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1. Introduction

We consider here a suitable non-sequential recursive pair substitution method (NSRPS)
which has been proposed by Jimenez-Montano, Ebeling and others [6]. This method has
been studied and precisely defined by Grassberger as a tool for data compression and
entropy estimation [9]. He deduced some important properties of the method and used it
to estimate the entropy of written English. In particular the results found in [9] and the
conjectures made therein are the main motivation for this paper.
Data compression is one of the most interesting research fields in information theory
both from the applied and from the theoretical viewpoint. In particular, data compression
algorithms provide a powerful tool for measuring entropy and more generally for the
statistical characterization of a symbolic sequence. The use of such algorithms in physics
and related areas of research is widespread and gives relevant results.
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Among the applications we mention the identification of the subsequences codifying
the genes and their specific functions in DNA sequences [4, 10, 11]; authorship attribution
and other linguistic applications (see e.g. [5] and references therein); checking the
effectiveness of random numbers generators [12]; the modern approach to time series
analysis based on the theory of dynamical systems and information theory (see for
instance [1,7,8,13]).

We recall also that the problem of entropy estimation for sequences with long range
correlations has a long history in physics (see e.g. [14]) and the algorithm studied in this
paper was proposed with this aim.

The first algorithms for data compression (Shannon—Fano, Huffman; see for
example [2,15]) were based on the suitable coding of single characters, or of strings
of a fixed and small number of characters. A great improvement in the field of data
compression has been given by the dictionary-based compression methods LZ77 [17], LZ78
[18] and LZW [16] in which variable-length strings are suitably encoded. In particular in
LZ78 a sequence is encoded as a list of phrases. Initially the phrases coincide with the
characters and then any new phrase is obtained sequentially by adding a character to one
of the existing phrases. The NSRPS method we are going to study here, even if different
in many respects from these dictionary methods, has some similarity with LZ78 and in
particular with a variation of LZ78 which has been recently proposed [3].

The NSRPS method works in the following way. Let us consider a sequence s° built
with the characters of a finite alphabet A = {ay, ..., a,,_1}. For any given i, j let n;; be
the number of non-overlapping occurrences of the string a;a; in sY, and let g, jo be the
pair (or one of the pairs) for which n;; is maximum. Now let us define a new sequence
s' obtained from s by replacing any occurrence of the pair a;,a;, with a new symbol a,,.
The new sequence is shorter than the previous one and its alphabet has one character
more. Then starting from s' we define a new sequence s with the same procedure, etc.
We call a single step of NSRPS a ‘pair substitution’ (the one for example that transforms
s% into s').

For clarity let us consider two specific examples when the initial sequence is binary.
First let us consider the case in which

s =0010101010001001010101110101 . ..
and we replace 01 with the new character 2. We obtain
s' = 02222002022221122.. . ..

As said above, the sequence s' is shorter then s’. In particular, denoting as |s| the length
of a generic sequence s, we have

|s'| = |s°] = #{01 C 5"},
where #{01 C s°} is the number of times we find 01 in the string s”. Dividing by |s
st . #{01Cs"}

[ |s°]
We always work with sequences extracted using an ergodic measure ;. Then taking the
limit as |s°] — oo we get, for almost all sequences s°, that
Ed

1
— = lim 2!'—1_—401). 1.1
7" a5 p(01) (1.1)

0"
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Another important fact to note is that the transformation is invertible (see section 2),
and thus the amounts of information for the two sequences are the same (see section 3).
Therefore, if h(s) is the entropy per character of s,

his)
7

The second example we consider is when the pair to be replaced is made up of two
equal characters. Let us consider the sequence

1001100100000011001000001000010001 . . .
and let us replace 00 with 2. We find the new sequence
12112122211212201221201. .. ..

The main difference from the case considered before is the fact that in this case we do
not replace with 2 all the pairs of consecutive 0 in s°. For instance 1001 — 121, but
10001 — 1201. It is easy to deduce that in this case (1.1) changes to

h(s”) =

% =1 — 22(00) + p(000) — 2£(0000) + £(00000) — - - - . (1.2)

This example shows that under a NSRPS the probabilities of strings can behave in a
complicated way. In spite of this fact, the substitution process transforms a Markov
sequence into a Markov sequence, as proved by Grassberger in [9].

In general, if the starting sequence is not Markov it does not become Markov after
a finite number of transformations. Nevertheless it is reasonable to expect that the
sequences tends to become Markov as the number of transformations tends to infinity.
This is exactly what was conjectured in [9] and what we prove here.

More precisely the main facts we prove are the following.

