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ABSTRACT In this paper, a rigorous formalism of information transfer with respect to relative entropy or
Kullback-Leiber divergence within a multi-dimensional deterministic dynamical system is established. It is
derived from the mechanism that the governance of the predictability change could come from the evolution
itself and a transfer of the evolutions of multiple components for a given component. The presented formalism
of three-dimensional systems and its several generalizations in high-dimensional systems provide a precise
quantification of transfers among variables in complex dynamical systems, with which some properties are
explored and given. These results of information transfers are different from that with respect to Shannon
entropy in multi-dimensional systems, due to a minus sign which reflects the opposite notion of predictability
vs. uncertainty. Explicit formulas are demonstrated and verified in the Rossler system and a four-dimensional
system. These studies can be used to investigate the propagation of uncertainties and perform the dynamic
sensitivity analysis statistically. The simulation results suggest that the generalized formalisms provide
more underlying information about multi-dimensional dynamical systems compared with currently existing
methods. It is beneficial for prediction and control of systems better, with broad application prospects in
many fields.

INDEX TERMS Information transfer, relative entropy, predictability, Rossler system, a four-dimensional

dynamical system.

I. INTRODUCTION

Uncertainty quantification is of great theoretical impor-
tance and practical significance in investigations of complex
dynamical systems. It is very important to understand and
predict their dynamics in analysis of interacting nonlinear
systems. Causality analysis and information flow/transfer are
closely related concepts, whereby information or knowledge
of certain states can be thought of as coupling influence onto
the future states of other processes in a complex system [1].
This flow or transfer related to the spatiotemporal structure
of predictability is important as it can determine how pre-
dictability in one place is altered due to other places and how
uncertainties propagate in the system, which helps to identify
the source regions of unpredictability [2].
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Transfer and transferlike entropies have been, and still
are, the subject of much research on both theoretical and
practical shortcomings, and the very popular techniques for
studying causality in coupled dynamics shown according to
these continued efforts are information-theoretic tools [3].
A great many works exist in the literature. As such, the appli-
cations of Schreiber’s transfer entropy [4], [5], the measure-
ments of information transfer in different disciplines [6]-[9],
the measurement uncertainty of hypertension and stress on
kidney [10], the comparison of Shannon, Kullback-Leibler
and renormalized entropies within successive bifurca-
tions [11], the connection between topological and
algebraic entropy [12], the analysis of heart rate variabil-
ity using fuzzy measure entropy [13], the measurement
entropy of semi-independent hyper MV-algebra dynam-
ical systems [14], the information entropy of hyper
MV-algebras [15], the Algebraic and Shannon entropies
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of commutative hypergroups [16], the evaluation of an
information system effect on the learning of the space struc-
ture [17], the investigation of the ergodic properties of prob-
ability dynamical systems using concept of entropy [18], etc.
Given the broad and pressing need to realistic applications
on complex dynamical systems, information flow can be
used substantially. During the past decades, the formalisms
of information transfer have been established empirically
or half-empirically based on observations of diverse disci-
plines, for example, time-delayed mutual information [8]
and transfer entropy [4]. Until 2005, Liang and Kleeman
put forward a rigorous formalism to measure information
transfer of two-dimensional (2D) systems with the dynamics
are given, which can be referred as LK2005 formalism hence-
forth [19]. The idea is derived from interactions between two
components in complex dynamical systems. In terms of its
applications, the LK2005 formalism has yielded remarkable
results by thoroughly describing the statistical behavior of a
system. However, the LK2005 formalism and its generalized
forms [20]-[23] are only suitable for some dynamical sys-
tems of arbitrary dimensionality with successful applications
between two variables, but it is invalid to quantify uncertainty
of many real-world coupled systems. Considering realistic
applications of sensitivity analysis of an aircraft system with
interactions between multiple components, recently, a rigor-
ous formalism of information transfer with respect to Shan-
non entropy among the components in multi-dimensional
deterministic complex dynamical systems has been estab-
lished in [24] based on the LK2005 formalism to deal
with the uncertainty change of one component given by the
other components. The measurements of information transfer
can help us to better understand the intrinsic mechanism
and explore deeply hidden information in the evolution of
multi-dimensional dynamical systems. The above mentioned
formalisms of information transfer are given with respect to
shannon entropy or absolute entropy, which are the measure-
ment of uncertainty.

