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Abstract

We put the concept of information transfer on a rigorous footing and establish for it a formalism within the framework of discrete maps.
The resulting transfer measure possesses a property of directionality or transfer asymmetry as emphasized by Schreiber [T. Schreiber, Measuring
information transfer, Phys. Rev. Lett. 85 (2) (2000) 461]; it also verifies the transfer measure for two-dimensional systems, which was obtained
by Liang and Kleeman [X.S. Liang, R. Kleeman, Information transfer between dynamical system components, Phys. Rev. Lett. 95 (24) (2005)
244101] through a different avenue. Connections to classical formalisms are explored and applications presented. We find that, in the context of
the baker transformation, there is always information flowing from the stretching direction to the folding direction, while no transfer occurs in
the opposite direction; we also find that, within the Hénon map system, the transfer from the quadratic component to the linear component is of a

simple form as expected on physical grounds. This latter result is unique to our formalism.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Information transfer between dynamical system components
is an important concept for nonlinear multivariate time
series coherence analysis (e.g., [2,4,9,20-23]), communication
(e.g., [18]), and predictability study [3,11-13] in neurology,
atmosphere—ocean science, and many other scientific areas.
Information transfer is also seen in our daily life. For
example, it has been argued intuitively that, in kneading dough,
information is lost continually from the stretching direction
to the folding direction (e.g., [14]). A most recent review
with particular focus on neurophysiology is Pereda et al. [19];
reviews on a more generic basis of nonlinear signal analysis
can be found in the books by Abarbanel [1] and Kantz and
Schreiber [10].

Many studies of information transfer are based on mutual
information, a natural measure of the independence between
two random variables [see [1] and the references there in]. It is
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well known that mutual information does not possess transfer
directionality or asymmetry, a desired property emphasized by
Schreiber [22]. A variety of formalisms have bee proposed to
address this issue, among which are the time delayed mutual
information (e.g., [9,23]) and, in the context of a Markov
chain, the more sophisticated transfer entropy [8,22]. These
formalisms generally work well in their specific hierarchies and
respective contexts.

However, we still lack a formalism to have the unidirectional
or asymmetric transfer of information rigorously represented.
Here we intend to establish one to fill the gap. We want to
show that, when dynamics is fully specified as is the case with
many physical problems such as the atmosphere then such a
program is feasible. The basic idea has been elucidated within
the framework of a two-dimensional (2D) system in [15], which
we will refer to as LKOS5 henceforth. This paper generalizes
the 2D formalism to systems of arbitrary dimensionality. As
we will soon see, the 2D case is quite special and cannot be
directly extended and so a different route will be chosen for the
establishment of a general formalism. This paper is concerned
with discrete maps only. Systems described by continuous flows
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will be investigated in detail as a limiting case in the second part
of this study [16].

In the following we first present the mathematical
framework, within which the 2D case studied in LKO5 is
briefly reviewed, and our strategy for the problem proposed.
We then derive the measure of information transfer. Properties
are explored (Section 3) to see whether the measure reduces to
that of LKO5 when dimensionality becomes 2, and whether the
transfer thus obtained meets the unidirectionalism requirement.
For the sake of comparison, connections are established in
Section 4 to the classical formalism. In Section 5, we present
two applications with the baker transformation and the Hénon
map. We choose these two problems not only because we want
to understand how information is transferred between their
respective components, but also because they may serve to
validate our formalism. This paper is summarized in Section 6.

2. Formalism
2.1. Mathematical framework

Consider a stochastic process {X, 7}, with T positive integers
signifying discrete time steps, and X = (X1, X3,..., X) an
array of random variables. We want to know how information

is transferred from X; to X;, forany i, j = 1,...,n,i # j.
Without loss of generality, we need only consider the case
i=1,j=2.

