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Abstract: A set of Fisher information properties are presented in order to draw a parallel
with similar properties of Shannon differential entropy. Already known properties are
presented together with new ones, which include: (i) a generalization of mutual information
for Fisher information; (ii) a new proof that Fisher information increases under conditioning;
(ii1) showing that Fisher information decreases in Markov chains; and (iv) bound estimation
error using Fisher information. This last result is especially important, because it completes
Fano’s inequality, i.e., a lower bound for estimation error, showing that Fisher information
can be used to define an upper bound for this error. In this way, it is shown that Shannon’s
differential entropy, which quantifies the behavior of the random variable, and the Fisher
information, which quantifies the internal structure of the density function that defines the

random variable, can be used to characterize the estimation error.
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1. Introduction

The birth of information theory was signaled by the publication of Claude Shannon’s work [1], which
is based on studying the behavior of systems described by density functions. However, much before
that work was published, Ronald Fisher had already published the definition of a quantity called Fisher
information [2], a hard bound on the capacity to estimate the parameters that define a system [3,4].
Hence, this quantity regulates how well it is possible to determine the internal structure of a system and

provides another point of view that can be used to study systems: how they are composed, what they are
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made of. This work springs from the belief that the combination of these approaches is what completely
defines systems: their behavior (Shannon) and their architecture (Fisher). In the following, a series of
published results is summarized, together with new results, in order to present a coherent set of Fisher

information properties that will hopefully be useful for those that work with this quantity.

1.1. Fisher Information and Other Fields

One connection between Fisher information and the Shannon differential entropy was stated by
Kullback [5] (p. 26), who proved that the second derivatives of the Kullback—Leibler divergence with
respect to the density functions parameters produce the Fisher information matrix terms. Related results
were presented by Blahut [6] (p. 300), and Frieden [7] (p. 37). Another important result that also
relates these two frameworks is Bruijn’s identity ([8,9] and [10] (p. 672)), which establishes a relation
between the derivative of Shannon differential entropy and Fisher information when the underlying
random variable is the subject of Gaussian perturbations. This result was recently generalized to
non-Gaussian perturbations [11,12]. A consequence of these results is the convolution inequality for
Fisher information ([8,9,13—16]; [10] (p. 674)).

Others have been studying the relation between Fisher information and physics. Here, it is important
to point out the extreme physical information principle derived by Frieden and others in order to establish
a general framework that explains physics [7,17-20]. Of special interest has been the role of Fisher
information to generate thermodynamical theory [7,17-22]. It is very common in these approaches to use
a special case of Fisher information where the estimated parameter is a location parameter. In this work,
the original and general Fisher information definitions, and not the later special case, are addressed only.

Even thought Shannon’s ideas have been part of the the machine learning tool set for a long time,
Fisher information has not followed the same track. Even though Fisher information is intimately
connected to estimation theory [23], its use in the development of learning systems has not been well
developed yet. Nevertheless, Amari discovered that natural gradient descent, i.e., common gradient
descent corrected with the Fisher information matrix terms, takes into account the topology in a more
precise manner, allowing for more efficient training procedures [24,25]. The use of Fisher information
has also been taken into account in order to design objective functions to lead the estimation procedure.
One of them is mixing maximum entropy with minimum Fisher information [26,27]. On the other hand,
mixing Shannon’s differential entropy, Fisher information and the central limit theorem has allowed
proving that in the presence of large datasets, it is natural to search for minimum Kullback-Leibler,

or equivalent, solutions [28].

1.2. Contribution of This Work

This work is focused on presenting already known properties of  Fisher
information [3,4,7,8,10,29-32] and introducing new ones, such that the reader can have a better
grasp of Fisher information and its usefulness. The main results presented in this work are: (i) the
generalization of the mutual information concept using Fisher information expressions; (il) a new
proof that conditioning under certain assumptions increases Fisher information; (iii) proving that in

Markov chains, the Fisher information increases as the random variables become further away from
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the estimated parameter; and (iv) an upper bound on estimation error, which is regulated by the Fisher
information.

This work is structured roughly in the same way in which is organized the first chapter of the
well-known book of Cover and Thomas [30], in order to help the reader to draw a parallel between
Shannon and Fisher information.

2. Notation

In the following sections, vectors and matrices are denoted with a bold font [7,31]. Furthermore,
density functions are denoted by fx.,, = fx.(X), where the f is reserved for density functions, the
lowercase X corresponds to the name of the random variable, 8 represents the parameters that define
the density function and the symbol within the (-) stands for the instance of the random variable that is
used to evaluate the density function. In this way, as an example, a different random variable could be

denoted by fyv., = fv.e(y). A similar notation is used in [33].