Causation inference and information flow are classi-
cal topics in diverse disciplines nowadays, which remain
advancements in continuing to strengthen the theory and
push the applications [1]. There is another measure of
the predictability in information theory, that is, relative
entropy, which is also called Kullback-Leibler divergence.
The Kullback-Leibler divergence was introduced as the dis-
crimination information between two distributions [25]. The
Kullback-Leibler divergence is a measure of how one prob-
ability distribution is different from a reference probability
distribution [26], whose advantages have been shown in that
it possesses some appealing properties compared to Shan-
non entropy [27]. It is a measure on how much additional
information is added when the reference probability is fixed
as the initial distribution and for dynamical systems with
the joint density evolve [28]. Furthermore, it has the invari-
ance upon nonlinear transformation and the consistency with
the second law of thermodynamics in the context of Markov
chain [29]-[31]. Therefore, it is well accepted as a measure
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of predictability [29], [32]. Since the information flow is an
important physical problem in practical concern and nature,
a formalism of information flow with respect to relative
entropy has been examined in 2D deterministic system [2] to
study how predictability propagates in physical space better.
However, it cannot capture the indirect information transfer,
that is, it fails to identify whether the information is from a
direct transfer via the other variable or an indirect transfer via
some other variables [33], [34].

Hence, we develop a formalism of information trans-
fer with respect to relative entropy to several variables of
multi-dimensional dynamical systems for catering to practi-
cal requirements such as sensitivity analysis of aircraft sys-
tems in this paper. In other words, we extend the results in
[19] to the information flow with respect to relative entropy
between groups of components, rather than individual com-
ponents in arbitrary multi-dimensional dynamical systems
when dynamics is fully known. It is a follow-up of the study
in [2], [24]. In addition, the relationships among several
generalized formalisms are highlighted. Compared with the
previous formalisms, the generalized formalisms can be used
to quantify information transfer from several variables and
high order interactions among them to another variable. Fur-
thermore, the generalized formalisms can help to identify
direct or indirect information transfer between variables in
dynamical systems. It is beneficial for exploring the com-
plexity of evolution of multi-dimensional dynamical systems.
Meanwhile, it is also a measure of performing dynamic sensi-
tivity analysis. Considering the large body of aircraft designs
work on uncertainty studies, this research is expected to
provide some help to determine design parameters and guide
decision-making for predicting complex computer models.
It is significant to investigate real-world problems.

The structure of this paper is as follows: Section 2 recalls
the recent developed formalisms of information flow
in multi-dimensional systems briefly; In Section 3,
multi-dimensional formulas of information transfer with
respect to relative entropy are established. Details on the
derivations of the formalisms and the related properties are
demonstrated; Section 4 gives a description about the for-
malisms with multi-dimensional applications; the summary
of this paper is given in Section 5.

Il. MULTI-DIMENSIONAL FORMALISM OF
INFORMATION TRANSFER WITH RESPECT
TO SHANNON (ABSOLUTE) ENTROPY
For a three-dimensional (3D) continuous and deterministic
autonomous system,
dx F 1
i (), (H
where F = (Fy, F», F3) is a known flow vector with F; =
Fi(x1,x3,x3)forany i = 1,2,3 and x = (x1, x2, x3) € 2 for
which the sample space €2 is assumed to be a direct product of
Q1, Q2 and 3. A stochastic process X = (X1, X2, X3) € Q
with joint probability density p(x1, x2,x3,¢) at time ¢ is
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the random variables corresponding to the sample values
(x1,x2, x3). For convenience, we will use the notation p
instead of the notation p(x1, x2, x3,¢) except where noted.
The probability density p associated with (1) satisfies the
Liouville equation [35]:

do  AFip) | IFap) | B(F3p)
3t+ ax1 + 0x2 * 9x3

After some algebraic manipulations about (2) with assum-
ing that p vanishes at the boundaries (the compact sup-
port assumption for p and the assumption is reasonable in

real-world problems [19]), it is found that the time rate of
def

—0. )

the joint absolute entropy change of X1, X, and X3, H(t) =
— [ plog pdx, satisfies

d—H—E(V F) 3)
d ol

where E(V - F) = [[[q p(V - F)dxidxydx3. The property
holds for deterministic systems of arbitrary dimensionality
[20]. A detailed derivation on (3) is referred to [21].

