem can reveal the connection between UCI and GUCI
and prove the converse part of Shannon’s first theorem about
VV codes [17, 18]. The main contributions of this study are
summarized below.

1) We are the first to propose the necessary and sufficient

conditions for a minimal prefix code to be UCL

2) We are the first to prove an essential theorem for

VV codes, which characterizes the relationship between
dictionary entropy H (D) and Shannon entropy H (P)
(see Theorem 5 in Section III).

In the remainder of this paper, Section II presents some
background knowledge. Section III provides the two main
theorems to be proven in this paper. These two theorems are
subsequently proven in Section IV and Section V. Section VI
summarizes this work.

II. PRELIMINARIES

In this section, we first introduce two lemmas related to
UCI and then some definitions concerning variable-to-fixed
length (VF) codes and VV codes. Let |y| denote the length
of a string y. A dictionary D denotes a set of some finite-
length strings; that is, D C A*, where .A* denotes the set of
all finite-length strings over A. Let F denote the set of all
infinite-length sequences.

A. Two lemmas related to UCI
We begin with two lemmas related to UCL

Lemma 1 ([20]). Let P be a decreasing probability distribu-
tion, and let H(P) < oc. Then,

> P(r)
r=1

Proof. Because P is decreasing,

logyr < H(P) < oc.

T o0

T)SZP(Z)SZPZ =

Thus, we have that log, r < —log,
P(r) # 0. Furthermore, we obtain

P(r) for all r € A and

> P(r)log,r < — ZP r)log, P(r) = H(P) < oo.
r=1

O

A sufficient condition for a prefix code to be UCI is obtained
using Lemma 1.

Lemma 2 ([10, 21]). Let C be a prefix code. If there are two
constants Ry and Ry such that Le(r) < Ry + Ralogy 1 for
all r € A, then C is UCL

Proof. For any probability distribution P, we have

M

Ep(Lc) P(r)Le(r)

ﬁ
Il
—

M

[R1P(r) + Ry P(r)log, r]

Rl + R2 iP(T)
H(P),

where (a) is derived from Lemma 1. Thus, we obtain

Ry + RyH(P)
= (1, H(P))

ﬂ
I
—

logy

(a)
< Ri+ Ry

Ep(Lc)
max{1l, H(P)}

< R; + Rs.

Therefore, C is UCI, and R; + R, is an expansion factor of
C. O

B. Variable-to-fixed length codes

VF codes refer to source codes that map variable-length
input chunks to fixed-length codewords. A VF encoder com-
prises a string encoder and a parser. The encoding process is
as follows. The parser first partitions an input sequence ¥ into
a series of concatenated chunks yl, y2, --- from a dictionary
D; that is, yi € D. Then, the string encoder maps each chunk
y® € D to a fixed-length string. Below, we describe the two
properties that a dictionary D may have.

Definition 1 ([22]). 1) Suppose that y* and y’ are any two
different elements contained in the dictionary D. If y* €
D is not a prefix of y» € D, then D is called proper.
2) Suppose that y is any infinite-length sequence. A dic-
tionary D is said to be complete if y has a prefix in
D.

For example, the dictionary D = {0, 1, 20,21, 22} defined
over {0,1,2} is clearly proper. Suppose that y is an infinite-
length sequence. If 0 or 1 is the first element of y, then 0 € D
or 1 € D is its prefix; if 2 is the first element of y, then
20 €D, 21 € D or 22 € D is its prefix. Thus, the dictionary
D is complete.

C. Variable-to-variable length codes

Fixed-to-variable length (FV) codes encode fixed-length
input chunks as variable-length codewords. A VV code is a
concatenation of VF and FV codes. The encoding process for
a VV code is as follows.

First, the VF encoder divides the input sequence into chunks
with various lengths, and each chunk is mapped to a fixed-
length string. Second, the FV encoder then encodes these
constant-length strings as variable-length codewords.