Consider an n-dimensional transformation
D 1, 0
(x17x2,~~7xn) = (@1(&), ¢2(§)5’ én(X)),

where x = (x1,...,x,) € {2 correspond to the random
variables X. In this study, the sample space (2 is assumed
to be a Cartesian product of 2, {%, ..., and (2,, in which
X1, X2, ..., X, are respectively lying ({2 open in R, i =
1,...,n).Let p = p(x) be the joint density of X1, X5, ..., and
X, at step t. Its evolution is steered by the Frobenius—Perron
operator (F-P operator henceforth)

P L' ()~ L'(2),

given by, in a loose sense,

/ Ppx)dx = / p(X) dx, 2
1) &1 (w)

for any w C (2. [For a rigorous treatment with measure theory,

see [14].] When @ is nonsingular and invertible, ¢ can be
explicitly written out:

Po =p[o7 ] |77] 3
where J is the determinant of the Jacobian of &:
P ey
Jo J(g):det[ (x1, X2 xn)i|
a(-xla xz: cee xn)
and J~! its inverse. The joint density p = p(x) defines an

entropy (Shannon entropy)

HX) =— fg p(x) log p(x) dx. “4)

If a particular component is of interest, say X, we need the
marginal entropy

Hy = HX,) = —/Q o1 (x1) log p(x1) dx, )
1

where p; = p1(x]) = sz” o(x1, X2, ..., xp)dxodx3 ... dx, is

the marginal distribution of X;. For convenience here we have

used the shorthand

Qj,,:QjXQj+1X---XQn, 1<j<n, (1, = ),

and will keep the convention throughout this paper. The entropy
of X1 evolves as @ is applied. We are interested in how
entropy is transferred from X, to X; in the course of the
evolution. This is the foundation of the previous formalisms
of information transfer, which is measured by the amount of
entropy thus transferred (cf. Section 4). The objective of this
study is, therefore, to find this transfer, which we will denote as
T,_, 1 hereafter, when @ applies as time goes from step t to step
7+ 1. The following subsections are devoted to the formulation
of Th_,1.

2.2. The 2D case: A brief summary of the LKOS5 formalism

In LKO5, we have established a formalism for the entropy
transfer 7>, in the context of a 2D system. The fundamental
idea is that, the increase in Hy, AH], can be decomposed into
two mutually exclusive parts: one from X itself, written as
AHI* ; another one from X,. Clearly the latter is the transfer
T>_,1. We may therefore find 75_,; through computing the
difference between AHy and AH|". For a system with dynamics
given (represented as the transformation @), AH; is fully
known. In fact,

AHy = — fg Pp)1(x1) log(Pp)i (xr) dxy — Hy
1

=—/ ( dexz...dxn)
2 \J (D,

x log (/ dexz...dxn> dx;
QZn
+/ P1 10g,01 dxl. (6)
i

Here we use (Pp); to indicate the marginal distribution of X
at time step 7 + 1. If we can find AH", then T, is obtained
accordingly.

The evaluation of AH|" is based on a law governing the
evolution of the entropy H of a discrete system under an
invertible transformation @:

AH = Elogl|J|, @)

where J is the determinant of the Jacobian of ¢, and E(-)
the mathematical expectation over the whole sample space. Eq.
(7) was obtained by LKOS5. It states that the entropy increase
for a discrete system upon one application of an invertible
transformation is simply the average logarithm of the rate of
area change under that transformation. Since (7) applies to
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any systems with invertible transformations, one may argue
heuristically that, when only X is considered, the change of
the marginal entropy Hy, or AH; as we previously denoted, is

AH = Elog|Jil, ®)

where J; = %, and E(-) is, as in (7), over the whole space

2. Subtracting (8) from (6), we arrive at
Tzﬁl=AH1—AH1*=AH1—E10g|J1|. ()

This is the entropy transfer from X5 to X1, holding whenn = 2
and 9, is invertible.

2.3. The general case

The formalism (9) of entropy transfer seems to be natural.
Two limitations, however, prevent it from being applicable to
general problems. The first regards the invertibility of &;. In
many interesting problems, even though the mapping @ as a
whole is invertible, its components, say @1, are more often than
not noninvertible. The two applications which we will present
toward the end of this paper are just such examples. Eq. (9)
must be extended to have noninvertibility included.