As mentioned above, the time rate of change of H equals
to the mathematical expectation of the divergence of the flow
vector F. The marginal density of x; in 3D systems is

Pk (X, 1) = f/ p(xi, Xj, Xk, Ddxidx;,
Q,‘XQI'

where i, j, k = 1, 2, 3 with different i, j, k at the same time.
The shannon entropy for the component

Hi(t) = —/ Pi log prdxk
Q

evolves as

dH Fr o
Tk / f / [ k Pki| dx;dx;jdxy . 4)
Pk 0x

Equation (4) states how Hy evolves with time. The evolution-
ary mechanism of Hk derives from two parts: One is from the
evolution 1tself, d ; another from the transfers of X; and X;
according to the coupling in the joint densny distribution p.

When X; evolves on its own, denoted by —* and

dH, ,f IFk / / /
dt axk
where E means the mathmatical expectation with respect to p.

The rate of information flow/transfer with respect to absolute
entropy from X;, X; to X is

dx,dx,dxk, ®)]

, _ dH,  dH}
i,j—>k = dr dt
F. 0 oF
= [ o (B ) e
o Ok Oxx  Oxg
9(Fy k)
- _/ Pi.jik (xi, x;1x1) . ©
o Xy
where p; jik (xi, Xj|xg) = %

Moreover, when several variables are involved, the infor-
mation transfers from components X;, X, ..., X, to X of
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multi-dimensional continuous and deterministic autonomous
systems has the following form:
Tij,..onsk =— / Pi g,k Xis Xjy ooy Xl Xk)

Q

o(F
O kPk)dx
Xy

@)

Equation (7) can be used to quantify the information transfers
from several variables and high order interactions among
them to the other variable. In addition, the generalized for-
malism can be reduced to 2D cases when only considering
information transfer between two variables of a system.

IIl. MULTI-DIMENSIONAL FORMALISMS OF
INFORMATION TRANSFER WITH RESPECT

TO RELATIVE ENTROPY

A. THE FORMALISMS OF 3-DIMENSIONAL SYSTEMS

At first, we consider a three-dimensional dynamical sys-
tem (1):

dx
— = Fi(x1,x2,x3,1),
m 1(x1, X2, X3, 1)
dxp ( 0
— = Fo(x1,x2,x3,1),
Il 2(X1, X2, X3
s = F3( 1)
X1, X2, X3, ).
» 3(X1, X2, X3

We research the predictability change of one component of
x contributed by the other two components, that is to say,
how information is transferred from two variables to the other
variable with respect to relative entropy. It is known that
the definition of relative entropy, for two joint probability
densities p and g of x,

d p
Dol ¥ fg plog’ dx. ®)

It is a measure of the distance between p and g. In general,
q is the initial density or equilibrium density. In this paper,
it can be treated as the initial density except where specified.
Now consider the information transfer from X, and X3 to Xj.
The marginal relative entropy of X| is

DLy (o1 | 1) = /
Q

where g1(x1, t) = foZXQz q(x1, x2, X3, t)dxodx3.
Equation (8) can be written as

Dgr(p Il @) = —H — /// plog gdxidxdxs.  (10)
Q

Derivatives for (10) with respect to ¢ and combining (2)
and (3), the time rate of the joint relative entropy change of
X1, X» and X3 is

dD
de - = // —loquxldxzdxg

—E(V-F)+ (V - pF)log gdx1dx,dx3
Q
= —E(V-F)—E(F-Vlogg). (11

o1
p1log —dxi, )
q1

VOLUME 8, 2020



Y. Yin et al.: Information Transfer With Respect to Relative Entropy in Multi-Dimensional Complex Dynamical Systems

IEEE Access

The evolution equation of p; is derived by taking the integral
of (2) with respect to x» and x3 over the subspace €2, x Q3:

d I(F
,01 /f ( 1,0) oy = 0, (12)
sz§23 x

After multiplying by (1+1log p1) for (12) with some algebraic
manipulations:

d(p; 1 I(F
(p1log p1) +/'/' ( lp)dxde3
at szQg axl

(F
+// log p1 SR ey = 0. (13)
Qo x23 0xy

By integrating for (13) and using the assumption that p
vanishes at the boundaries, the evolution equation of marginal
absolute entropy Hj is

e IIACE

Derivatives for (9) with resapect to ¢, then substituting (12)
and (14) with the fact [, af;mdxldxm = 0 by the com-
pact support assumption for p, similar to the two-dimension
situation in [2], the evolution of the marginal relative entropy

