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Partition

Let (X, F, 1) be a probability space.

Definition

A partition of (X, F, i) is a subfamily (a priori may be uncountable) of F
consisting of mutually disjoint elements whose union is X.

Given a partition denoted by A and x € X, the only element of A
contaning x is denoted by A(x) or, if x € A € A, by A(x).
Suppose A and B are two partitions of X,

@ We define their join or joining
AVB={ANB:Ac A B¢ B}

o We say B is finer than A or that B is a refinement of A, denoted by
A < B, if and only if B(x) C A(x) for every x € X.In this case,
AV B=B.
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Entropy of a Countable Partition

Definition

Let A = {A;:1 << n} be a countable partition of X, where n > 1 is a

finite integer or co. The entropy of A is the number

=Y —u logu(A)—Zk

i=1

where the function k : [0, 1] — [0, oo] is defined by

—tlogt for t 0,1
K(t) og or t € (0,1]
0 fort =20

Note that k is a concave function with two following properties:

° k()\lxl +- X2) > )\1k(X1) + )\Qk(Xg) (/\1,)\2 >0+ XM= 1)
o k(x1+x2) < k(x1) + k(x2)
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Remark 1:
If A is finite, say consists of n elements, then 0 < H(A) < log n.

e H(A) =0 for A={X}
o H(A) =logn if and only if u (A1) = p(A2) =...=u(Ay) =1/n.

Remark 2:
H(A) = [ = logn(A) di

where [(x) = I(A)(x) := — log u(A(x)) is called an information function.
Remark 3:

H(AV B) =Y —pu (AN B;)log 1 (Ai N By)
ij

is called joint entropy.
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Conditional Entropy
Definition

Let A= {A;:i>1}and B={B;:j > 1} be two countable partitions of
X. The conditional entropy H(A | B) of A given B is defined as

H(A|B) = Zu(B)Z HA B jog 14 230

j=1 BJ) M(Bj)
(AN B;)
= (AiN B)) log ———=~
Z 1 (Bj)
Define I(A|B)(x) := — log u(A(x) | B(x)) = — log AR50 ),

then

H(A | B) :/X/(A | B)du

If 3 is the o-algebra consisting of all unions of elements of B (i.e.
generated by B), then ;
1(x) = —log u((A(x) N B(x)) | B(x)) = —log E (¥ a(x) | B) (x)
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Properties of Conditional Entropy

Let (X, F, ) be a probability space. If A,B and C are countable
partitions of X then:

H(AVB|C)=H(A|C)+H(B|AVC)
H(AV B) =H(A)+ H(B | A)
A<B=TH(A|C)<HB|C)
B<C=H(A|B)>H(A|C)
HAVB|C)<H(A|C)+H(B|C)
H(A[C) <H(A|B)+H(B|C)

Proof.
Let A={A,:n>1},B={Bn:m>1},and C={C : /> 1}. WLOG.
we assume that all these sets are of positive measure.
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(a) By definition,

ANBNC
HAVB[C) = 3 u(Ain B0 G log ™ :(cj; k)
- k
ij,k

Suppose p (A; N Ck) # 0 (note that if it equals 0, left hand side will vanish
and hence we need not consider it), we have
M(A,’ﬂ Bjﬂ Ck) _ /L(A,'ﬂ Bjﬂ Ck),u(A,-ﬁ Ck)
1 (Ck) (AN Ck) 1 (Ck)

Therefore,
(AN Cy)
1 (Ck)

(A,’ N B_,' N Ck)

I
- A; N B;N Cy)log
%“( 0 Clee = G G

H(AVB|C) ==Y u(ANBinCy)log
ij,k

_ ) /J,(A,QC)
_—ZM(A,ﬂCk)|Ong)k+H(B|A\/C)

ik
—H(A|C)+H(B|AVC)
s ey D



(b) Put C = {X} in (a).
(c) By (a)

H(B|C)=H(AVB|C)=H(A|C)+H(B|AVC)>H(A|C)

(d) Since the function k defined in the definition of entropy is strictly
concave, we have for every pair /,j that

u C/OB A ﬂC/) N(C/ﬂBj) ,LL(A,'ﬁC/)
(Z w(B) (G )ZZ v k()