A bigger problem with the above formalism lies in the fact
that the strategy to obtain (9) only works for 2D systems. When
the dimensionality n > 3, it becomes invalid, otherwise the
transfer thus obtained would be the bulk transfer to X; from
all other components. We would not get 7>_,1 unless we can
differentiate the contributions of X;, j = 3,4, ...n, from that
of X5, which is, unfortunately, by no means an easy task.

Out of the problem comes the solution. The AH;" in (9), on
the other hand, may be equally understood as the evolution of
H; with the influence from X, excluded, namely, the change
of H; with x; frozen at step t. In this spirit, we may then
partition the mechanisms governing the evolution of Hj into
two disjoint subsets: One is the transfer from X5, another one
the evolution without influence from X». The transfer is then the
difference between the two. This partitioning does not have any
restraints on n. The formalism of transfer is therefore applicable
to systems of arbitrary dimensionality.

Given the dynamics, it is easy to obtain AH;. The key to
the formalism is thus to find the contribution to the increase of
H; with X; excluded. In formal language, this is the entropy
increase in direction 1 as the system goes from step T to T + 1
under ¢ with x, frozen instantaneously at time step t, given
X1 (7). We denote it as A Hyy. For later convenience, this index
notation is extended to any symbol in the form Y to signify that
component j is frozen, or that component j is excluded from
a set of n independent variables. When p is referred to, this
simply means marginalization of that component, e.g.,

pr = st eoxn) = [ oG, xdiz, (10
2

oye = pye(xX3, ..., X)) = / p(x1, X2, X3, ..., Xp)
21 %8
dxidx,. (11

We will use this convention henceforth without further
clarification.

To find AHW, we need to evaluate Hip(t + 1), the
marginal entropy for the first component evolved from H; with
contribution from X, excluded from step t to t + 1. For this
purpose, consider the quantity

= —log(Pp) 12 (1), (12)

where y; = &1(x), and (Pp)1y(y1) is the marginal density in
direction 1 at step T + 1, as the density py evolves from step t
to step T 4 1 under the transformation:

yi= D1(x1,x2,x3,...,%,)
v3 = D3(x1,x2,x3,...,%,)

Py : {. . (13)
yn= Pulx1,x2,%3,...,%)

ie., the map & with xp frozen instantaneously at t as a
parameter. Note here we use y; = @1(X) to represent the state
of component 1 at step v 41 (x; is for that at step 7). We do not
use x1 with some superscript or subscript in order to avoid any
possible confusion in distinguishing the states of X at these
two time steps.

Following the definition of Shannon entropy, Hip(r + 1)
is in the form of some average (expectation) of f. In other
words, it is equal to the integration of f times some probability
density function over the corresponding sample space. The first
density to be multiplied is (Pp)1y(y1), but f also depends
on x> as well as y;. We need another density for X,. Recall
that the freezing of x; is performed on interval [z, T + 1],
given all other components at time step . What we need is
therefore the conditional density of X, on X1, X3,..., X, att,
p(x2]x1, x3, ..., X,). Among the newly introduced variables,
X3, X4, ...,X, should be averaged out, so another density
03..n(x3, ..., x,) should be multiplied, while by (13) x; can
be viewed as a function of y; and x3, x4, ..., x,. Based on
these arguments, the marginal entropy for the first component
evolved from H; with contribution from X, excluded from step
Ttotr 4 lis

Hipp(z +1) = —/(Z(Pp)lz(yl) -log(Pp)1g(y1) -

p('x2|'x17 x3a LI ) xn) : I03n('x37 IR ) xn)

x dyrdxodxs ... dx,. (14)
So
AH12=H12(1+1)—H1(‘L’). (15)

The information transfer from X, to X; is the difference
between AH; and AHpy. Subtraction of (15) from (6) yields

ooy = — fg (Po)i () - log(Pp)i (1) dyy
1

+ /!2(730)12()’1)'10g(PP)12(Y1)

'p(x2|x17 X3y .00y xn)
03..n(X3, ..., xp) dyrdxodxs . . . dxp. (16)

Note that yy = @&;(x) and x; are the state variables at
different time steps, and that the conditional probability of
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x3 is on x| instead of yj. In arriving at (16), no issue about
the invertibility of & or any of its components has been
invoked. The formalism is therefore valid for a transformation
of arbitrary dimensionality.