Suppose that d = dids - - - d,, is a finite-length sequence and
that y = y1y2 - - - is an infinite-length sequence, where d; € A
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and y; € A. In this paper, source S = (A, P) is a discrete
memoryless source; then, we obtain that

d) = [ [ P(d:)

The code rate and almost surely complete (ASC) dictionary
for VV codes are defined as follows.

Definition 2 ([19]). 1) A dictionary D is said to be ASC if
the probability that D has the prefix of an infinite-length
sequence is 1; that is,

> Ply) =
yeB

where
B2 {y € F|3d € D,such that d is a prefix of y}.

2) Suppose that G is a VV code with a VV encoder &, and
an ASC and proper dictionary D. Then, the coding rate

of G is
>dep P(d)[€(d)]
>aep P(d)d]
When the dictionary D of the VV code G is equal to the
alphabet A, i.e., the VV code G is a variable-length code, we

obtain
2rea P(r)IE(r)]

2reab(r)
An example of a dictionary D over {0,1} that is proper and
ASC is D = {0,10,110,1110, - - - }. Note that the dictionary
D is not complete since the infinite sequence containing all
ones has no prefix in the dictionary D.

The VV code G with a VV encoder £ and a dictionary D

possesses the prefix property, which means that £(z) is not a
prefix of {(y) for all y # z € D.

Rg &

Rg = = Ep(Lg).

D. Three related theorems
First, two theorems related to Theorem 5 in Section III are
presented.

Theorem 1 (Lemma 5 in [22]). Let S = (J., P) be a discrete
memoryless source with a finite alphabet J. of size c. Let

ZP )|d|,

deD

—Y " P(d)

deD

)log, P(d).

Suppose that C is a VF code with a complete and proper
dictionary D; then,

H(D) = I[(D)H(P).

Theorem 2 (Theorem 1 in [23]). Let T denote any stopping
time for a sequence of independent identically distributed ran-
dom variables Y1,Y5,---. Disregarding the cases ET = oo
and H(Y1) = 0; then,

HYT) = (ET)H(Y1) + H(T|Y™).

Theorem 1 is close in form to the formulation of Theorem 5
(which will be proven in this paper), wherea Theorem 2 still
seems quite different. In Section III, we explain how the above
two theorems are related to Theorem 5.

Second, the converse part of Shannon’s first theorem about
VV codes is given below.

Theorem 3 ([17, 18]). Consider a discrete memoryless source

= (A, P), where A is a countable alphabet and H(P) <
oo. If a VV code G possesses the prefix property, then Rg >
H(P).

III. RESULTS

We provide the main conclusions to be proven in this
paper. First, we are the first to propose the necessary and
sufficient conditions for a minimal prefix code to be UCL
These conditions are shown in Theorem 4.

Theorem 4. Suppose that C is a minimal prefix code; then,
the following statements are equivalent:
(a) Cis UCI
(b) There are two constants Ry and Rs such that Le(r) <
Ry + Ry |logy | for all r € A.
(c) There are two constants Ry and Ry such that L¢(r) <
Ry + Rylogyr for all r € A.

Remark 1 in Section IV tells us that when a prefix code
is not minimal, the necessary and sufficient conditions do not
hold. Specifically, when C is a non-minimal prefix code, (a) in
Theorem 4 is a necessary but not sufficient condition for (b)
or (c) of Theorem 4; that is, when C is a non-minimal prefix
code, (b) or (c) of Theorem 4 leads to (a) of Theorem 4, but
(a) does not lead to (b) or (c). However, any non-minimal
prefix code C; can be obtained by adjusting the order of the
corresponding codewords to obtain a minimal prefix code Cs
with the same set of codewords. Therefore, it is possible to
change the non-minimal prefix code C; to the minimal prefix
code C, after which the necessary and sufficient conditions
can be applied.

Next, we present the following Theorem 5. This theorem
reveals the connection between UCI and GUCI (see [17],
Theorems 2 and 6) and proves the converse part of Shannon’s
first theorem about VV codes (see [17], Theorem 1).