In any pair substitution the conditional entropy h; (i.e. the entropy of a character
conditioned to the previous character), suitably normalized, does not increase. If the
process is already Markov then it stays constant (in truth, there are other rare cases in
which h; stays constant; see sections 5 and 8).

This is a general property of the pair transformations and holds true whatever the
substitution made. An immediate corollary of this fact is that Markov sequences are
transformed into Markov sequences.

As the number of transformations goes to oo and also the inverse of the average
shortening Z diverges, the (suitably normalized) conditional entropy h; tends to the
entropy of the sequence. In this sense we prove that in the limit the process becomes
Markov. In particular this is the case if at any time we replace the pair of characters
which maximizes the number of non-overlapping occurrences. This condition is not strictly
necessary but, as we shall see in section 5, the result does not hold for all the sequences
of substitutions.

The paper is organized as follows. In section 2 we will fix notation and give some
preliminary results. In particular we will discuss how pair substitutions act on strings
and give a natural definition of a corresponding action on ergodic measures. In section 3
we will state results on how pair substitutions act on entropies. In section 4 we prove the
main result of the paper. In section 5 we discuss some examples. In section 6 we give
some concluding remarks. In sections 7, 8 we collect technical results on measure and
entropy transformations under the action of a pair substitution, respectively.
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2. How pair substitutions act on strings and measures

2.1. Strings

Given an alphabet A we denote as A* := U; > A* the set of finite words in the alphabet
A. Elements of A* are indicated with underlined lower case italic letters w, z, etc. The
same notation will be used also for infinite (elements of AY) and double infinite words
(elements of A%). An element w has length |w| and, if |w| = k, it is also indicated with
wh = wy . wy = (W, wy).

Let us consider z,y € A (including z = y), o ¢ A, and A’ = AU {a}. A pair
substitution is a map G = G, : A — A’ * which replaces ordinately the occurrence of xy
with a. More precisely Gw is defined by replacing in w the first occurrence from the left
of zy with o, and then repeating this procedure until the end of the string is reached.

We define also the map S = S*¥ : A”* — A* which acts on the words z € A™,
replacing any occurrence of the symbol a with the pair zy.

Notice that the map G is injective and not surjective, while the map S is surjective
and not injective. Notice also that S|ga«) = G ie.

S(G(w)) =w for any w € A*. (2.3)

We remark that these definitions work also in the case of infinite sequences w € A"
and z € AN,

It is easy to see that the set of admissible words G(A*) is a subset of A™ which
can be described through constraints on consecutive symbols: in the case xy — «, with
x # 1y, G(A*) consists of the strings of A in which the pair zy does not appear; in the
case xx — «, G(A*) consists of the strings of A™ in which the pairs zz and za do not
appear. An important fact is that after the application of more pair substitutions, the set
of admissible words remains described through constraints on consecutive symbols. This
follows from the fact that a pair substitution maps pair constraints into pair constraints,
as stated in the following theorem.

Theorem 2.1. Let {V,;}apea be a matriz with 0-1 valued elements (the constraint matriz),
and let A, be the subset of A* whose elements w verify

|w|—1
| | Vwivwi+1 =1,
=1

A%, is the set of admissible strings with respect to the pair constraints given by V).
v g g Y
There exists a constraint matriz V' with index in A’ such that

The proof follows from direct inspection. Here we only write V' in terms of V. Let
z,w € A\ {x,y}: the values of the elements of V' are given by the following tables:

fe#y| x| y| w| « .
fr=
x Vie | 0| Viw | Vor Hor=y, vl w| «a
’ ’ ’ x 0| Vew| O
Y Voo | Voy | Vo | Voo 2 V.ol Vou | V.
z Vz,x Vz,y sz,w ‘/;,x a z,alc Vz,w Z’:{
o Vy,w Vy,y Vy,w Vyx o
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Note that these expressions hold if V, , = 1 and V, , = 1 respectively; otherwise, and
this is a non-interesting case, G(A}) = A}

2.2. Measures

We indicate with £(A) the set of ergodic stationary measures on A%, the only measures
we are interested in. If u € £(A) we use the shorthand notation p(w) to indicate the
value of the |w|-marginals of 1 on the sequence w.

The maps G, and S3¥ induce the maps G = Gg, : £(A) — £(A') and S = S3Y :
E(A) — E(A) in the following natural sense. Let u € £(A) and w € AN be a frequency
typical sequence with respect to p, and let v € £(A’) and z € A™ be a frequency typical
sequence with respect to v. The sequence Gw is typical for an ergodic measure that we
call Gu and the sequence Sz is typical for an ergodic measure that we call Sv.