Likewise, for any i, j = 1,2,...,n,i # j, the entropy
transfer from X ; to X; is

Tj-i = —/Q (Pp)i(yi) - 1og(Pp)i(yi) dyi

+ /Q(Pp)iy()h‘) ~log(Pp) 1y (vi)
PG IXTs X2s ey X1 XLy e s Xn)
pyy dxpdxy .. odx;_rdyidx; g .. dx,. a7

3. Properties

The transfer measure developed above possesses some
important properties. This section presents two of them in the
form of theorems. Again, in the interest of the readership, we
will avoid considering measurability whenever raised in the
derivations or proofs.

First, we expect our formalism verifies the case for 2D
systems, which we obtained rigorously in LKO5 via a different
route. This forms the following theorem:

Theorem 1. When n = 2 and &y is invertible, AHjy =
Elog|Ji].

Proof. If n = 2,
AHpy = —// PP ()
.Q] X.Qz
log(Pp)1g(y1) - p(x2]x1) dyrdxz

+ / p1log pidxy,
i

where y; = @1(x1, x2), and (Pp)y the marginal distribution
of X evolving from py = p; upon one transformation of

@y = ;. When &, is invertible, J; = %—fll # 0, by (3),
Poiz) = o[ o7 2] |07

= me |77 (18)
So

AHpy = _f/ p1(x1) ’Jl_l‘ log (m(m)(Jle

pualxr) 1] drydes +[p1 log p1 du;

—// pi(x1) paaln) log |17 | dxidry

= //p()ﬂ,m)loglhl dxydx;
= Elog|Ji]. O (19)

Information transfer is by observation not symmetric
between two components, and Schreiber [22] emphasized that
a faithful formalism must be able to reflect this asymmetry. In

this context, Schreiber’s argument can be put in a more concrete
and quantitative way:

Theorem 2. If ¢, is independent of xj, then To—.1 = 0; in the
same time T1_.» need not be zero unless ®> does not rely on x1.

Proof. What we need to show is that

Hi(r+1) = — fQ P)1O1) - log(P)1 () dyy 20)

Hippg(z +1) = _/Q(PP)IQ()’I)'IOg(PP)IZ()’l)

IO('x2|x1 y X35 .00 xl’l)
“P3..n(X3, ..., xp) dyrdxadys . .. dx, 2y

are identical when ¢@; is independent of x,. For an arbitrary
subset of (21, w1 C {21, we have

Pp)igpxr) dy; = f (Pp)a(rt, X, )

w1 wlxﬁg,,
X dX1dX3 cee dxn
:/ pQ(X1,x3,--~»xn)
452_'(w1><93n)
x dxjdxs...dx,

by (2) and the definition of (Pp)y. Note!
@gl(a)l X (13,) = 451721601 X (3.

So
(Pp)1g(x1) dx; =/ dX1/ op(x1, X3, ..., Xn)
45&1601 3

XdX3...dxn

2/1 p1(x1) dx;
451’2(01

=/| p1(x1) dxy
!151_ w]

because @; (and hence & 1) has no dependence on x;.
On the other hand,

Py (1) dey = f

] Xan

= / p(x) dx
D1 x 2,)

= / p(x) dx
@l_lwlxﬂzn

=/ dx1/ p(xX)dxodxs . ..dx,
o o (o

= f p1(x1) dx;.
@71w1

w]

Pp(x) dx

o]

So

(Pp)igx1) dxy = [ (Pp)i(x1) dxy

w1

1Throughout this proof, tﬁl_glwl and @rlwl should be understood

respectively as their first factors (i.e., the projection of the Cartesian product
on the subspace of x1). We abuse the notation for simplicity.
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for any w C {21. This is to say,
(Pp)ig = (Pp) (22)

almost everywhere when @ is independent of x», i.e., the case
of inequality has measure zero. (A rigorous treatment requires
a consideration of measurability, which is beyond the scope of
this study.) Eq. (21) thus becomes