Theorem 5 (Lemma 1 in [19]). Let S = (A, P) be a discrete
memoryless source with a countable alphabet A and entropy
H(P) < oo. Suppose that G is a VV code with an ASC and
proper dictionary D; then,

H(D) = (D)H(P),

where 1(D) = > deD
element in D and H(D)

entropy of D.

3)

P(d)|d| is the average length of an
= — > 4ep P(d)log, P(d) is the

Theorem 5 was first introduced by Nishiara ef al. (Lemma
1 in [19]), but they did not provide a corresponding proof.
The proof regarding the proper and complete dictionary and
the finite alphabet can be found in [22]. Nishiara et al. [19]
claimed that [23] provided a proof of the proper and ASC dic-
tionary and the finite alphabet version of Theorem 5. However,
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Ekroot et al. [23] studied the entropy of randomly stopped
sequences, and some differences exist between the forms of
Theorem 5 and Theorem 2. In addition, a similar theorem
called conservation of entropy [24] was used for memory
sources. Unlike previous work, the complete proof presented
in Section V is the first to proof of the infinite countable
alphabet version of Theorem 5. Note that when the alphabet
is infinitely countable, the proof of Theorem 5 is nontrivial
and cannot be obtained directly from the conclusions of the
relevant references [19, 22, 23]. In addition, Shannon [25]
proved Shannon’s first theorem about fixed-to-fixed length
codes, and the famous textbook on information theory [26, 27]
provided Shannon’s first theorem about FV codes. The proof
of the converse part of Shannon’s first theorem about VV
codes [17] (i.e., Theorem 3) is necessary to use Theorem 5.
Therefore, a complete proof of Theorem 5 is valuable.

IV. PROOF OF THEOREM 4

We provide an auxiliary lemma before proving Theorem 4.

Lemma 3. Let C be a minimal UCI and let K be an expansion
factor of C. Then, we have that

Le(r) < K + 5K |logy 1]

for all r € A

Proof. This lemma is proven by contradiction. Suppose that
there is an integer z; € A such that

Le(z0) > K 4+ 5K |logs 20| + 1.

Let T £ [logy 205 then, 27 < 25 < 2T+ — 1. Consider the
following two cases.

(1) When T = 0, then 29 = 1 and L¢(1) > 1+ K. We
consider the probability distribution P, = (0.5,0.5);
then,

Ep, (Lc) 1+ K

=1+ K.
T max{LHP)Y © 1 +

This is a contradiction. That is, as long as there is a
decreasing probability distribution P; that fails to satisfy
Equation (1), C is not a UCL.

(2) When T' > 1, we consider the probability distribution
PQI

1

257,1.‘, if’f':].,27"'725T,

PQ(?") =

0, otherwise.

Then, the entropy of P» is H(Ps) = log,(2°T) = 5T.
Furthermore, we obtain

Zo—l 25T
Ep,(Le) = Y Pa(r)Le(r) + Y Pa(r)Le(r)
r=1 r=z
25T ’
~ 95T Z Le(r)
T=Z0
1
2 25)7T<25T — 20+ 1)LC(ZO)
1 T T
> 25T(25 — 2T 4 2) (K + 5KT +1)
1 T T
> 257(25 — 2" (K +5KT +1)
K@7T-1_57 —1)+ 24711
=5KT + T
Wk,

where (a) is due to the fact that 247~1 — 5T —1 > 0
when 17" > 1. Thus, we have

EP2 (LC)
K = a1, H(Py)T

SKT

=K.
5T

This is a contradiction. That is, the decreasing probabil-
ity distribution P, cannot satisfy Equation (1).

The proof is complete. O
Next, Theorem 4 is proven as follows.

Proof. We show that (a), (b) and (c) are equivalent by proving
that (a)=(b), (b)=-(c) and (c)=-(a).

(a)=-(b): Since C is UCI, there exists a constant K that is an
expansion factor of C. Let Ry 2 K and Ry 2 5K; from
Lemma 3, we obtain that L¢(r) < Ry + Ra|log, | for
all r € A.