3. Fisher Information

Let there be a random variable X and its associated density function fx, = fx.(x), which has a
support S, and it depends on a set of parameters that is represented by the vector & € ©. The value
6, is the k-th component of 8. According to the original definition designed by Fisher to characterize

maximum likelihood estimation [2]:

Definition 1 (Fisher Information). Given a random variable X and its associated density function
fxo(X), which depends on the parameter vector @ € O, and 0, is the k-th component of 0, then the

Fisher information associated with 0, is defined by:

fxe /fxe (M> dx (D

From the definition, it is clear that i, (fx,e)

tr (fx)ek =0

0 > (. Furthermore, if fx does not depend on 6,, then

Example 1. In a Gaussian case with mean . and standard deviation 1), the density function is given by:

1 (%‘—u)z)
.. = _ 2
Frn(@) mﬁexp( - @
In this case:
N2
Infy,,(x) = In ! —(x ) 3)

4
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If the parameter to be estimated is the mean i, the previous expression needs to be derived with

respect to .

dln fX;H,ﬂ(x) — 2_1; _ 2_” (5)
du 20?2 2n?
= 2 = s (©)

Replacing into the definition of Fisher information definition:

B 2
iF (fX?HJI>;L = /‘fX;u,n(x) (xngﬂ) dx (7)

2 _ 2

= [ el =5 ®)
1 2 2

= _4/fX;u,71(x)$2dx - _/j/fX;u,71(x)xdx+ Iu_4 fX;;MJ(:E)da7 (9)
Ui Ui U
1

= Ao =2t ) (19)
1

- (11)

This shows that for Gaussian functions, the variance of any estimator of the mean is directly

proportional to the variance of the density function.
There is another expression that can be used to represent the Fisher information.

Theorem 1. Given a random variable X and its associated density function fx.o(X), which depends on
the parameter vector @ € © and complies with the boundary condition for 0, (see Appendix A), where
0, is the k-th component of 0, then the Fisher information associated with 0, is equal to:
0 In
r (fx0)y, /fxe aj;’;"< ) ax (12)
A proof of this theorem can be found in [34] (p. 373).

Example 2. Continuing the Gaussian example, and using the alternative definition of the Fisher

information, the required second derivative is first calculated:

M — 4 (z—p _ 1 (13)
dy? TN Us
Replacing into Equation (12), the same result is obtained:

, d2 In fx..nm
ZF (JCX;H,'V])M - /qur] fX2 ( )dl' (14)
= / T ( > dz (15)
== F/dfo;um(w) (16)

1

= — (17)

772



Entropy 2015, 17 4922

The importance of the Fisher information quantity stems from the Cramer—Rao bound [3.,4,23,35]:

Theorem 2 (Cramer—Rao Bound). Given a random variable X and its associated density function
fx.0(X), which depends on the parameter vector @ € © and complies with the boundary condition for
0, (see Appendix A), where 0,, is the k-th component of 0, also given that there is an unbiased estimator

0,(x) of the scalar parameter 0,, then:

1
———— <o; (18)
23 (.]CX;9)9,C K

where: 9
= / Fro(X) <ék(x)—9k> dx (19)

is the variance of the estimator. Proofs of this theorem can be found in [7] (p. 29) and [23] (p. 66).

The Cramer—Rao bound establishes that the reciprocal of the Fisher information is a lower bound of
the variance of an estimator. Any estimator that reaches the bound imposed by the Cramer—Rao theorem
is called efficient [34]. It is important to notice that the bound does not depend on the estimator itself;
it only depends on i ( fx. 9) . In this work, the case of biased estimators will not be analyzed, nor when
the parameters themselves are random variables.

The following theorem states that the topology of the Fisher information in the density function space

is very simple:

Theorem 3. The Fisher information i (fx.e)
in[7] (p. 69) and [29].

o, IS convex in fx.e- Proofs of this theorem can be found

4. Several Random Variables Depending on 6,

4.1. Joint Fisher Information Definition

Definition 2. Given two random variables X and Y and the associated joint density function
fxve(X,y), which depends on the parameter vector @ € ©, and 0, is the k-th component of 0, then

the joint Fisher information associated with 0,, is defined by:

(fxye / fXYO X Y) (alnfxaz;:(x y>> dxdy (20)

4.2. An Equivalent Joint Fisher Information Definition

Theorem 4. Given two random variables X andY and the associated joint density function fx v.o(X,y),
which depends on the parameter vector 0 € © and complies with the boundary condition for 0,
(see Appendix A), where 0, is the k-th component of 0, then the joint Fisher information associated

with 0, is equal to:

82111 xvol(X,
fXY9 // fxve X y fae;( y>dXdy (21)
k
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Proof. This follows trivially from the alternative definition of the Fisher information. [

4.3. Conditional Fisher Information Definition

Definition 3.

ir (fyixo)s, // fxxo(X,¥) <8ln f‘g’g:(y‘}()) dxdy (22)

4.4. Chain Rule for Two Random Variables

The following result was first published by Zamir [32], who used it to produce an alternative proof of
the Fisher information inequality. In the following lines, the same chain rule is proven using the results
presented in the previous sections.