More precisely, denoting the number of occurrences of a subword sinr asf{s C r} :=

ZEIE'H ]I(rf+|§|_1 = s), where 1 is the characteristic function, we have:
Theorem 2.2. Let s € A™; then

(o) ot 20D

Tl (24)

exists and is constant pi-almost everywhere in w, and moreover {Gu(s)},c 4 are the
marginals of an ergodic measure on A"
In an analogous way, let r € A*; then

Sv(r):= lim —ﬂ{i € SC1)}

Tl 29

exists and is constant v-almost everywhere in z, and moreover {Sv(r)}, 4. are the
marginals of an ergodic measure on A%. It holds that

S’ Goyht = - (2.6)

In section 7 we give the proof of the theorem and of the following propositions (which
we use for the main theorem in section 4); moreover from (2.4) and (2.5) we write the
explicit expressions for Gu and Sv in terms of p and v respectively.

Proposition 2.1. Let Z} be the inverse of the mean shortening, with respect to p, of a
string under the action of G, and let W = W[ be the mean lengthening, with respect to
v, of a string under the action of SZY.

n 1
Ifx#y Z! = lim — = (1 a.e. in w). (2.7)
Yoommtee [Gluy)] 1 = p(ay)
Zk = lim nn = +001 — (1 a.e. in w), (2.8)
oo [Gwp)| 1= 3750 (= 1) u(ak)
where ¥ is the sequence of k times .
S n
Wy .= lirf 1SG)| =1+4+v(a) (v a.e. in z). (2.9)
n—-+4oo n

doi:10.1088/1742-5468 /2006,/09,/P09011 6
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Moreover

W =z (2.10)

Proposition 2.2. Let r € A*; the value of Sv(r) depends only on the values of v(s) with
|s| < [r].

We remark that this assertion is false for Gu, and, in the case of x = vy,
Gu(s) can involve the probabilities of infinitely many strings of increasing lengths (see
equations (7.33)).

Proposition 2.3 (Invertibility of Sv). If v € E(A’) respects the pair constraints given by
G, i.e. for z e A

v(z) =0 if z ¢ G(A"),
then
v =GSv.

3. How pair substitutions act on the entropy per symbol

Given p € £(A), n > 1, and indicating as log the base 2 logarithm function,

Hp(p) == = 321,10 #(2) log p(z) is the n-block entropy,
ho(p) :== Hyq () — Hy () is the n-conditional entropy,
h(p) :=lim, oo (H, (@) /n) = limy, o b () is the entropy of .
We have
h(p) < -+ < hj(p) < hja(p) < - < ha(p) < Hi(p). (3.11)

Denoting as u(z|lw) := p(w z)/p(w) the conditional probabilities, we say that p is a k-
Markov measure if for any n > k, w € A" and a € A, plalwy) = p(alw;)_,,,). In this
case h(p) = h;(pn) Vj > k. We remark that h(p) = hi(p) implies that g is a k-Markov
measure.

We collect here some results on how entropies transform under the action of G. Proofs
are postponed to the technical section 8.

We will use the shorthand Z = Z7, |
the reference measure.

Theorem 3.1.

and sometimes Z" = ZI' when we need to stress

hGp) = Zh(p). (3.12)
In fact the amount of information of the string w is the same as that of the string
G(w).
Theorem 3.2.
hi(Gu) < Zhi(p). (3.13)
Moreover, if i is a 1-Markov measure, Gu is a 1-Markov measure.

doi:10.1088/1742-5468 /2006,/09,/P09011 7
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Let us note here that the second assertion is a consequence of the first: if p is a
1-Markov measure,

hGp) < hi(Gp) < Zhi(p) = Zh(p) = h(Gp). (3.14)

Then hy(Gu) = h(Gp); this implies that Gu is a 1-Markov measure.
This theorem can also be generalized.

Theorem 3.3.

hie(Gp) < Zhi(p), (3.15)

and G maps k-Markov measures to k-Markov measures.

4. The main result

Theorem 3.2 asserts, roughly speaking, that the amount of information of G(w), which
is equal to that of w, is more concentrated on the pairs of symbols with respect to the
case of the original string w. This fact suggests that a sequence of pair substitutions can
transfer all the information in the distributions of the pairs of symbols. To formalize this
assertion, let us define recursively:

the alphabets A, = A, , U{a,} where a, ¢ A, |, with Ay = A;

the maps G, = ngyN AT — AL where o,y € Ay

the corresponding maps G, = gﬁgyN, Sy = SgZyN, S, = SﬁgyN;

the measures p,, =G, py_,, with po = p;

the normalization 7, = Zﬁ;j;}lv;

the composed maps

GN:GNO"'OG17 gN:gNo...ogla

Sy =0510---085,, Sy, =810---08,;

the corresponding normalization Z, = Z, Z, ,---Z; (when we need to specify the

initial measure we will use the symbol ?ﬁi)

In [9] the author chose at any step the pair of symbols with the maximum of the
frequency of non-overlapping occurrences. This fact ensures the divergence of Z, as we
will prove using theorem 3.2.