(b)=(c): Because L¢(r) < Ry + Ra|logor] < Ry +
Ry log, r, the implication clearly holds.
(c)=-(a): This holds according to Lemma 2.
O

Remark 1. When C is not minimal, (a) of Theorem 4 is
a necessary but not sufficient condition for (b) or (c) of
Theorem 4. First, it follows from the content of Lemma 2
and the proof of Theorem 4 that (b) or (c) leads to (a).
Second, we show that neither (b) nor (c) can be derived from
(a). That is, we prove that there exists a UCI Cy with an
integer ng € A for any two constants Ry and Ry such that
Le,(ng) > Ry + Ralogyng > Ry + Rallogy ngl. Suppose
that C is any UCI and that K is an expansion factor of C;
i.e., Kmax{1l,H(P)} > Ep(L¢) for all P with H(P) < cc.
The prefix code Cy is constructed as follows.

C(r)00---0, ifr=2% and 2> 2,

32z+3z

otherwise.

C(r),
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First, we prove that Cy is a UCI. Because P(232) < 231,2,
we obtain

= . > 1
D PE)E* 37 <Y o (3 43
z=2 z2=2
z 2
<> 55 (3" +1)
z=2
- 1 2\2
<3 )
z=2
— i 242—3z
z=2
(a) &
D I
z=2

where (a) is derived from the fact that 4z — 3* < —z + 1 for
an integer z > 2. Furthermore, we obtain that

Ep(Le,) = Y _ P(2°7)(3% +3%) + Ep(Le)
< iii’ EP(Lc)
<14 Kmax{1,H(P)}
< (K + 1) max{1, H(P)}

for all P with H(P) < oo. Therefore, Cy is a UCL.

Second, we prove that for any two constants R; and
Ry, there exists an integer ng such that Le,(ng) > Ry +
Rologyang > Ry + Rollogyngl. For any fixed Ry and
R, there must be an integer ko > 2 that satisfies ko >
max{ Ry, Ro}. We define the integer ng as 23 - then,

Le, (n9) = Le(ng) + 32F0 4 3ko
> 3k Jog, ng 4 30
> R; + Rglogy no
> Ry + Rz|logy no].

V. PROOF OF THEOREM 5

The proof of Theorem 5 in this section draws on the proof
techniques employed in [22, 23]. For a better understanding
by the reader, we provide a complete proof. Let us first present
some definitions.

Definition 3. Suppose that D is a dictionary.

1) Let A* denote all strings of length z over the alphabet
A. For any integer z € N, the three corresponding
dictionaries are defined as follows:

T.2{Ce A

any string n € D is not a prefix of C},
D:2{CeD|(|=2} UL,

Dzé{C€D‘|(|<z}UDj.

In particular, Ty = {¢ € A|( ¢ D} and Dit = Dy =
A

2) For every string n, let

(D,n) = {¢ € D|n is a prefix of ¢}

In particular, when D is proper and n € D, we have

that (D,n) = {n}.
3) Foreveryn € D, let D[n)] denote a dictionary as follows:

Dln] = (D \ {n}) UnA,

where nA = {n¢ | ¢ € A}. The dictionary D[n)] is said
to be an extension of dictionary D, and 1 is termed the
extending string from D to D[n).

When D is proper and complete, D[n] is also proper and
complete. Before Theorem 5 is proven, an auxiliary lemma is
introduced.

Lemma 4. (1) If the dictionary D is proper, then D, is
proper and complete.
(2) T, is the set of extending strings from D, to D, .
(3) If the dictionary D is proper and ASC, then

P)= Y P()

¢e(Dym)

for any given string 1, where n has no prefix with a
length less than |n| in D.
(4) If the dictionary D is proper, then

> (D) ={¢eD|[¢| >z}

neDL
for all z € N.

Proof. (1) First, we prove that the dictionary D, is proper.

The dictionary D, can be expressed as follows:
D.2{(eD|[(| <2} UT..