Theorem 5 (Chain Rule for Two Random Variables). Given a joint density function fx v.o(X,y), which
depends on the parameter vector @ € ©, and given that the density functions comply with the boundary
condition for 0, (see Appendix A), where 0, is the k-th component of 0, then:

iF (fX,Y;G)gk = iF (fY|X;9)9k + iF (fx;e)ek (23)
= iF (fle;e)gk + iF (fY;G)gk (24)
respectively.
Proof.
ir <vaY;9)ek = /fxye X,y) alanY" : y>> dxdy (25)
2
_ /fXYe < y <8ln fY|xe y‘X)fxe( ))) dxdy (26)
2
= // fXYe X y (alnfwxe y‘X) + 8111((];2;9(X)) dXdy 27
oln fyvix.e Oln fx.e
= ip (fY\xe)g +ip (fxe o +2/ fxye ) nf@@; (y|X) néc@,; (X>dXdy

(28)

/ Frvo(X, y>81n fxgge(ﬂx) 81115;;%()() dxdy = // afvgg(ﬂx) afg;;(x) dxdy (29)

afx;e(x) afo;(a(}”X)
/ ( 20, / 20, dy>dx

(30)

If fyx.(y|x) complies with the boundary condition with respect to 6, (see Appendix A), then:

O fvixe(¥|X) d
[ Rea¥Bay - S [y famalyl) =0 (D)

Therefore, the theorem is proven. The other result is proven analogously. [
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When the chain rule is used to estimate the Fisher information associated with a parameter, it is
important to take into account that all of the terms that come out after applying the chain rule contain
derivatives with respect to the same parameter. Because some of these terms may be dependent on

density functions that do not depend on the parameter, some of these terms may be equal to zero.

Example 3. Given the random variable Y = X + N, where X is a Gaussian density function with
mean |, and standard deviation 1 and N another Gaussian density function with mean zero and standard

deviation v, if the joint density function is available, and the parameter to be estimated is i, then:

iF (fY,X;um,V),L = ZF (fY\X;u,mV>H + ZF (fX;u,n>,L (32)
- ZF (fN;V)N + ZF (fX;mn)u (33)
= tr (fxpn), 34)
1
= = (35)

The previous result implies that if the joint density function of the output Y and the input X is
available, the noise does not affect the estimation process. This is not surprising, since Y is a corrupted
version of X, and it cannot shed more information on [ than that contained in X. Because all of the
information hidden in X is available through the joint density function, it makes sense to think that the
Fisher information of the joint density function corresponds to that of the marginal distribution f., .

Given the density functions mentioned above, it is possible to prove that:

IS SN A e O
fY;um,u(y) - 271‘(772 + 1/2) eXp ( 2(772 + V2)> (36)

with Fisher information associated with | equal to:

: 1
ZF <fY;;L,n,u)H = 772 + ]/2 (37)
Using the other expression for the chain rule:
ir (fy,x;u,n,»)H = ip (fXIY;u,n,V)H +ir (fY;um,V)u (38)
: 1
= e (fxivimn), T N (39)
Using the previous results:
1 , 1
poa (fxivmne), + N (40)
which implies:
. V2
lr (fXIY;u,n,V)H - 5 (41)

n?(n? + v?)
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4.5. Chain Rule for Many Random Variables
In the case of more than two density functions:

Theorem 6 (Chain Rule for Many Random Variables). Given a set of n random variables X1, X, ...,
X, all of them depending on 0,, if the density functions comply with the boundary condition for 0,
(see Appendix A), then:

n

7:F (fxl,x2 ,,,,, x";a)ek - ZZF (ka\xk,1 ,,,,, )(1;9)9’C (42)
k=1
Proof.

iF (fxl,XQ ,,,,, Xn;9)ek = iF (fxn ..... xz\xl;e)gk + iF (fxl;e)ek (43)

= iF (fxn ..... xg\x2,x1;9)9k + Z'F (fx2|x1;6)9k + iF (fxl;e)gk (44)

= > ir (fruxexio),, (45)

k=1
]

If the n random variables in Theorem 6 are i.i.d., then i, (fx, x,.... Xn;g)ek =n-ip (fx;g)gk.