1 .
Dy, is

i|dx1dx2dx3. (14)

dD}, dH1 Ip1
—XL — log q1d.
di f o, o caen

- /// [oen * 52
/// oF1p) log q1dx1dxadx3
Q
= /// log — 1 8(§1p)d 1dxodx3
_ // (1 + 1og 24y 1)

dxldXQdX3, (15)
. . dDy, .
here g; does not depend on time. For convenience, de 1S
written as % in the following context.
Similar to the situation with respect t0 absolute entropy,
the evolution of the predictability of X7, derlves from two

] dx1dxrdxs

parts: one is from the evolution of 1tself, dt ; another from
the influences of X> and X3 according to the coupling in the
joint density distribution p. The latter is the information flows
from X, and X3 to Xi, denoted by T2 5,1+ From (11), the
time change of D only depends on V - FandF -V logg. If it
evolves on its own, one may argue that the entropy with X
changes with % and F; - Vlog g based on the concept of
joint relative entropy. According to (11), it should have an
equation:

dD?
= —E(V-F1) — E(F1 - Viogq)). (16)

It is worth note that (16) can be derived from (51) withn = 3.
Similar to (35) in [2], we obtain the following theorem:
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Theorem 1: For system (1), the information flow with
respect to relative entropy from X; and X3 to X is

dD1 dDi<

T2,3—>1 =
(
/f/ 02,311(x2, x3]x1)

The detailed derivations of Theorem 1 are demonstrated
in Appendix A. As in Section II, for any other transfers,
ie., Tif}—)k’ we may insert 1,2 and 3 correspondingly to
obtain all. There is a clear interpretation for information
flow/transfer associated with the formulas (17). As stated
in [2], the information transfer from X, and X3 to X1, 72 351
quantifies the influence of X, and X3 on the predictability
of X;. Meantime, when 7231 > 0, it means that the
evolution of X> and X3 favors the prediction of X, that is
to say, it will make X; more predictable. Otherwise, when
T>3-1 < 0, itimplies that the evolution of X, and X3 reduces
the predictability of X;, which means that it will bring to
X1 more uncertainties. The positive or negative information
transfer 7> 3,1 means that the evolution of X, and X3 gain or
reduce the uncertainty of X;. Meantime, It is found that the
formula (6) is same as the formula (17), except for a minus
sign. It conforms with the concept of shannon entropy and rel-
ative entropy as a measure of uncertainty and predictability,
respectively.

p1) dxdxrdxs. (17)

B. THE FORMALISMS OF n-dimensional systems
Similarly, for n-dimensional systems with n > 3

M Fy )
= X1, X2, "+ , Xpn, 1),
dt 1WA, A2 n
dxz F( l‘)
- = X1, X2, ", Xpn, 1),
dt 2N, X2 n
dxy,
=F x7~x7"'7~x7t7 18
dt n(l 2 n ) ( )

we can obtain the formalism of information flows with
respect to relative entropy from X, X3, ..., X, to X using
the same derivation with the Liouville equation

dp  A(F1p) | O(F2p) (Fnp)
bt =0, 19
dt dx] 0x2 + + 0x, (19)
that is
D dDy dDz
Tl] ..... n—k = 7 - dt
(Frpor)
:Lpi,j,...,nlk(xi,xj»~--,xn|xk) o dx20)

we can insert 1,2, ..., n to (20) correspondingly to obtain
all transfers. The obtained formalism is the transfer to one
component from all other components in multi-dimensional
dynamical systems. Now one can consider how to screen
out the part contributed from x; and x3 to x; from (20).
The difficulty is how to obtain the evolution of D; with the
influence of x; and x3 excluded, which is different from the
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evolution of D itself, % in 3D systems. In fact, we have
known that the evolution of D; includes the transfer from
X5 and X3 and the evolution without effect from X, and X3,
which can be written as % in systems with dimensionality
higher than 3. It is the tendency of D with x, and x3 fixed at
time t and the subscript 2Y signifies the effect of x; and x3 is
removed. Obviously, when p involved with the subscript 2§,

033, it signifies marginalization of the component, that is,
Py = Pa3(X1, X4, ..., Xp)
=/ p(x1, x2, ..., Xp)dxodxs 20
Qo x Q3
Without loss of generality, we consider the information trans-

fer with respect to relative entropy from X, and X3 to X
in multi-dimensional systems firstly, which is the difference

between % and dDdiRS, that is
dDq dD133
TP, = —— . 22
23>0 gy dr 22)

. . dD
Now the main problem is converted to compute —*=.