J

Note that C; N B; = C since B < C,we get

p(AinG)\ (A ﬂB) p(GNB), (r(ANG)
k(; 1 (B) )‘k< DE 2.7 ()

J

Finally, multiplying both sides of (1.3.7) by 1 (B;) using the definition of k
and summing over / and j we get
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M(Aiﬁc) 1(AiNG)
z—zu(c,msj) (Cl)uog u(c,)/

- ANG), (AN G)
—ZM(C/ )' og M(Cl)l

By definition, H(A | B) > H(A| C).
(e) We get H(B | C) > H(B | AV C) by (d) and it follows immediately
from (a)

(f) By (d), (a) and (c)
RHS > H(A | BVC) +H(B|C) = H(AV B |C) > H(A|C) = LHS
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Entropy of Endomorphism Respect to a Partition

Let (X, F, 1) be a probability space and let T : X — X be a measure
preserving endomorphism of X.

If A= {A;},,, is a partition of X then by T~1.A we denote the partition
{11 (A")}ie/'

For all n > m > 0 denote the partition \/"_, T A=AV T 1(A)V---V
T~"(A) by A" and \/]_,, T~(A) by A7,

Remark 1:
Note that for any countable A

H (T 'A) = H(A)

Remark 2:
If A and B are two subsets of X, T"1(ANB) = T-}(A)N T1(B), hence
AR = T=K(A") and

B (ALY = H(A)
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For any countable partition A,

H(A")=H(A)+iH(A|A{)

g

Proof.

We prove this formula by induction. If n =0, it is tautology.
Suppose it is true for n — 1 > 0. Then with the use of properties of
conditional entropy (b) and the measure preserving property of T we

obtain

H(A")=H(ATV A)=H(A])+H(A| A])

=H (A" )+ H(A| A}) :H(A)+iH(A | A{)

j=1
By induction, it holds for all n.
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The sequences %H (A™) and H(A | A7) are monotone decreasing to a
limit h(T, A).

Proof.

The sequence H(A | A7), n=0,1,... is monotone decreasing by
properties of conditional entropy (d). By the monotone bounded
convergence theorem, ﬁ Zf:l H (.A | .Afl) is also monotone decreasing
to the same limit, furthermore it coincides with the limit of the sequence

,Hl_lH (A™) by the first lemma.
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Definition

Given a probability space (X, F, u), a partition A on X and a measure
preserving endomorphism T : X — X, the limit ﬁH (A"™) is called
(measure-theoretic) entropy of T with respect to the partition .4 which
is denoted by h(T,.A) or by h,(T,.A).

The lemma above shows the existence of it. Intuitively this means the
limit rate of the growth of average (integral) information (in logarithmic
scale), under consecutive experiments, for the number of those
experiments tending to infinity.
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Properties of h(T, .A)

If A and B are countable partitions of finite entropy then

h(T,A) < H(A)

h(T, AV B) <h(T,A)+h(T,B)
A< B=h(T,A) <h(T,B)
h(T,A) <h(T,B)+H(A | B)

h (T, T7HA)) =h(T,A)

Ifk > 1 then (T, A) = h (T,.A%)

If T is invertible and k > 1, then h(T, A) = ( \/ Ti( )
i=—k
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Proof.

(a) By properties of conditional entropy (d), H(A/) is decreasing.

(b) can be proved by properties of conditional entropy (e).

(c) A<B= A"<B"=h(T,A) <h(T,B) by properties of conditional
entropy (c).