Higt +1) = — /Q Po)i(n) - 1og(Pp)i (1)

p(x2lx1, X3, .. ., Xn)

03.1(x3, ..., xp) dyrdxadxz ... dx,
Observe that (Pp); has no dependence on x;, fori =2,...,n
So
Hip(r +1) = / (Pp)1(y1) -log(Pp)1(y1) dyi

[/ / p('x2|‘xl7‘x31"" )

3.1 (X3, ..., xp)dxodxs . .. dxni|

- /Q (Po)i(n) - log(Pp)1 () dys
1
= Hi(t + 1),

where we have used the fact that the part in the square bracket
integrates to 1, as xp can be first integrated out

/ pxalxr, x3, ..., xp)dx2 =1,
L))

and the remaining integral fm P3.0(x3, ..., xp)dx3...dx, is

also equal to 1. Therefore
Iy =[Hi(t + 1) — Hi(0)] = [Hip(t + 1) — Hi(1)] =0,
which is what we want to prove. [

Note that the above theorem holds not just between X and X»,
but between X; and X ; for any i # j.

Corollary 3. If @; is independent of xj, 1 <i,j < n, i # ],
then Ti»;=0.

To prove, we just need reorder the components of X to have X;
and X; placed in the first and the second slots of the array so
that the above proof applies.

Theorem 2 and Corollary 3 state that transfer of information
in one direction yields no hint about the other direction.
Particularly, when X; evolves independently of X;, there is
no transfer from X; to X;, but at the same time there could
be information flowing in the opposite direction provided that
X relies on X; to grow. This property of transfer asymmetry
or unidirectionalism makes information transfer conceptually
distinct from transfers of other physical quantities such as
energy, in which transfer symmetry holds.

4. Connection to previous formalisms

We have adopted a route distinctly different from the
classical ones in deriving information transfer. However, it is

interesting to note that our formalism is physically consistent
with the classical formalism. Particularly, it is consistent with
Schreiber’s transfer entropy [22]. We have mentioned this in
LKOS5. In the following we show how.

Let P denote the probability mass function. In the case of a
Markov chain of order one, the transfer entropy from X to X
is, at time step t,

T+t T
P(x; " xp, x5

(23)
Pt

Tzﬁ1 = X:P(xr"H x7,x3) log
Here the symbol T corresponds to our transfer, and the
superscript S is utilized to signify Schreiber’s formalism. TZS_)]
is a relative entropy-like quantity (see, for example, [5]) which
characterizes the incorrectness when the probability of X; at
time step T conditioned on the measurements at previous time
steps is taken as the probability of X given the measurements
of both X1 and X at their previous time steps. Schreiber uses
it to measure the information transfer from X, to Xj.

Notice the transfer entropy (23) may also be written in the
form of a difference, as in (16),

Ty, = AH} — AHj, (24)
where
AH] = X:P(XH'1 xDlog P(x[ T x])

+ ) PG a) log P(x), (25)
and
AH, = = > P xf x)) log P(xf ™ x, x])

+ Y PGt ] x]) log P(x]. x3). (26)

For AH; S the second term on the right hand side is

=Y PG xDlog P(xf) = =) P(x])log P(x])
= Hi(1);
the first term is also like entropy, but at a time step between ©

and T + 1. We denote it H(t + %) for the time being. So

AHS = H; (r + %) — Hi(7) (27)

is a kind of entropy increase. To see the physical meaning of
AH 15‘2, introduce two quantities

A= ZP(XH_l X7, x3)log P(x3),

B = Z P(x{,x3)log P(x3).

It is easy to show that both A and B are equal to —H» (7). We
may then have (26) first plus A then minus B to get

AHf), = [ D Pait xf x]) log P(x{ ! xf . x]) —l—A]
~[= X Pat D log PG D) + B]
= —X:P(xr'H x{,x3)log P(xf"H x{|x3)
+ > P(x]. x})log P(x|x]).
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It is now clear that the last term on the right hand side is the
conditional entropy of X on X at time step v, H2(7), while
the first term may also be understood as the conditional entropy
of X1 on X, at some time step between t and t 4 1, denoted
Hip(t+ %). So AH 1S|2 describes some entropy increment of X
conditioned on X»,.