It cannot be obtained via using the Liouville equation (19)
corresponding to multi-dimensional deterministic dynamical
systems, as the dynamics is changed with time ¢ on manipu-
lating x> and x3 [2]. Based on the previous derivation by Liang
[21], the evolution of D; when X, and X3 is fixed, % in
multi-dimensional systems can be written as

dD_lSL& — 1im Dig3(t + At) — D (1)

i
dt At—0 At

(23)

Here we compute it by using the definition of derivatives
and approach it through to find how the relative entropy D
increases from time ¢ to time ¢ + At with the limit Az — 0
in a discretization of the system (18).

The discrete mapping form of system (18), ® : Q@ — Q
is

O x(t + At) =x(t) + F(x; 1) At, (24)

which is an approximation of system (18) up to the first order
of At and drives x(t) = (x1,x2,...,x,) to x(t + At) =
®(x(1)). To avoid confusion and express shortly, x(z + At) =
®(x(2)) can be replaced by y = (y1, y2, . .., ¥n) in this paper.
The above mapping is as follows in component form:

y1=x1 +Fi(x)- At

y2 =x2 + Fa(x) - At

®: 25)

Yn = Xn + Fu(x) - At.

Since x is steered forth with the transformation ® =
(P, O, ..., P,) from time step 7 to ¢ + 1, correspondingly
its density p is driven forward by Frobenius-Perron operator
(F-P operator) [35]: P : LY(Q) — LY(), which is defined as

/ Pp(x)dx = / px)dx
153} o~ (w)
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with any subset of €2, w. Liang [2], [21] showed some useful
properties of ® and its corresponding F-P operator. Firstly,
® and its variables are invertible as Ar — 0 with the
form

x1 =y — Fi1(y) - At + O(A1?)

| =20 At O(A1?)

Xn = yn — Fa®) - At + O(A1?),

the high order terms may be omitted with Ar — 0. Secondly,
the Jacobian matrix of ® and its inverse are

n
oF; )
J=1 — At + O(At 27
+;3m + O(A1?) (27)
and
n BF
Jl=1=-Y" —Ar+ 0, 28
ZM +0(Ar%) (28)

i=1
which can be learned from &. The last property is that the

corresponding F-P operator of the invertible & is written
clearly as

PoO1, Y2, s yn) = p( @ 01, v, o v

= p(x1, X2, ..., X)) 1. (29)

We can fix x; and x3 to obtain the influence from X, and
X3 excluded, correspondingly the mapping ® is modified as
follows:

yi =x1 + Fi(y) - At + O(Ar%)

y4 = x4 + Fa(y) - At + O(AF?)

Doy : (30)

Yn = Xn + Fu(y) - At + O(AL?)

with x» and x3 fixed as parameters at time ¢ and an associated
modified F-P operator, Pyy. The marginal density of x; at ¢ +
At with x; and x3 fixed as parameters at 7,

(Py3p)1(v1) = /

Qg x--XQ

(P33P)(01, Y4, -+ -, Yn)dy4 . . . dyn
is dependent on x; and x3 as well as has extra dependencies
about x4, X5, . . ., X, introduced by the conditional density of
xp and x3 onxy, X4, . . ., X, [23]. Itis worth noting that, we will
use 4., instead of Q4 x - - - x 2, throughout for notational
convenience. Therefore, the marginal absolute entropy of the
first variable evolved from H; with contribution from X, and
Xz excluded ast — ¢ + At is

Higz(t + Ar) = /Q(PESP)I(YI)IOg(PXSP)I(YI)

p(x2, X3|x1, X4, . . ., Xn)
p4..0(Xa, X5, ..., Xz)dyrdxy . . .dx,. (31)