The following two cases are considered for any string
G €D,.
a) Assume that ¢; € {¢ € D||¢| < z}. Since D is
proper, ¢; is not a prefix of ¢; € {¢ € D||(| <
z} \ {¢;}. According to the definition of T, ¢; is
not a prefix of n for all n € T,.
b) Assume that (; € T.. Because |(;| = z, (; is not a
prefix of ¢; for all (; € D, \ {¢}.
Therefore, D, is proper.
Second, we prove that D, is complete. For any infinite
sequence, we consider its first z-bit string 7. Assume
that an o € D exists such that « is a prefix of 5. Then,
a€{eD||¢| <z} CD, is the prefix of the infinite
sequence. Assume that any string ¢ € D is not a prefix
of n. Then, n € T, C D, is the prefix of the infinite
sequence. This part of the proof is complete.

(2) According to the definition of D,, the set of extending
strings from D, to D,,; is essentially composed of
elements with lengths of z in D, that do not belong to
D. This is because T, consists of elements with lengths

’In our setup, 7 is the prefix of 7. For example, the string dcba has the
prefixes d, de, dcb, and dcba, while its proper prefixes are d, dc, and dcb.
Therefore, n € (D,n) # 0 when n € D.
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of z in D, that do not belong to D. Therefore, T, is the
set of extending strings from D, to D, .

(3) For any finite sequence &, let Z¢ denote the set consisting
of all infinite sequences beginning with &, and let
H¢ denote the set consisting of all infinite sequences
beginning with ¢ that possess probabilities greater than

0. That is,
Te = {0 = &yrya--- € Flyi € A},
He = {0 = Eyrya -+ € Fly; € A, P(5) > 0}.

First, the sum of the probabilities of the elements
contained in H;¢ is

> P

S€EH,

)= P()

6€T,

- ¥

o0
PP
S=Ey1y2-- j=1

S Il Pw) @

y; €A GEN j=1

=PEOIT (X Plu)
j=1 y;eA

= P(0)

€T

Second, the following proves that

|| *e )

CE(D,n)

where | | denotes the disjoint union of sets. This process
is proven in the following three steps.

a) Ucep,n He € Hy : For every 6 € Uee(p,,y) He
it follows from the definitions of (D,n) and H.
that ¢ is an infinite sequence beginning with 7);
that is, § € ).

b) Hy C Uce(p,y) He @ For every 6 € H,, since
D is proper and ASC, the infinite sequence ¢ has
a unique prefix ¢ € D. Suppose that (| < |nl;
then, ¢ € D is a prefix of 7 because § € H,,.
This contradicts the fact that n has no prefix with
a length less than || in D. Thus, || > |n| and 7,
is a prefix of ¢ € D; that is, ¢ € (D,n). Hence,
0€ UCE D) e

©) He, N He, = 0 forevery (1, (2 € (D,n) and (1 #
(2 : Otherwise, assume that § € H¢, He, # 0;
then, the infinite sequence ¢ has the prefixes (; and
(2. Without loss of generality, assume that (1| <
|C2]; then, (5 is a prefix of 5. Since (1, (2 € (D, n),
we have that (1, (o € D. This contradicts the fact
that the dictionary D is proper.

Finally, we obtain

P2 3 P)

SeH,

vy

s€llcep,n He

=2 2 PO

Ce(D,n) SEH,

9y P

¢e(Dym)

P(9)

where (a) and (c) are derived from Equation (4), and
(b) stems from Equation (5).

(4) First, because 1 € D, we have || =
for every ¢ € (D, n). Therefore, we obtain

> (@) c{ceD|ll =2}

neDLH

Second, owing to Lemma 4(1), D, is proper and com-
plete. Therefore, for every 6 € {¢ € D‘ IC| > =}, & has

a unique prefix € D,. Since § belongs to D and D is
proper, n ¢ {¢ € D||¢| < z}; that is, n € DL . Thus,
we obtain

se > (D).

neDs

Therefore, we obtain

> (@) 2{¢eD|icl = ).

n€Dz

Now, we begin the proof of Theorem 5.