Schreiber’s transfer entropy is the difference between AH ]S
and AHlsz. These two terms correspond to our AH; in (6)
and Ang in (15), respectively. In a sense, the freezing of x;
instantaneously as time goes from 7 to 7 4 1 can be viewed as
a kind of conditioning on X». Our formalism is thus physically
consistent with the transfer entropy (23) or (24) in the context
of a Markov chain of order one.

But our formalism is obviously different from the transfer
entropy. The difference lies in the following two aspects:
(a) The entropy increases in (24) are those from step 7 to
somewhere between 7 and T + 1, while in our formalism, both
AH; and AHjy describe the entropy variations from step 7 to
step T + 1; (b) although qualitatively there is some similarity
between the conditioning in AH 152 and the freezing in AHyy,
quantitatively they are not identical. These differences may give
different results for the same problem. For example, there is no
property like Theorem 1 with (24). We will see more examples
in the following applications.

5. Applications

We now calculate (16) or (17) for the well known baker
transformation and Hénon map. We choose these two problems
not only because their information transfers per se are
interesting, but also because they may in some sense serve
to validate our formalism. Both maps have one or more
noninvertible components, and so the simple formalism (9)
does not apply.

5.1. Baker transformation

It has been argued intuitively that, in applying the
baker transformation which mimics the kneading of dough,
information flows continuingly from the stretching direction to
the folding direction, while no transfer occurs in the opposite
direction (see [14]; similar arguments can also be seen in [6,7,
17]). We mentioned this in the beginning of the paper, and want
to see whether this is the case with our formalism.

The baker transformation is defined as a mapping @ : {2 —

2 =10, 1] x [0, 1], given by

(28)

It is invertible, and measure preserving (J = 1), as is easy to
check. By Eq. (7) this means that its entropy stays unchanged.
(But one of its components is not. See below.) To compute
the information transfer, we need the F-P operator P, which
can easily evaluated by taking advantage of the invertibility
(cf. Appendix):

X1 1
p(7,2x2>, O§x2<§,
P(xlv x2) = 1 +xl (29)
p<752x2_1)3 zixzfl-
Consider the transfer from X, to X; first. Upon one

transformation, the marginal density increases from

1
Pl 2/ p(x1, x2)dx
0

to

172
[ Pocimae= [ (220) an

1
+f ,0<x1+1 2x2—1>

172

1

2 Jo

1 X1 1+
=5[m(2)+p1< . )} (30)

where (29) has been used in the derivation.

The baker transformation as a whole is invertible. Its x;
direction, however, is not. Consider X only, the transformation
reduces to a dyadic mapping, @1 : [0, 1] — [0, 1], &1(x1) =
2x1 (mod 1). It has an F-P operator

1 1
Ponet =3 o (5) + o (5] (1)

(see Appendix for details). This is exactly the same as (30),
implying that

I =0, (32)

which is just as expected.
Now compute the transfer from X to X». As above, first
compute the marginal distribution

1
/ Pp(x1, x2) dxy

1
/ 2x2 dxq, 0§x2<§§
(33)
x1+ 2 — )dxl,

This substituted in

1 pl
AH2=—/ / Por, 1)
0o Jo
1
. |:10g (/ Por, xz)d)\>:| dxidx;
0
1,1
+/ / p(xi, x2)
0 JO
1
-|:10g (/ p(k,xz)dk>:| dx;dxy, (34)
0
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after a series of transformation of variables, gives
AHy = —log2+ (I +1I), (35)

where

1 12
I = / / p(x1, x2)
o Jo

. [10 Jo PG, x2)dA
o/? P, x2)dA

1,1
= / / p(x1, x2)
o Ji2

g o PO 12)d2
. o A 2T
f1/2 o (&, x2)dA

:| dx1 dXQ s (36)

dxld)Q. (37)
Note both / and /I are nonnegative, because p(xy, x2) > 0 and
1 172
/ p(x1, x2) dx; Zf p(x1, x2) dx; (38)
0 0

1 12
/ Py, x2) dy = f p(x1, x2) dx1. (39)
0 0

Moreover, these equalities cannot hold simultaneously. So /411
is strictly positive.