The marginal relative entropy of the first variable evolved
from D; with contribution from X, and X3 excluded as

VOLUME 8, 2020
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t — t 4+ At can be obtained in the same way, that is,

log(P:
Duas(r+80 = [ (rapnn RN
& q1011)
-p(x2, x3|x1, X4, ...y Xp)

'p4...n(x41 X5, .00 xn)dyldXZ s dxﬂv (32)

here p4., is the joint probability density function of
(x4, x5, . . ., xn). For n-dimensional system (18) with dynam-
ics given, the time rate of the marginal relative entropy change
on X; with the influence of X, and X3 excluded is

dD1 33 ~ lim Diyy(t + At) — D1(1)
dt At—0 At

0
= / (1+1 og ) ( IPRS) 07 311dx
Q q1 dxy
P
/ 0 (F1,01 log q—})
+ e ——
Q oxy
here 631 = 2-p1ag, @231 = fo, | mrP1gdxa
Appendix B for the detailed derivations of (33).
Similarly, we have the following theorem:

Theorem 2: For system (18), the information flow with
respect to relative entropy from X» and X3 to X is

02,3)1dx, (33)

dx,. See

dD, dD13y
B = 7y
I(F JI(F
=/ <1+1 og )(( 1,023) Ozt — ( 1,0)>d
Q q1 0x1 ax1
3(F1,01 log %)
- / 0 g s, (34)
Q ox1

where PR} = lexQZXQ ,odxldxgdx3

Proof of Theorem 2: Substract (15) from (33), we can
obtain the formula (34).

In particular, we can find that pgy = p1, ©2,3)1 = 6023)1 =

% = p2,31 when n = 3. In this situation, (34) is

a(Fl,Om) a(F1p0)
TZI?3_)1 = /Q(l—‘rl q1>< o, 2’3‘1_—3)61 d

/ 0 <F1,01 log Z—:)
Q

0x]

/ (1+1 0z 2 )(3(F101)£_ B(Flp))dx
Q q ox1  p1 0x
3<F1,01 logﬂ)
q1) P
) =~ P
A

ox1 o1

d(Fiplog2t

9 1plog

/ (F1p1) P _/ ( ql)dx
o 0x1 pi Q axy

/ a(F1p1)
= [ p31 dx
Q 0xi

with the compact support assumption for p. Therefore, The-
orem 1 is a special case of Theorem 2.

If we replace X3, X3 with a variable Z of (35) in [2], it seems
that it is possible to get the information transfer from (X», X3)

02,31dx

VOLUME 8, 2020

to X7, however, it is a misleading problem. Firstly, if we
replace X», X3 by a variable Z, the two equations F; and F3
are lost, which resulting in the incorrect information flow.
As we can see from equation (19), all the equations are needed
to get the probability densities. Secondly, if the given form
is taken, we lost the information between other variables and
X5, X3, as well as the indirect information transfers associated
with X, and X3. Finally, (34) is a more universal form, while
the modified form is a special form which can be valid only
at some special conditions.

We can also insert i, j and k correspondingly to (34) to
obtain other transfers from X; and X; to Xi, TP, j— and all
information transfers from X;, Xj, . . ., X, to X following the
same procedure:

7D _ dDy  dDpy
W=k T gy dt
d(F J(F)
_ | +log 2 ( m&)&"‘k_ Fxp)\ 4
F) / F)
Q qk Xk Xk
0 (Fk/)k log f])—:)
_ / N ey (35)
Jl
Q 0xk
and
TIDJ ..... n—k
_ dDy  dDpy.
T a4
o(Fy ) oy p)
f<1+1g >< P Oij,.nlk — 00 d
Q qk 0xk 0xy
d (kak log %)
—/ ————0;j..nkdx. (36)
Q Ox

The information flows obtained by (35) and (36) are asym-
metric, for instance, while X gains information from X; or
X;, or X; and X;, X; or X; might have no dependence on
Xi in system (18). A property of information flow is its
asymmetry among the components, which implies causality
[36]. In addition, when Fy is independent of x; and x;, there
should be no information transfer from X; and X; to X;. It is
consistent with the information flows defined in (35). As a
matter of fact, another property of the information flow is
given below as an extension of (36) in [2].