5. Relative Fisher Information Type I

In the following, the relative Fisher information is defined. As far as it was possible to determine, the
first definition of the relative Fisher information was given by Otto and Villani [36], who defined it for
the translationally-invariant case. Furthermore, this expression has been rediscovered or simply used in
many applications thereafter in different problems and fields [22,37-44]. Furthermore, it seems that the
first general analysis of the relative Fisher information was presented by the author in [45]. The following
sections focus on this latter general case, where there is no assumption of translational invariance.

Analogously to the Kullback—Leibler divergence [46], also known as as relative entropy, which was
designed to established how much two density functions differed, the relative Fisher information of Type
I is obtained when the ratio of two intervening density functions is replaced into Equation (1), as is
shown in the following definition.

Definition 4. The relative Fisher information Type I is defined by:

i [ (G () e o

The same mechanism can be used to generate a second definition for the relative Fisher information.

The same ratio can be replaced into Equation (12), producing an alternative and equally valid expression,
which is designated as relative Fisher information Type II. This second expression is studied in the
following sections.
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6. Information Correlation

Definition 5. The information correlation with respect to 0, is defined by:

mm&gwamAWW)
fx v 9 / Ixx; e a0, 20, dxdy 47)

The name information correlation comes from the similarity between this definition and that of the

classical correlation coefficient. It is important to keep in mind that it is different from the terms that fill

the Fisher information matrix [23].
According to the definition i.( fx x.)s, = ir (fx;e)ek’ and ic(fx v.e)s, = tc(fyx0)a,-

Example 4. Continuing with the example where Y = X + N, the information correlation between Y
and X is given by:

d ln fY;u,n,V (y) d ln fX;um (l‘)

ZlC(fY,X:u,n,V)u = / fY,X;mmV(yu LZ') d/JJ d/ub dydl’ (48)
din fy,,,.(y)dIn fx., .,
[ Bl g (o PP A T e8] gy )
_ dlIl fY;uﬂw(y) dln fX;#,n(x)
= [ Faulv = D) fafe) sl dyda (50)
_ _(y—l’)Q)) ( 1 (_(95_,“)2)) dlan;umw(Z/)dlnfx;mn(x>
a / / (\/%/ =P ( 207 Vo L 21 dyu e
(5D
_ 1 1 (y - 13)2 ("L‘ - :u)Q dIn fY;um,V(y) dIn fX;u,n(x)
— 2o // exp (—5 ( 2 + e )> m m dydx (52)
where:
dln fY;u,n,V(y) _ i hl 1 o (y :u) (53)
an du \ - Vomy i+ 207+ )
- (y—un)
- n2 + 2 (54)
Analogously:
dlan;um(y) _ (iIZ’ — M)
. 3

Replacing these derivatives into the information correlation expression:

, 1 o (=2 (@ y—p\ (T—p

Zc(fY,X?Mﬂ’hV)# - 2777/77 //e p < 2 < V2 + 772 >) <T]2 + V2> 772 ) dydx (56)
_ 1 e e (L (=2 (@) .
- 2mon(p? + ) / / Womte= e p( 2 ( AP ))dyd 7

- 27w77(7721+ v2)ip? /<x e (é(x;—;m) </ = me (_% . uf)z)dy) o
(58)

= 5
o (59)
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Theorem 7. The information correlation is bounded according to:

(ic(fxxo)o,)” < ie (fxo)y, in (Frao)a, (60)
Proof. )
0< / / Fxvo(%,Y) (amn “af;f:’(x) L gg;(”) dxdy (61)
which can be reexpressed as:
0 < a%ir (fxio)y, + 20 ic(fxvo)o, T ir (fra),, (62)

This is a second degree equation that is true for every possible a. Because this equation is
always greater than zero, the discriminant of the equation has to comply with 4(ic(fx v.e)e,)* —
4ip ( fx;e)gk ir (fye) 0 S 0, which proves the theorem. []

Definition 6. The information correlation coefficient is defined by:

Z.C(fX,Y;B)Gk

pr = —7 , (63)
\/ZF (fX;G)ek 23 (fY;G)ak
Theorem 8. The information correlation coefficient is limited by:
—1<pr<1 (64)

Proof. This comes from the definition of the information correlation coefficient and Theorem 7. [

Theorem 9. If at least one of the following conditions:

(1) fx.o and fy., are independent.
(2) Either fx.o or fy.o does not depend on 0,.

is true, then:
Z.c(fx,Y;e)@k =0 (65)

Proof. Examination of the information correlation definition clearly shows that compliance with the first
and second cases directly implies that this quantity is zero. [

7. Mutual Fisher Information Type I

As happens in Shannon’s differential entropy handling, in this work, mutual Fisher information is
also defined as relative Fisher information Type I, where the argument is the ratio between a joint density
function and the product of its marginals.
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7.1. Definition

Definition 7. The mutual Fisher information Type I is defined by:

fxve(x Y) ))2
Mp fXYG //fxye X y (@9 (fxe( )er( ) dxdy (66)

> 0.