On the other hand, in the x; direction the transformation is
invertible and J is equal to a constant % By Theorem 1,

1
AHyy = Elog 5= —log?2. (40)
So,
T1_>2:AH2—AH2\1:I—|—II>O, (41)

i.e., there is always information flowing from X to X».

Egs. (32) and (41) show that information flows continuously
from the stretching direction to the folding direction (71—, >
0), while no transfer occurs in the opposite direction (75—, =
0). These are just what we have expected with the baker
transformation. Our formalism thus produces a result agreeing
well with intuition.

5.2. Information transfer in the Hénon map

The Hénon map & = (&;, $) : R?> — R? is defined such
that

{él(xl,xz)=1+xz—ax%,

42
Dy (x1, x2) = bxy, (42)

with a > 0, b > 0. Like the baker transformation, it is also
invertible. In fact, the inverse mapping is

—1 (X2 a -
& (x), x7) = (3, X — 1+ ﬁxz). 43)
By (3),
Pp(x1, x2) = p(P (x1, x2))J 71|
_ 1 X2 a ,
=50 (5 m =1+ 5)

1
= 2p0, 11— 1 +ay?), (44)

where for convenience y is used to denote %2. We hereafter

compute the transfers between X| and X». (a) To—1: Transfer
Jfrom the linear component to the quadratic component

According to (16), we need to evaluate (Pp); and (Pp)y.
The former is

(Pp)i(x1) = /R Pp(x1, x2)dxs
1 2
=/ Lo a1 = 1+ ayd)dxs
RD

=/Rp(y,m—1+ay2)dy
= pa(x1).

(Note the argument: it is x, not x.) To compute (Pp)1y, let
xp=d(x))=1+x— ax%,

where x; appears as a parameter. From this it is easy to obtain

_ 14+x —x!
o (=00, x{]) = [ —o00, — [ ———
g 1+x2_xi,oo
\ a

By the formula for F-P operator evaluation (see [14])

d

dx} J ! (00,2}

_ H»xzfx{
d a

= — d
o | p1(s)ds

d o
o f e 102
1
oli | =/ ——
2./a(l 4 x2 —x}) a

[14+x—x!
+ 01 Tl (xi<1+x2)

1
=3 [o1(=x1) + p1(xD)].
alxi]|

(Pp)ig(xy) p1(s)ds

(recall x| = 1 4 x; — ax?)

This and the above expression for (P p)1, together with the fact

J1 = %—fll = —2ax, substituted into (16) gives

oy = —/R(PP)I(XI)'log(PP)l(Xl)dxl

4 / /R (PO} log(Pp)in(x])
-p(x21x1) - [J1] dx1dx;
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Z—AMQM%MQUMI
/' p1(=x1) + p1(x1)
R

2a|x1|
p1(=x1) + p1(x1)

-1 S =2 d
og 2] | axi| dxi

— z/o o1 (—x1) + p1 (1))

p1(=x1) + p1(x1) d
X1.

-1
o8 2ax

(45)

Eq. (45) states that the entropy transferred from the linear
component (X») to the quadratic component (X1) is equal to
the entropy of X, (H) modified by a part arising from the
involvement of x; in &; [cf. (42)].

(b) T1—»: Transfer from the quadratic component to the
linear component

From (17),

Ti5o = —/R(Pp)z(m) -log(Pp)2(x2)dxz

/R (Pp)ay () - 1og(Pp)ay (x))

-p(x1|x2) - [J2| dxidxa,

where x = ®2(x1, x2). Notice J> = % =0, and

(Pp)a(x2) = fR Pp(x1, x2) dxy
1 X2 x%
= fRzp (?,xl —1+ab—2> dxq

5 | eoeras =0 ().

So

Ti5o = —/R(P,O)z(Xz) -log(Pp)2(x2)dxz

oo () s o (5)

= logh + Hj. (46)

This is to say, the entropy transfer from the quadratic
component (X 1) to the linear component (X3) is the entropy of
X1 plus a part due to expansion/contraction of the total phase
space. Particularly, when b = 1, i.e., when the volume of the
phase space stays invariant, the transfer from X; to X is just
all that X| possesses.