(d)

h(T,A) = lim Iy (A1) < limH(A™ v B™ 1)

n—oo n

T 1 n—1 n—1 n—1
= lim (1 (AT BT 1 (87
n—1

: 1 —J n—1 . 1 n—1
<nIer;onZ;H(T J(A) | B + lim —H(B"1)
J:

n—1

< lim ~STH(T(A) | TH(B)) +1(T,B)
j=0

=H(A| B)+h(T,B).
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()

LHS = lim H(APT) = lim

n—oon-+1 n—oon-+1

H(A”) = RHS
(f) By (c), h(T,A) <h(T,.AX); Also note that

H((A)") = H(A* v ATT) < H(AY) + H(AZTT)

Hence
1
k . k . Ak+nt1
b (T, A%) < lim S HOAT) + Jim o HOAGT)
:nll_>ngon+ H(A") =h(T,A)

(g) Use T o T~! = I(identity map) and (f).
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If T: X — X is a measure preserving endomorphism of a probability space
(X, F,u), A and Br,,m=1,2,... are countable partitions with finite
entropy, and H(A | B,) — 0 as m — oo, then
< [imi
h(T,A) < |;7r1n_>|gofh (T,Bm).
In particular, for Bn, := B™ = \//_, T—(B), one obtains
h(T,A) < h(T,B).

Proof.
By property (d) above, we get for every positive integer m, that

h(T,A) <H(A|Bm)+h(T,Bn).

Letting m — oo this yields the first part of the assertion since
H(A|Bm)— 0. If By, =B™, then h(T,B™) =h(T,B), by property (f)
above, and the second part of the theorem follows as well.
Remark: Note that this theorem is more stronger than the property (c)
above since A< B=H(A|Bp)=0.
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(Measure-theoretic) Entropy of an Endomorphism

Definition

The (measure-theoretic) entropy of an endomorphism T : X — X is
defined as

h,(T) =h(T) = Sip{h(T,A)}

where the supremum is taken over all finite (or countable of finite entropy)
partitions of X.

v

Remark:

@ From the definition we know that the entropy of T is an isomorphism
invariant.

@ By the theorem above, if H(A | B™) — 0 for all partition A, then
h(T)=h(T,B).
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Properties of h,(T)

If T : X — X is a measure preserving endomorphism of a probability space
(X, F, i) then

h (Tk) — Kk W(T) for all k > 1,
If T is invertible then h (T~1) = h(T).

Proof.
(a) Fix k > 1. We have

n—1 k—1
) 1 . .
k \ k=1 17— — im = —kj —i
b (T VIS TA) = lim —H \/()T (\/OT A)
Jj= 1=
nk—1
.k )
:n'L”;o,mH<yo T A) = k (T, A)

Therefore,
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k—1
kh(T)=k sup h(T, A)_suph<Tk \/T"A)

A finite i—0
<suph(TK,B)=h(TK
upt (7%.5) =1 (7)
On the other hand, by property (c) above, we get
h(TH,A) < b (TH VI THA) = k (T, 4)
Therefore, h (T*) =supgh (T*,B) < supgh(T,B) < k h(T).

Hence the first equation is proved.
(b) For all finite partitions .4 we have

n—1 n—1 n—1
H <\/ T"A) =H (T—<"—1) \/ T’A) =H (\/ T"A)

This finishes the proof.
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If i and v are two probability measures on (X, F) both preserved by an
endomorphism T : X — X. Then for every a: 0 < a < 1 and the measure
p=au+ (1 —a)v we have

h,(T)=ah,(T)+(1—a) h(T).

In other words the mapping .+ h,, is affine.

Proof.
By the concavity of the function k(t) = —tlogt, for every A € F we have

0 < k(p(A)) — ak(p(A)) — (1 — a)k(v(A))

< —(alog a)u(A) — ((1 — a) log(1 — a))v(A),
Summing it up over A € A for a finite partition A, we obtain

0 <H,(A)—aH,(A) — (1 -a)H,(A) < log2.
Hence, for any finite partiton A,
h,(T,A)=ah,(T,A)+(1—-a)h,(T,A)
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and apply this to partitions A", we obtain
hy(T) < hu(T) + (1 —a) hy(T).
Let {A;},{B;} C F be a set of partitions such that
Il_l)ngo h,(T,A;) =h,(T), Il_l)ngo h,(T,B;) =h,(T)
Consider a set of partitions {A; V B;},
by (T) 2 limisoo( T, Ar V By) = @ lim hu(T, A7) + (1= 3) lim b (T, 5))

= ah, + (1 — a)h,(T)
Hence the equation is proved.
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