Theorem 4.1. If at any step N the pair x,y, is the pair of mazimum frequency of non-
overlapping occurrences between the pairs of symbols of A,,_,, then

lim Z, = +oo. (4.16)

In this case the hypothesis of the following (main) theorem is satisfied.

Theorem 4.2. [f
lim Z, = +o0 (4.17)

doi:10.1088/1742-5468 /2006,/09,/P09011 8
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then

Proof of theorem 4.1

Let p, the maximum of probability p, , on the pair of symbols of A, . From the
definition of Z it follows that

(the factor 2 appears for the case of replacement of two equal symbols). We can estimate
p,y Wwith

Px 2 27H2(HN71)7
where Hy(u, ) = _Za,beAI\_l fy_, (ab)log i, (ab) is the two-block entropy. Using

theorem 3.2 and that Hy(p,_,) <log(N — 1+ |A]), with |A| the cardinality of A:

H2(H’N71) - hl(:U’N71) + Hl(/izvfl) < ZNflhl(/‘L) + 1Og(N -1+ |A|)
Then

In >1+
Zau 2(N —1+|A])
The sequence Z s increasing; by contradiction, if 7, tends to a constant, from the
previous equation 7, /Z, , > 1+ ¢/(N — 1), but this implies Z,, — +o0.

9= ZNn_1hi(w)

Remark. This proof is also valid in the more general case where we choose x in such

a way that

NyN

luNfl(INyN) Z Cp]\H
where ¢ is a constant independent of N.

Proof of theorem 4.2

For the composition S it holds that

§N(S?) = SN(Sl) - '§N(sn)7
where S (s;) are words in the original alphabet A. Consider r € A*, |r| = k and s a
typical string for p,,.

u(e) = tim HEE D} g, HEC Sl Sy ()}
n—oo S (sT) oo 1Sy (s)]
Notice that
f{r € Sy(s1)...Sy(sn)} = > #{rcSy(9)}t{yg S st
k
- > #t{r~5(g) .- Sulgp)}t{gr- .9 C T} (4.19)

doi:10.1088/1742-5468 /2006,/09,/P09011 9
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where #{r ~S,(g1)...Sy(gp)} is the number of occurrences of r in the string
Sy(g1)...S,(gy) which start in S (g;) and end in S (g,). We obtain

pr) = tim ——— [ 3" 4{r c3,(g)} iy csih 7% <

EAENENR

k

£ #{r~ 5.0 5y (g} LI E 51

n

+ 3 Y t{r~Sulg)- Sy (gp)  ialgr-g) | - (4.20)

Let P be the projection operator that maps a measure p to its 1-Markov
approximation Py and define 74, =S, ... S, Pu,. In particular we have 70 =S P,

and 7T]]:: = P, . It holds that
7T]]:: =G, m. (4.21)

In fact the measures 7T]]\\: and p, coincide on the pairs of symbols; then W]]: (w) = 0 if

w ¢ G, (A%), as follows from theorem 2.1. From the fact that G (A4*) C G (A* ), we

N—-1
can apply proposition 2.3, obtaining
N N—-1

T. =G, . (4.22)

N NN

Now, also szl and p,_, coincide on the pairs of symbols (see proposition 2.2); then we
can iterate the procedure and obtain equation (4.21). Note that
N N

70 =T+ () = T](1 + mstay)) = 7", (4.23)

j=1 j=1

and in fact 7er and p; coincide on the pairs of symbols on A;. Therefore for any k and
any r of length k,

M-I S =" 3 (7))t {2~ Balen) Sl

<2— (4.24)

which tends to 0 when N — +oco. This implies that

N—+4o00

In conclusion, for any k

doi:10.1088/1742-5468 /2006,/09,/P09011 10
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We stress that the third step of the previous chain follows from the definition wz =Pu,
and that the fourth step follows from (4.21) and (4.23).
Taking the limits N — +o00 and k£ — o0,

M) = lm MU

N—+o00 ZN

5. Some examples

We consider here a given sequence of pair replacements which is not obtained with the
procedure of the minimization of the length of the new strings, as prescribed in the NSRPS
method.