From the definition, it is obvious that 7. ( fx v.e)s, >

Theorem 10. [f the boundary condition (see Appendix A) with respect to 0, holds for fxv..(X,y), the

mutual Fisher information Type I can be reformulated as a function of the Fisher information as follows:

mF(I)(fX,Y;B)Gk = ir (fxw;e)gk —ip (fx;9)9k+2‘ic<fx,y;e)ek (67)
= iF (fY\x;e)gk - iF (fY;G)gk +2- Zb(fx,xae)ek (68)
Proof.
0 Txxo(X,Y) 2_ OIn fxve(X,y) Ol fxe(x) Olnfye(y) ?
<_ " (fx;e(X)fY;e(y)» _( 06, o6, oo, ) ©9)
~ (9In fxve(xy) ’ On fxe(x) ’ Oln fy.(y) ’ 2alanY9( y) 01n fxo(x)
_< 26, )+( 26, >+( 96, ) 96, 26,
ahlfxyo( )alane( ) 81an;9(X)alan;6(Y)
o6, T2 os, 20, 70
8lnfxwa X’y alnfxwe(x‘}’)alnfva( ) alnfy;e(}’) 2
- < ) 2 20, +( 20, )
c‘ﬂnfxg() ? 81nf”() 2
*( 06, ) +< 06, )
81nfx|Y9(X|Y)alnfxe( ) 231nfy;g(y)3lnfx;g(x)
00, 00, 00, 00,
ahlfxwe(xb’)8111]68(9( ) 281an;9(y)(31an;e(y)
00, 00, 00, 00,
8lnfxg( )OIn fye(y)
20, 20, 1)
Simplifying:
<i1n< fX,Y;B(Xay) ))2 - (alnfxw;e(x‘}’)>2+(alnfx;e(x))2
a0, fX;B(X)fY;G(y) B o0 a0,
alan\Ye(XW)alnfxs( X)
00, 00, (72)
Now,
8111 fXIY:G(X‘y) Jln fX;O(X)
/ fXYG X y a6, 0, dxdy
fys(Y)afst(X|Y> afxe( )
= [ T 7

. 1 afxe afxwe Xl}’) ) -
By (Y e P T
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Assuming that fx v, complies with the boundary condition (see Appendix A) with respect to 0, then:

8fx;9(x) _ d
86k - a_ek/fX,Y;e(X7 Y)dy (75)
_ /amee(X‘Y)er( )dy (76)
= [ ot 2Lty i [ o) La Yy an
Hence,
/fY;e(Y)afxg;EXb’)dy afxo /flee le er( ) (78)

Using the previous result, it is obtained:

/ Frva(x 8111 fx‘ya(x]y) Oln fx,e(x) dxdy

00,
1 fxe )afxe 1 afxe (%) Ofv.e(y)
/fxe a0, Fea(X) 96, /deXY;e(X|Y) 0, dx

(79)

B fxvio(X,Y) afx;e(x) Ofve(y)
= 2ir () // FeoX) fraly) 00, 0B, "% (80

This implies:

mF(I)(fX,Y;B)Qk =1ip (fx\Y;e)gk — i (fX;G)gk +2- Z'c(fx,y;e)e,C (81)

The other result is obtained analogously. [

Example 5. Continuing with the example where Y = X + N, the mutual Fisher information Type I is

given by:
mF(I)(fY,X;u,mV)u = ZF (fY\X>9k - ZF (fY>9k + 2- iC(fY,X;u,n,V>u (82)
= iF (fN>9k - iF (fY)ek +2- iC(fY,X;u,n,u)u (83)
1 1 )
= a2 m + 2 io(fy ) (84)
77 .
T ic(fyxmma ) (85)
2
n 2
— 86
AP+ ) Pt ©0
1 1
= —+ — (87)

772 + 2 2

7.2. Conditional Mutual Fisher Information of Type I

Definition 8. The conditional information correlation with respect to 0, of random variables X and Y

given random variable 7 is defined by:

aln fxiz:0(X]2) 010 fyiz6(y|2)
fx Y|Z6 / fXYZ9 X,Y,Z 89k 89k dXdde (88)
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Definition 9. The conditional mutual Fisher information of Type I of random variables X and Y given
random variable Z is defined by:

B 0 fx,Y\z;e(X>Y‘Z) ’
mF(D(nyYIZ;G)"k = / fx,Y,Zﬂ(X,ij) (3_9,6 (m (fx|z;e(X|Z>fY|z;e(y,Z>))> dXdeZ (89)

Corollary 1. If the boundary condition (see Appendix A) with respect to 0, holds for fx v z.0(X,y,z), the
conditional mutual Fisher information of Type I of random variables X and Y given random variable Z

can be reformulated as a function of the Fisher information as follows:

mF(I)(fX,Y\Z;B)(—Jk = ip (fxw,z-,e)@]C — g (f)qz;e)ek +2- Z'c(fx,wz;e)ek (90)
= iF (fY|X,Z;6)0k - Z.F (fY\z;e)gk +2- Z.c(fx,wz-,e)@k (91)

Proof. This follows analogously to that of the simpler case. [

8. Relative Fisher Information Type II

Given that there is an alternative expression for the Fisher information (check Equation (12)), there is
another way of defining the relative Fisher information expression.