This simple result of (46) is just what one would expect of
the mapping component $,(x1, x2) = bxy in (42). As P, has
no dependence on x» itself, the evolution of the entropy of X» is
all through the transfer from the other component X . In other
words, 772 is just the marginal entropy increase of X5, which
can be easily obtained, without going to the transfer formula
(17). One may check that this is indeed equal to logb + Hj.
Among all the existing measures of information transfer, only
our formalism yields a result for the Hénon map which is
consistent with the dynamics (see (46)).

6. Summary

We have presented a rigorous formalism of information
transfer for dynamical systems in terms of discrete mapping.
Properties have been explored, and connections to a classical
formalism established. A transfer measure has been obtained,
validated, and used in two applications.

Information transfer occurs as a system evolves in time. It
is measured by the amount of entropy transferred from one
component to another in the course of this evolution. The
rigorously derived transfer measure is unidirectional, namely,
the information from X; to X ; generally implies nothing about
the information transfer in the other direction. Particularly, if X;
evolves independently of X ; (i # j), then the transfer from X ;
to X; is nil; while in the same time there could be a transfer
in the other direction, should X; relies X; to grow. This is
consistent with the property of transfer asymmetry emphasized
by Schreiber [22].

The present formalism generalizes the 2D formalism in
LKOS5 to maps with noninvertibility and systems with arbitrarily
many dimensions. It is consistent with the 2D transfer measure
previously obtained by different methods. It is also qualitatively
consistent with the previously introduced transfer entropy of
Schreiber.

We have applied the formalism to investigate the information
transfers within the baker transformation and Hénon map.
In both cases, results agree well with the facts observed or
intuitively argued in the literature. For the Hénon map, our
formalism yields a simple and physically clear transfer from
the quadratic component to the linear component; for the baker
transformation, we found that the stretching coordinate always
loses information to the folding coordinate, while no transfer
occurs in the opposite direction.

We close the paper by remarking that through taking limits
we may use a discrete map to approach a continuous flow. In
doing so a formalism of information transfer can be derived for
continuous systems. This will be the subject of the second part
of this study [15].
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Appendix. The Frobenius—Perron operator for the baker
transformation and the dyadic transformation

For convenience, here we briefly summarize the derivation
of the F—P operators for the baker transformation and the dyadic
transformation. The material is based on [7,14].

A.l. The baker transformation

The baker transformation defined by (28) is invertible, and
the inverse map is given by
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o (x1, x2)
1
(x1 2x2> 0<xy<=- 0<x <I
2 2 Al
X +1 1 (A1)
—, 2x2 -1 —<x=<10<x <1
2 2
Using &~ !, we can find the counterimage of [0, x1] x [0, x2] to

be

HO0<x <3

@”@mﬂxmmbzh%}xmhﬂ

7‘x1 X [ 9 2]
us~t ([0 !
<[ 3x1] |:§7x2i|>
_ X1 1 x1+1
_[0’ 7] x10. 11U [2 2 }

x [0, 2x2 — 1].

The F-P operator P is thus (see [14]):
2

0
Ppo(x1,x2) = —// o(s, t) dsdz
9x20x1 JJo-1(10,x,1x[0,x20)

which, after a series of transformations, gives

@ f<y=<l

&[0, x11 x [0, x2])

p(220).

0<

Px1,x2) = 1+ x 1 (A.2)
0 2x0—1), =
2 2=

_m_

A.2. The dyadic transformation

If only the stretching direction is considered, the baker
transformation (28) is reduced to a dyadic transformation @ :
[0, 1] — [0, 1], x1 + 2x (mod 1). It is easy to obtain

1[0, x1]) = [0, ’i] U [1 1+x1}

2 27 2

for x; < 1. So

0
Po(x1) = Py p(s)ds
X1 J =1([0,x1])
x1/2 (I+x1)/2
= — p(s)ds + —/ p(s) ds
0x1

) ()]
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