The initial alphabet is A = {0,1}. The first pair replacement is 10 — 2, the second
20 — 3; in general the Nth replacement is NO — N + 1. Notice that the infinite
composition of these replacements corresponds to the coding procedure that replaces
maximal blocks of k consecutive zeros, and the one that precedes them, with the new
symbol k + 1.

If the initial measure gives positive probability to the pair 11, then the normalization
cannot diverge; namely for an initial (typical) string of length L, after the transformations
there remain at most p(11)L symbols.

Let us note that only the first replacement involves the symbol 1, then it is easy to
do the following computations:

p(11) — u(110)
u1) = (o) MU

p(111) — p(1110)

If for the initial measure p(1{111) # p(1]11), then g, (1]11) # p,(1|1) for any N and

hi(uy)/Z, cannot converge to h(p) (the limiting process cannot be a 1-Markov process).

On the other hand we can consider as initial measure a finite mean renewal process,

that is a stationary process for which the distances between consecutive ones are i.i.d.

random variables with distribution {py},-, and E° = Zj; jp; < oo. The entropy of
such a process is

foy (11) = g, (1[1) =

= u(1]111).

= > ey prlog py
_ L '

An explicit computation of the marginals of p,, is not difficult. It follows that

h(p)

N-1

E — E°E' E E°
B T EE R R

N-—-1

Z

_ N
= 7\ =

N
where E" = P jp;-V and

pN_{p1+-"+pN+1 J=1
! PN+j J>1

doi:10.1088,/1742-5468,/2006/09,/P09011 11
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Note that if we consider the measures j, as measures in the alphabet N, then p,
weakly converges to the product measure with marginals {py},~,. From this (or by direct
computation) we can derive

h H
lim & = lim 1(#y) = h(p).
N—oco ZN N—oco ZN

Let us stress that in this case the process becomes independent; then also H,(u,)/Z
converges to the entropy. This fact is a consequence of the very particular choice of the
initial measure. If the distances between consecutive 1s are not distributed independently,
but, for instance, with a two-step Markov process, then hy(u,)/Z, and Hy(u,)/Z, do
not converge to the entropy.

6. Concluding remarks

The main result proved here says that under the action of the NSRPS procedure any
ergodic process becomes asymptotically Markov, i.e. hi(p,)/Z, — h. A natural question
is that of when the process becomes even independent, i.e. H(u,)/Z, — h, as for the
very specific example discussed in section 5. In our opinion this is a non-trivial question,
presumably depending on the behaviour of the number of forbidden sequences in the
iterated measures.

The results of this paper imply also the fact that a NSRPS algorithm can be used
to estimate the entropy of an ergodic source starting from a sequence of sufficiently large
length, say L. This is done iterating N(L) pair replacements with N(L) diverging with L
sufficiently slow, and then computing the conditional entropy h; of the empirical measure
of the resulting sequence. An interesting question is that of how fast N(L) can diverge
with L.

Analogously it is possible to define an asymptotically optimal compression algorithm
based on NSRPS: iterating a suitable number of times the pair replacement procedure we
end up with an approximatively Markov sequence; this sequence can be compressed by
an algorithm which takes into account only the pair correlations (for instance a suitable
arithmetic coder). As before, if the number of substitutions diverges with L sufficiently
slowly, then the compression rate converges to h.

In practice, given a sequence of length L, it is not so obvious how to decide in an
efficient way what is the optimal number of substitutions to make. This point is discussed
a little in [9] and we do not enter into this matter.

7. Technical results on measure transformations

7.1. Proof of theorem 2.2

We do not give a formal proof of the theorem, just a sketch of it (more details are in the
analogous proof for proposition 2.1, in the next subsection). The fact that the limits are
almost surely constants can be deduced from the strong law of large numbers. This fact
implies the ergodicity of Gu and Sv (see theorem 1.4.2 on p. 44 of [15]). The compatibility
conditions for the families of marginals are easily checked. Formula (2.6) is a consequence

of (2.3).

doi:10.1088,/1742-5468,/2006/09,/P09011 12
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7.2. Proof of proposition 2.1
In the case x # y, we have
G(wi)| =n—t{zy C wi}

so that
n 1

Gwp)| | Hemcur}

and the result (2.7) follows from the strong law of large numbers.
In the case x = y we have that

Gl =n - éﬁ{*xk* cury [4]

where [ ] is the integer part and § {*z*x C w]} is the number of blocks of exact length
k of consecutive x contained in w} (% represents a possible occurrence of a generic letter
different from z). It holds that

ﬂ{*:z:’“* C w?} =f {xk C w’f} — 24 {xk“ C w?} + 4 {xk” C w?} )

Now we have
n 1

SNy (et

that converges to the right-hand side of (2.8) for any ergodic measure y different from the
measure concentrated on the sequence of all  (in this case clearly Z = 2).
Formula (2.9) follows from

S(a) =n+{aC 2}

and the strong law of large numbers.
Formula (2.10) can be deduced from (2.3).