Definition 10. The relative Fisher information Type Il is defined by:

0 x:0
dronrallfraloe = = [ Feo s (1 (12209 ) @

Even though both definitions for the relative Fisher information are derived from equivalent

expressions, they are not equivalent. Why is this so? This is because the argument of the Fisher
information definition is a density function, whereas the argument of the relative Fisher information

expression is a ratio of density functions, not a density function, thus their difference.

9. Mutual Fisher Information Type 11

Analogously to the definition of the mutual Fisher information Type I, but in this case using the

relative Fisher information of Type II, the following definition is obtained:

Definition 11. The mutual Fisher information Type Il is defined by:

0” ln( fxyo(X,y)
891% fX;0<X)fY;9(Y)

Theorem 11. The mutual Fisher information Type Il can be reformulated as a function of the Fisher

mF(II)(fX,Y;G)Hk = _/ fX,Y;G(Xa Y> )dXdy 93)

information as follows:

mF(II)(fX,Y;B)Gk = 1lp (fX,Y;B)g —ip (fX;G)gk — i (fY;B)gk (94)

k
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Proof.

_ 82 fX,Y;B(Xv y)
mF(II)(fX,Y;G)Qk = —/ fx,y;e(X,Y)aeg <m)d>(dy 95)

0?In fx vio(x,
= _// Txxvo(X,Y) nfab:(x y)dXdy

10 fa(x)
/f"”xy —op W

0?1n fy.e(y)
[ ooty e iay 96)

from which the theorem follows. [

Corollary 2.

mF(II)(fX,Y;B)Gk = ip (fxme)ek —ip (fx;e)g S

k

- iF (fY|X;9>9k - iF (fY;B)g (98)

k

Proof. This comes from combining Theorem 11 and the chain rule for Fisher information. [

Example 6. For the example where Y = X + N, the mutual Fisher information Type Il is given by:

Mean(frxpns)o, = i (fY\X)ek —ip (fY>9k

= ir (fN)gk —ir (fY)gk (99)
1 1
= 5T 5, a2 1
V2 772 + V2 ( 00)
2
Ui
= S5 5% 101
V2(772 +I/2) ( O )
Corollary 3.
mF(I)(fX,Y;G)Gk = mF(II)(fX,Y;H)Qk +2- iC(fX,Y;G)Qk (102)

Proof. This can be deduced from the mutual Fisher information theorems. [J

Given that mp () is always greater than or equal to zero, the expression m gy can be positive or

negative according to the value of the information correlation.
10. Other Properties

10.1. Lower Bound for Fisher Information

Stam’s inequality [8,9,40,47-50] states a lower bound for Fisher information, which links Fisher
information and Shannon’s entropy power. However, this expression is limited to the special case where

the parameters in the Fisher information expression correspond to a location parameter.
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A more general result was recently proven by Stein et al. [51], which says that given a
multidimensional random variable with density function fx,, with:

n(@) = /SXfx;e(X)dX (103)
2(0) = [ (x=p(0))(x = (6" Folx)ix (104)

If the Fisher information matrix is defined by:

T
F(fxo) = /fxg (alnf”( )) (alnf"“’(x)>dx (105)

00
then:
O(0)\" 1,y ((O1(6)
F(fxo) = | ——= | 2 —— 1
oo = (%550) =0 (% (106)
if a,égg) exists. The authors of [51] explain that this is the same as saying that:

0<x' (F(fx;e) — (8’5—599)>T2—1(9) (ag—f))) X (107)

The previous expression states that the difference of matrices between the large parenthesis is a

positive semi-definite matrix. Thus, its diagonal elements are non-negative, and it can be stated:

Corollary 4. The following lower bound for Fisher information holds:

O 1Ot ir (fxo)s, (108)

and c;jl stands for the ij-th element of ¥71(8).

10.2. In Some Cases, Conditioning Increases the Fisher Information

The following result states that in some cases, conditioning a random variable with another variable
may increase the Fisher information. This result is a generalization of another published previously by
Zamir [32].