Proof. The proof is divided into three parts. First, we prove
that if a dictionary satisfies Equation (3), then the dictionary
obtained after applying finite extensions also satisfies Equa-
tion (3). Next, the following equation is proven:

for all n» € N. Finally, the proof for Equation (3) is presented.

1) Suppose that S is a dictionary. We need to prove that
when S satisfies Equation (3), the S[n] acquired after
one extension also satisfies Equation (3). Note that

IS = > POKI+ > P
¢eS\{n} ¢enA
= 3" P(O)IC| — P()lnl + Pln)(lnl + 1)
ceS

:®+P(n)v
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2)

and

-3 P()

ces\{n}

:_ZP

ces

_ Z P(n
CeA
= H(S)

)= P(¢

¢CenA

+ P(n)logy P(n)

log, P )log, P

¢)logy P(C) +

(mP(C)

P(n)logy P(n) —
ZP )log, P(€)

¢eA
=US)H(P) + P(n)H(P)
= (S H(P).

¢)log, P

We have proven that for one extension, the extended
dictionary also satisfies Equation (3). With a similar

P(n)logy P(n)

process, we can prove that for any finite number of ex-
tensions, the corresponding extended dictionary satisfies

Equation (3). The first part of the proof is complete.

We prove Equation (6) via mathematical induction.

When n = 1, we have D; = A and

I(DN)H(P) =1 x H(P) = H(D,).

Suppose that Equation (6) holds when n = r. Now,
we consider the extension process from D, to D,y;.

If |T,| < oo, then D,;1 is obtained by D,
finite number of extensions. We obtain H(D,y1)

I(Dy4+1)H(P) because of the first part of the proof. If

after a

|T,.| = oo, because A is countable and the lengths of the
elements contained in 7, are all r, 7T} is also countable.
Therefore, it can be assumed that 7, = {a;}2,, the

extension process from D, to D, is as follows:

Dyi11 = (Dr\ {aa}) U A,
Dyj12 = (Drg11\ {02}) UagA
=(Dr\ {ai 1)U {0‘1“4}1 15

Dr-i-l,z = (Dr+1,z—1 \ {az}) U az-A
= (D \{ai}iny) U{os A}y,

Then, we have the following three equations.

(i) H(Dyi1.) = (Dyy1..)H(P) for all z € N.
(11) hﬂl_’l DT+1 z — Dr-i—l

(iii) Dr+1 (Dr \ {ai}27) U{ai A},

Next, we prove the following two equations:

lim (Dyi1..) = [(Dr1),

z—+00

lim H(D’I‘-‘rl,z) = H(D,q,.l).

z——+00

)

First, we have

Dri1) Z P(n)nl

NEDr11

> > P

N€Dr41,2

= Z(Dr+1,z)

> >
nE('D,V\{ai}ioil)U{ai.A}le

Taking the limit z — oo, we obtain

(D) > tim T

P(n)n|.

Dr-i—l,z)
S T
> lim > P(n)n]
n€(Dr\{ai}s2 ) U{ai A}
=1(Dy41)-
Then, we have
H(Dyp1) = — > P(n)log, P(n)
n€(Dr\{ei}2,)U{ai A},
- >, P(n)log, P(n)
ne{oi A}2 4
> — > P(n)log, P(n)
n€(Dr\{ei}2,)U{ai A}i,

- ) P(n)log, P(n)

ne{ai}2, oy

=— > P(n)log, P(n)
ne(Da\{as} i) U{en AV

- H(Dr+1,z)

> - > P(n)log, P(n),

n€(Pr\{ai}2,)U{ai Ay,
where (a) is due to the fact that

_Zp

nea; A

)logy P(n) > —P(a;)logy P(wy;)

for all ¢+ € N. Taking the limit 2 — co, we obtain
H(Dr+1) Z zl}gloo H(Dr—i-l,z)

> 1 —

> lim > P(n)log, P(n)
ne(Dr\foni iz U A

= H(D7’+1)'

Equation (7) is proven. From the perspective of math-
Equation (7) essentially involves
considering whether the function and the limit can

ematical analysis,

be exchanged. For example, lim H(D,i1 )
z—r+00

H( hm D.+1..). Finally, from Equation (7), we have

z—+

H(DT+1) = Zginoo H(DH—LZ)

= Zl}r_{} U(Dr41,2)H(P)

= 1Dy H(P).