7.3. Sv in terms of v

We consider the substitution a — xy. We have that

n—-+oo n n—-+oo \z|:n n
and it holds that
e HrCSGEDY L Hr Sk}
Sl/(f) o nkrfoo |S(Z7f)| a nEJroo Wn
) 1 n
= lim o> v(2)H{r € S()} (7.25)

zl=n

doi:10.1088/1742-5468 /2006,/09,/P09011 13
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Suppose now that |r| = k and consider, for n > k,

D,=) vi2){rCS(=)}— > wviz){rcsi)

|z|=n |z|=n—1
=Y v@L(r=5)1)+ Y vlex)l(r=ySE)i"). (7.26)
|z|=n |z|=n—1

We can rewrite these terms as

Z v(z)I(r = S(2)}) = Z <1/(§) + V(5|1§\—1a)ﬂ (ry, = x))

|z]=n 5:5(s)=r

1 (7.27)
Z v(az)I (r = yS(g)]ffl) = Z <1/(045|2§|) + V(ozs‘;‘_ a)(ry = x))]l(rl =y).
|z[=n—1 s:5(s)=r
Hence D,, is constant for n > k and
: 1 " 1

Jim |Z—: v(2)H{r € ()} = 7D (7.28)

Collecting (7.25)—(7.28) we obtain the expression for Sv:
1 |s|—1
Sv(r) = W Z <1/(§) +uv(sy ) (ry =x)
s:S(s)=r
(s I(r = y) + v(ass o)y = y)U(r, = x)) . (7.29)

7.4. Gp in terms of p

The map S inverts G; then in order to find the expression for Gu we can invert the
expression for SGu = p. Let v be Gu. The sum on s in equation (7.29) reduces to
s = G(r), namely v(s) = 0 if s ¢ G(A*). This reduction makes equation (7.29) explicitly
invertible, but we have to distinguish the two cases x # y and =z = y.

Case x #y. Let r € A* and let z, w € A be such that z # z and w # y. From (7.29) we
obtain

Wu(wrz) = v(G(wrz))

Wp(wrz) = v(G(wr)z) + v(G(wr)a)

Walyrz) = v(yG(r2)) + v(aG(r2)) (7:30)
Wulyrz) = v(yG(r)z) + v(aG(r)r) + v(yG(r)a) + v(aG(r)a).

Let now s = G(r) with |s| = n and |r| = k. The expression for v(s) = Gu(s) can be
calculated from the previous equations, yielding

s17# Yy sn 7 1 v(s) = Wp(r)
(7.31)

=W (u(r) + plzyrsay) — plzyrd) — p(ri'ay)).
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Now we can calculate Z = W (see equations (2.10)) in terms of p:

1

Z:1+1/(04):1+Zu(3:y):m.

We remark that equations (7.31) can be synthesized in

Gu(s) =72 >, plash). (7.32)

a,beA: asbeG(A*)

Case x = y. Proceeding as above we obtain again the explicit expressions for v(s) but
they are more complicated. As before let s € G(A*), [s| =n >0, G(r) = s, |r| = k. Let
S1, Sn, 7 x. Denoting as a? the string of p times the symbol «a, the strings in G(A*) are of
the type

Pz s alx’ and afx™, with p,¢g >0 and =,0=0,1.

The expression for Gy = v in terms of p is given by

v(sa?) = Zu(rz*?) for ¢ >0
v(sale) = Z(pu(r 2*) — p(rz?1+?))) for ¢ > 0
v(a?) = Z 305 (=1) p(@™*7)) for p > 1
v(abe) = Z (™) — 237255 (=1) p(@*+)) for p > 1 (7.33)
v(aPz™sal) = Z Y50 (—1) p(z® iy 227) forp+m>1,¢>0
v(aPe"s a%r) = Z 3 5 (~1):

(u(@?P iy g2 th) — p (2Pt 22072)) forp+m>1,¢q>0.

Now we can calculate Z in terms of u:

Z=1+v(a)=1+ ZZ(—l)jﬂ(f”) =

7.5. Proof of proposition 2.2

This proposition is a consequence of equation (7.29) in section 7.3, namely |s| < r if
S(s)=r.