Theorem 12 (Conditioning Increases Information). If fy x.e depends on 0, and fx does not depend on
it, then:

g (fY;G)gk < ip (fY|X;6)9k (109)

Proof. Thus, given that only fy x., depends on 6,, Theorem 9 guarantees that:

ic(fxxie)e, =0 (110)

Hence, from the previous mutual Fisher information expressions:

0< mF(I)(fX,Y;G)Gk = 1lp (fY\X;G)@k —ip (fY;e)ek (111)
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Thus:
ir (fro)y, < ir (Frima)y, (112)

O

10.3. Data Processing Inequality

Following the same analysis done by Cover and Thomas to present the data processing theorem for
Shannon entropy [30] and continuing with the work done by Zamir [32], the case where the joint density
function of the random variables R, S and T can be expressed by frste = fro * fsro * frise 18
considered. In this case, they form a short Markov chain that is represented by R — S — T. Because

Markovicity implies conditional independence, then it is true that fr rjs.0 = frisio * frise-

Theorem 13. Given a Markov chain R — S — T, where only frs., depends on 0,, then:

My (frre)o, < Meo(fso)s, (113)

Proof. From the previous results:
mF(I)(f(R,S),T;B)Qk =1p (fR,S\T;B)ek — g (fR,S;H)gk +2- Zlc(f(rz,syr;e)ek (114)
= ir (friswo)y, +ir (fsmo), = ir (friso),, = ir (fs0)y, + 2 ic(firs) mo)o, (115)

= (ZF (fR\S,T;B)ok - 'iF (fR\s;e)gk +2- iC(fR,T|S;9)9k> -2 iC(fR,T\S;B)Gk

+ (iF (fS\T;B)Gk - iF (fs;e)gk +2- ic(fs:r;e)ek) —2- Z'C(fs,"r;e)ek, +2- iC(f(R,S),T;G)Ok

(116)
= WLF(I)(fR,T\s;e)e,c + 7711?(1)(fs,"r;@)@,C -2 iC(fR,T\S;G)Gk -2 ic(fs,"r;e)@,C +2- iC(f(R,S),T;B)Qk
(117)
Analogously:
mF(I)(f(R,S),T;B)Ok = mF(I)(fS,T\R;G)Gk + mF(I)(fR,T;G)Qk
-2 ic(fs,*rm;e)ek -2 iC(fR,T;B)Ok + 2. iC(f(R,S),T;G)Gk (1 18)

Because only frs., depends on ¢, and all of the information correlation terms have derivatives of
density functions that do not depend on this parameter, then all of the information correlation terms are

zero. Hence:

mF(I)(fR,T\S;o)Gk + mF(I)(fS,T;G)Gk = mF(I)(fS,T\R;G)Gk + mF(I)(fR,T;B)é)k (119)

Given that me (frrse)s, = 0 because R and T are independent given S, and
mF(I)(fS,T\R;a)ek > 0, then:
mF(I)(fR,T;G)Gk < mF(I)(fS,T;B)Ok (120)

O
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Given that in the previous proof, all of the information correlation terms are zero, then

Mepan(frre)o, = Mew (frre)o,» a0d Mpir (fs0)o, = Mrw(fsr0)s,- Thus, the following corollary
is obtained:

Corollary 5. Given a Markov chain R — S — T, where only frys., depends on 0,, then:

mF(II)(fR,T;G)Hk < mF(II)(fS,T;B)Gk (121)

Proof. The conditional independence provided by the Markovicity of the random variables follows
directly from the mutual Fisher information Type II definition, and in this case, the values of mutual
Fisher information Type I and mutual Fisher information Type II are identical. [

Using the definition of mutual Fisher information Type II and the previous expression, it is readily

obtained, in a simpler way, a result already proven by Plastino et al. [52]:

Corollary 6. From the previous results, it is obvious that:

iF (fT\R;B)ok S iF (fT\S;B)gk (122)

Proof. From Equation (121):
mF(II)(fR,T;G)Gk < mF(II)(fS,T;G)Gk (123)
Z-F (fTIR;B)gk - ZF (.fT;G)ok S ZF (fTIS;G)gk - 2F (fT;B)ek (124)

iF (fT\R;G)e S ZF (fTIS;G)

k

(125)

O
[

In other words, in any Markovian process, the further away that the random variables used by the

estimator are, the larger is the variance of the estimated parameter.