The second part of the proof is complete.
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3) We prove the following two equations similar to Equa-

tion (7).
lim 1(D,) = (D).
r—-+00 (8)
lim H(D,) = H(D).

First, according to Lemma 4(3), we obtain that
Y. Pl =< Y. P =P
n€(D,Q) n€(D,()

for any given ¢ € D;-. Furthermore, from Lemma 4(4),

we have that
Il =>" > Pl =>_ P

> P
nED,|n|>r CEDE ne(DC) CEDH

Therefore, we obtain

ID)y=>_ P+ > Pl

n€D,|n|<r n€D,|n|>r
> Y P+ Y. PO
n€D,[n|<r CEDF
=1(D,
> > Pl
neD,|n|<r

Taking the limit » — co, we obtain

(D) > lim_I(D,)

> lm, D

nED,|n|<r
= (D).

Then, according to Lemma 4(3), we obtain that

— > P(n)log, P(n) > —log, P() > P(n)

P(n)n|

n€(D,() n€(D,¢)
= —P(()log, P(C)
for any given ¢ € D;-. Furthermore, from Lemma 4(4),
we have
=Y _P()log; P(n) = =) > P(n)log, P
n€D,|n|>r CED; ne(D,C)
> Z P(¢)logy P(C).

CeD;-

Therefore, we obtain

H(D)=—- Y P(n)log, P(n)
nED,|n|<r
— 3 P(n)log, P(y)
n€D,|n|>r
>— 3 P(y)log, P(n)
nED,|n|<r
- Z P(¢)logy P(C)
ceDt
= H(Dy)
>— > P(n)log, P(n),

nED,|n|<r

Taking the limit » — oo, we obtain

e
HD)> lim H(D)

> lim — > P(n)log, P(n)
n€D,|n|<r
= H(D).
Equation (8) is proven. Finally, from Equation (8), we
have )
H(D) = lim H(D)
= ngr_loo (D, )H(P)
=I(D)H(P).
The proof is complete. O

Remark 2. Theorem 1 [22] is the proper and complete
dictionary version of Theorem 5 with a finite alphabet. The
relevant proof of [22] can be equated to the first part of the
proof; namely, if the given dictionary satisfies Equation (3),
then the dictionary obtained after performing finite extensions
also satisfies Equation (3). The reason for not using Theorem 1
directly in the proof is that Theorem 1 requires the dictionary
D to be complete and the associated alphabet to be finite.

When studying the entropy of randomly stopped sequences,
Ekroot et al. [23] presented conclusions related to Theorem 5,
that is, Theorem 2. It can be assumed that [23] proved the
proper and ASC dictionary version of Theorem 5 with a finite
alphabet. Owing to the formal differences that are present in
Theorem 2, this theorem cannot be directly used in the proof of
Theorem 5. Moreover, we use Lemma 4 (which is proven in this
paper) for the relevant part of the proof, which distinguishes
it from [23].

VI. CONCLUSION

UCT has been studied for almost half a century, but questions
that are worth exploring remain. In this paper, we are the
first to propose the necessary and sufficient conditions for a
minimal prefix code C to be UCI, as stated below.

1) There are two constants Ry and Ry such that Le(r) <
Ry + Ra|log, r| for all r € A.
2) There are two constants R; and Rs such that L¢(r) <
R1 + Ry log, r for all r € A.
In addition, this paper is the first to prove Theorem 5,
which characterizes the relationship between dictionary en-
tropy H (D) and Shannon entropy H (P). This theorem leads
to a series of useful conclusions [17-19]. It can also be used to
prove a coding theorem for VV codes. Moreover, this theorem
can reveal the connection between UCI and GUCI and prove
the converse part of Shannon’s first theorem about VV codes.
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