7.6. Proof of proposition 2.3

This proposition is a consequence of the fact that the explicit expression (7.29) for u = Sv
in terms of v can be inverted (in a unique way) if v respects the pair constraints given by
G, as follows from equations (7.30)—(7.33) in section 7.4. The expression for v in terms of
W is exactly Gu; then v = Gu = GSv.

doi:10.1088/1742-5468 /2006,/09,/P09011 15


http://dx.doi.org/10.1088/1742-5468/2006/09/P09011

Recursive pair substitutions
8. Technical results on entropy transformations

8.1. Proof of theorem 3.1

The result follows from the fact that G is a faithful code and S is a faithful code when
restricted to the support of Gu. We call C' := {C,}, .y a sequence of universal codes in
the alphabet A and C" := {C} }, .y a sequence of universal codes in the alphabet A’ (see
theorems I1.1.1 and I1.1.2 on p. 122 of [15]).
We have that C’ o G is a sequence of faithful codes in A. From this we deduce that
on a set of yu measure 1,
h(Gu) = lim Clauy (G(wY)) b " Clayy © Gwy)
e [G@Dl =[Gl
Likewise we have that C'o S is a sequence of faithful codes in A’. From this we deduce
that on a set of y measure 1,
hGn)

) — tim G0 _ o 1R Cuo S@wh) | A(Gn)

N [T ] Z

> Zh(p).

8.2. Proof of theorems 3.2 and 3.3

We proceed, splitting the action of G' (and then of G) into three parts, introducing two
new characters by, by ¢ A.
Given a string, we operate as follows:

Step 1:  We replace, starting form the left, any occurrence of xy with xb;. This
operation defines a map R : A* — A}, where Ap = AU {b;}. We call R the
corresponding map for the measures, defined in the same spirit as theorem 2.2.

Step 2: We replace any occurrence of xb; with byb;. This operation defines a map
L : A}, :— Aj, where A, = Agr U {by}. We call £ the corresponding map for the
measures.

Step 3: We replace any occurrence of byb; with . This operation, in general, defines
amap C: A} :— A}, where Ac = Ay U {a}. We call C the corresponding map for
the measures.

From these definitions,
C(L(R(w))) = G(w), and then CLRu = Gpu.

With this splitting we separate the effects of the shortening of the strings (step 3) from
the effect of the partial replacements of characters (steps 1, 2).

Lemma 8.1.

hi(Ru) < ha(p) (8.34)

(the proof is in section 8.3).

The same assertion holds for LRu. Namely we can define L also considering the
substitutions starting from the right, namely = # b;. In this way L(w) = (R'(w"))",
where w" = (wy ... wg)" = wg ... w; and R’ is the replacement, from the left, of byz with

doi:10.1088/1742-5468 /2006,/09,/P09011 16
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b1by. The map R’ acts in the same way as R; then lemma 8.1 holds for the corresponding
map for the measures R’, and then also for £. In this way we prove that

hi(LRp) < ha(p).

The third step preserves h; up to the normalization, as stated in the following lemma
(proved in section 8.4).

Lemma 8.2. If p € E(AL) verifies

p(baw) = p(zb1) =0 forw # by, z # b, (8.35)
then
hi(Cp) = Wha(p), (8.36)
where
1
W = m =1+Cp(a). (8.37)

We achieve the proof of theorem (3.13) observing that the measure p = LR verifies
the constraints (8.35); then hy(Gu) < Why(p), where W = Z because W = 1 + Cp(«) =
1+ Gu(a) = Wi = Z (see equation (2.10)).

We conclude this section by remarking that lemma 8.1 holds also for h;, and that for
hy we have the following analogue of lemma 8.2, proved in section 8.5.

Lemma 8.3. Under the hypotheses of lemma 8.2
he(Cp) < Why(p).

From these facts there follows theorem 3.3.

8.3. Proof of lemma 8.1

Let £ = Ru. The measure p can be expressed in terms of £ as follows:
pw)= > £(2).
z: R(z)=w

We use this formula to express the probabilities of the symbols and of the pairs of symbols.

Case x # y. Let p be in A;

w(y) = &(y) + &), u(p) = &(p) for p # y,
w(yp) = &yp) + &),  plpg) =E&(pg)  forp#a, p# v,
p(zy) = &(xby), p(xp) = &(xp)  forp #y.
By direct calculation,
_ E(yp) + E(bip)
hi(p) — ha(§) = — pEZA(f(?JP) + &(bip)) log m
£(yp) £(bip)
+ 3 (stmton G+ it os Gt (839

doi:10.1088/1742-5468 /2006,/09,/P09011 17
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We prove the lemma showing that

£(yp) £(bip) §(yp) + £(brp)
(et 106 57 + oo G ) > o + oo S LG

Dividing by £(yp)+&(bip) and setting 8 = £(y)/(§(y) +E(b1)), v = E(yp) / (E(yp) + £(bip)),

this inequality can be rewritten as

1 —
vlogéJr(l—v)log B <0,
g I—v

which is always verified.