Theorem 3: For system (18), if F is independent of x; and
x; with different 7, j and k, then the information flow with
respect to relative entropy from X; and X; to X, T[ o =0.

Proof of Theorem 3: According to the formalism (35) of
information transfer for system (18) with the notation of Fy =
Fi(xy), after integrating with respect to x; and x; for p, 0; jjx
and ©; j, respectively,

/ pdxidxj = O
Q

0
/ Oy jik dx;dx; =/ — oy dxidx; = py,
Q Q My

/ ®,~x,~\kdxidxj» = / (/ 9[,j|kd)%(k> dxidxj =1,
Q 2\

39469



IEEE Access

Y. Yin et al.: Information Transfer With Respect to Relative Entropy in Multi-Dimensional Complex Dynamical Systems

where the notationY signifies that the component i is excluded
from the set of variables in systems.

Then, integrating for (35) with respect to x; and x;, and
using the assumption that p is compactly supported,

Tz J—k

_ (Fepy)  D(Fipy)
L () ()

0 (kak log p—k)

dk

- / ———— 0 jkdx
Q 0xk

9 (kak log £ Pwk>
— /% o dxy = 0.

However, there is possibility that the flows in other directions
may be nonzero when F; depends on x; and x; or F; depends
on x; and xg.

As a special case of (35), (17) is also equal to zero with the
case of F is independent of x, and x3, that is,

8y = [[[ p2a
o(F
:/ (// p2)31dxzd)C3> ( lpl)dx
szl Qo x3 0x

I(F
=/ ( 1'01)dx1 _o.
Q Ox

Likewise, Theorem 3 can be generalized to multi-dimensional
cases associated with (36) in the same way.

Moreover, the information flow with respect to relative
entropy is invariant upon coordinate transformation.

Theorem 4: For the deterministic system (18), the infor-
mation flow obtained by formula (34) is invariant upon coor-
dinate transformation of (x4, x5, ..., X).

Proof of Theorem 4: Since we consider the information
flow with respect to relative entropy from X, and X3 to
Xi, the transformation cannot be made for xi,x; and x3.
Assuming that the transformation G : x — v(R" — R")
has the following form:

dx1 dXQd)C3

vVl = X1,

V2 = X2,

V3 = X3,

va = Ga(x4, X5, ..., Xp),

v = Gu(xq, X5, ..., Xp). 37

then system (18) can be changed to
dv1

_ —1
E =F[G ()],
D2 _ G
E = [ QIR
D3 _ pyi6 ]
dt =r3 s
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dIG 0 _

- F4[G™' )]
A6,
S Rl o) (38)

Actually, here the Jacobian of G = (Gy, Ga, ..., G,),J is the
same as that of (G4, Gs, ..., Gy), Jgg. And the density of v
is as follws:

pO) = p(O)lJ i3]

according to the Frobenius-Perron operator result. The infor-
mation flow with respect to relative entropy from v, and v3 to
vi, TP is

142351

hatTy)s_,

= / (1 + log
G(RM)

p»)
/ [W : / p(v)dV1dV2dv3:| dvy -+ dv,
_ [GI(V)]/O(V))> J

31)1
) / 8 (FIIG-10)1p1 () log 2013
G(R™) 8v1

p1(v1 )) (3{F1 [G_1()] [ p(v)dvadv3}
q1(v1) ovi

[W . f p(v)dvld"Zd%} dv

= / <1 + log ,01(V1)>
G(R") q1(v1)
(3{F1 [G1] [ plG™

8\)1
/ plG™ (v)]|J123|
f IO[G_l (V)] |J\1‘23 |dV2dV3
. / p[Gl(V)]|]‘_2§|dV1ded\)3} dV4 [P dvn
Gfl J—l
1M1plG M| m|)> "

L)1 gy ldvadv3)

a(F1[G-

o]
8 (FI[G-1()1p1(v1) log 2213

/G(Rn) v

olG 1(")]”123'
J PIG= )11 gy ldvadvs
f p[G—l(v)]|J;2§|dv1dedV3} dv
=77 (1 + log pl(vl))
G(R") q1(v1)
. (a{Fl[G_mv)J [ PIG™ )ldvadvs)
av]

G—l
/ |:f P[g[_l(v)(]ti)\]izd\g .,/p[G_l(v)]dvld"ZdV3:|
WV dva - dv, — 2 [GI(V)]p[G‘l(v)])> "
! 8v1
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9 (FIIG 1)1 () log 2123