10.4. Upper Bound on Estimation Error

A well-known result states that given a variance 7, of all possible density functions, the one that
maximizes the differential entropy is the Gaussian density function [30]. Hence, for an arbitrary density
function f, some side information Y and an estimator X , it is possible to obtain an estimation version
of the Fano inequality [10] (p. 255):

Le%s(fxw) <E, {(X _ X(Y))Q} (126)

2me

In the context of Fisher information, the same question arises: is it possible to bound the estimation
error using this quantity as well? Surprisingly, the answer is yes, but in the form of an upper bound.
Thus, Shannon entropy can be used to set error lower bounds and Fisher information upper ones. In
order to establish this bound, the following setup is defined, where a random variable R is given, and
a related random variable Y is observed, which, in turn, is used to calculate a function R = g(Y). It
is desired to bound the probability that (R — R)z > e. It is important to note that R — Y — Risa
Markov chain and that R depends on 6.
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Theorem 14. Given a random variable R and an estimator of it named R, the estimation error is
defined by:
E=(R-R) (127)

Then, the probability that the estimation error exceeds some ¢ value:

iy (fR\R;B)gk

P {E ~ 8} = I (lel':L,E:&B)gk (128)
for some & € [e, x|
Proof. Using the chain rule for Fisher information:
Ip (fR,E\R;G)Qk =ir (fR\lft,E;o)ek +ir (foire), =ir (fE|R,R;9)@k +ip (me;o)@k (129)
Using the fact that given R and R, then E is no longer a random variable, then:
ir (fommo),, =0 (130)
Hence,
ip (fR\R,E;e)gk +ip (fE|R;e)9k =ip (fR\ﬁﬂ)ek (131)
Neglecting i (frro) 0 because it is always greater or equal to zero, it is obtained:
i (fRIﬁ,E;B)gk <ip (fR\R;e)ek (132)

Moreover, the term:

R Oln frr me(r|t, e 2 .
fR\REe / // fRREG( )( ergg,a( | )) drdrde (133)
ecE reR, feR|(r—t)2=e k
In frympo(r|E,€) )
- / // fR,R,E;9<r7 f‘) 6) <8 - fR’lR’E’e(r|r’ 6)) drdfde
ecFEle<e reR,feR|(r—1)2=e aek
> O frmpo(r]E, )’
+ / / / frrpo(T, T, €) ( nf “’E"’mr’e)) drdide (134)
e€Ele>e reR,FeR|(r—i)2=¢ aek
oo 1 N A ~ 2
/ / / fronpo(T, E,€) (a B fronro(FIE e)) drdide (135)
e€Ele>e reR,feR|(r—1)2=e a‘gk
* O frmo(rE, e)\> .
= / // ) frripo(r, Tle) frole )< fR"Bg"( | )) drdide (136)
ecEle>e reRreR|(r—t)2=e k

I (O frmme(r]Ee)\
= fro(e) ) frriee(r, Tle) drdide (137)
e€Ele>e reR feR|(r—r1)2=e aek

= / fE;e(e)iF (fR\lf{,E:e;B)gk de (138)

EFE|e>e

v

Using the mean value theorem, for some £ € [g, 00

ip (fR|R»E:§;9>9k / | fE;,,(e)de =lp (fR\R,E:ae)gk P {E > 5} < ip (me,E;e)gk <ip (fR\R;e)gk
ecFEle>e
(139)
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Hence:

PIE>e) < — Uninoly, (140)

(23 (fR\R,E=£;9)0k

]

11. Discussion

The Fisher information, which sets a bound on how precise the estimation of an unknown parameter
of a density function can be, has an associated set of properties that are equivalent to those of Shannon’s
differential entropy. The properties presented in this work help to understand how to manipulate and
use Fisher information in ways that so far have been exclusive to Shannon’s differential entropy. These
properties that are of special importance to the generalization of the mutual information concept for
the Fisher information realm are a new version of the data processing theorem that shows that Fisher
information decreases in a Markov chain and an upper bound of the estimation error of a random variable
that is regulated by the Fisher information.
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A. Boundary Condition

A general result from calculus establishes that for any function ¢(z, 6, ), the following is true:

9 /“”k) du(0,) ol(6.) /“”k) dy(x,6,)
i 1 st e = 000025 — o0 %0 4 [ 2

In the case of a vector integral, the previous expression applies to all of the components without any
loss of generality.

Some of the results in this work use the following condition:

Condition 1 (Boundary Condition). A function complies with the boundary condition if it is possible to
neglect the boundary terms in Equation (141), such that:

aek/g(:c,ﬁk)dx—/ a0, dx (142)

This condition corresponds to what sometimes are called regular cases [34] (p. 373).

It is important to keep in mind that not all density functions go along with this condition. As an
example, in calculations that involve the uniform density function, where the parameters define the
support, it is not possible to neglect the terms, and the boundary condition does not hold. Hence, it is

always necessary to check whether the condition holds or not. If not, one may arrive at false results.
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However, it is always possible to add a smooth function, one that does not change the original function

too much, such that the new mathematical expression does comply with the boundary condition. In this

way, functions, such as the uniform density function, as an example, can be adjusted to comply with

this condition.
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