Case x =y. Let p€ A, p # x;

u(w) = §(x) + (), n(p) = &(p),
p(xz) = &(xbr) + £ (br2), p(xp) = §(zp) 4 £(bip)
1(pg) = €&(pg)  for g € A, pu(px) = £(p).
The difference between the 1-conditional entropies is
() — — . &) +E(bip)
() = P (€) = pe%;#x(f( p) + E(bap)) log = rme
(el MNlo §(xbr) + £(br2)
R
) 1o §(zp) £(bip)
+pe§;ﬁx( p 1 ° 5( ) +£(b1 ) g(bl)>
{(xb1) {(biz)
+¢(b1) log ) + &(bix) log o) (8.39)

We prove that this difference is positive with the same argument as we used for the case

T #y.
Finally, we remark that in the same way we can prove that hy(§) < hg(p).
8.4. Proof of lemma 8.2

Let v =Cp and W = 1+ v(«). It is easy to write p in terms of v. Let p,q # by, by. The
probabilities of the symbols and of the pairs of symbols are given by

Wp(br) = Wp(be) = v(a) Wp( ) = v(p)

Wp(pb1) = Wp(baq) =0 Wp(pq) = v(pq)

Wp(pbs) = v(pa) Wp(big) = v(aq)

Wp(beby) = v(a) Wp(biby) = v(aa).
By explicit calculation,
Hy(p) = — Z v(p) log VIEI];) B 21/{53) log Vé;z) _ HII/[(/V) N lolg/VW B l/é[c;z) log l/é[c;z),
peEACc\a

Hy(p) = — Z v(pq) log y%)/q) B 1/1(/;4) log yé;z) _ HIQ/[(/V) N loa/W B VI(;) o VI(;)-
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Then
hi(v)

hi(p) = Ha(p) — Hi(p) =

8.5. Proof of lemma 8.3
We need some definitions. Let w = w!. We can identify w with the cylindrical subset

K, C A” defined as follows:
K, = {g €A g =wi, T =Wa,..., T q = wl}.
Let P C A* be a finite set. We say that P is a partition if
(I)KEQKEZQ if w# z,
{K,}uwep is a partition of A%, ie. (2) U K, = A",
weP

Condition (1) says that any string of P is not a suffix for other strings of P. If only
condition (1) is verified, we say that P is a semi-partition. It is easy to show that any
semi-partition can be completed to obtain a partition. Moreover, if the minimum of the
length of the strings in P is [, we can complete P using strings of length greater than or
equal to [.

If P is a partition, we can define the P-conditional entropy as

=— wa) lo p(wa)
hp(p) = %;EAM(_ Jlog =7

If P and () are two partitions we say that P is finer than @) if any string of P ends with
a string of (). If P is finer than @),

hp(p) < ho(u). (8.40)

(The proof is at the end of this section.)
Note that

P ={se AL[[|C(s)] =k},
is a semi-partition, and that, from direct calculation,
hi(v) = Whp(p)

where we remember that v = Cp. In particular we have used that, if s € Aj,
p(shy) = p(gbgbll and if the last symbol of s differs from by, then p(sb;) = 0.
Finally let P be a completion of P.

hi(v) = Whp(p) < Whp(p).

The length of the strings in P is greater than or equal to & and we construct P so that the
same holds for P. Therefore, A¥ is a partition less fine than P. Invoking equation (8.40)
we conclude that

he(v) < Whai (p) = Whi(p).
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Proof of equation (8.40)

Let w € @ and X,, C P be the subset of the strings which end with w. From this
definition,

P=JXo, pw=>Y ub).

weQ reXw

The function ®(x) = xlogzx is convex; then if \; > 0 and Y A\ = 1, O Na;) <
Z/\Zl'z 1OgZEZ Now

and

Writing ;.

—ho(p) =Y p(w) Y plalw)log p(alw),

wewr a€A
(alw) = P29 _ 5~ i) g plea) ple)
T pw) & opw) S () p(w)

= p(ra)/p(r) and A, = p(r)/p(w), and noting that > . A, =1, we obtain

—ho(u) =3 > n(w®| > Ay

weR acA reXw

<D0 D nlw (alf) log u(alr)

weEQ reXy acA

= >3 ulr)ulal r)log plalr) = =hp(p). (8.41)

reP acA
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