- |J_1 | q1(v1)
G(R") v
pIG™' )] ~
'[f PIG—T()ldvadvs / P16 1(V)]dvla’vw’vg]dv
=710
2,3—>1"

In addition, it is interesting to note that if the evolution of
X3 is independent of X; and X5, the formula (35) in [2] is
changed to

p d(F1p3) P(x3|x133)
Ty, = / <1 + log —1> < i 0231 LS
Q q1 0x p(x1, x3]xy33)
3(F1p)>dx

0x|

o(x3|xyzg)
p(x1, x3|x133)

)

0 (Flpl log Z—})
_ / P
Q ox1

it is consistent with the formula (34).

IV. APPLICATIONS: THE ROSSLER SYSTEM AND
ROSSLER HYPERCHAOS SYSTEM

A. THE rossler system

In this subsection, we present an application study of the
information flows with respect to relative entropy about the
Rossler system [37]:

dx;

——=—x—X

7 2 — X3

dXQ T

—~ =x]+ax

jt 1 2

§ = b+ x3(x1 — 0,

where a, b and c are parameters, x1, x> and x3 are the system
state variables, and ¢ is time. The chaotic attractor of Rossler
system with a = 0.2, b = 0.2, ¢ = 5.7 is shown in Figure 1.

10 30
0 20
o ©
B3 B3
10 10
-20 0
-10 0 10 20 10 0 10 20
X, X,
30
40
20
& & 20
10 0
20 . 20
0 : 20 0
- - -2
20 10 0 10 X 0 X
X 2 1

FIGURE 1. The attractor of Rossler’s system with x(0) = (1, 1, 1). The
former three trajectories are x;, x,-plane, x;, x,-plane and x,, x3-plane,
respectively. The last trajectory is a 3-dimensional plot of x;, x, and x3.

To compute the information flows with respect to relative
entropy within three variables through formula (17) of 3D
systems, the key step is to obtain the joint probability density
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FIGURE 2. An estimated marginal density of x;, x, and x5 of the Rossler
system via counting the bins and initializing with a Gaussian distribution,
respectively.

function p(x1, x2, x3) of X. Actually, the evolution of the joint
density p(xq, x2,x3) in deterministic systems with known
dynamics can be obtained by solving the Liouville equation
but the computational load. Here we estimate the joint density
p(x1, x2, x3) by the way of counting the bins according to the
ensemble prediction of the Rossler system at each time step.

The Rossler system is solved by applying a fourth order
Runge-Kutta method with a time step At = 0.01 to generate
the ensemble. According to Figure 1, the computation domain
is restricted to 2 = [—16, 16] x [—18, 14] x [—4, 28], for
including the attractor of the Rossler system. We discretize
the sample space into 320 x 320 x 320 = 32768000 bins
such that the attractor lies within the computation domain and
one draw per bin on average via making 32768000 random
draws. We assume X is distributed as a Gaussian process
N (u(t), X(t)), with a mean u and a covariance matrix X':

2

uj of 0 O
uO=|wm|, TO=| 0 o 0
u3 0 0 of

in the initial conditions. After using different parameters uy
and a,?(k = 1,2, 3) to compute information flows for the
Rossler system, we find that the final results are the same and
the trends stay invariant. It is open for different experiments
to adjust the parameters u; and akz. Here we only show the
results of one experiment with 1 = 8,u» = 2,u3 = 10
and akz = 4. The ensemble is driven by drawing sample
randomly with a pre-established distribution po(x). We obtain
an ensemble of X and estimate the three-variable joint prob-
ability density function p(xy, X2, x3, t) of the Rossler system
through counting the bins at every time step. As these equa-
tions of the Rossler system are integrated forward, p can
be estimated at each time step with describing the statistics
of the system. The detailed discussions on probability esti-
mation through bin counting can be seen in [21], [38]. An
estimated marginal density corresponding to x1, x» and x3 of
the Rossler system are displayed in Figure 2. The information
transfer with respect to relative entropy related to the couple
effect from two variables to another variable in 3D systems
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FIGURE 3. Information transfers among different pairs of components in
the Rossler system (in nats per unit time).

can be computed through formula (17). Firstly, we estimate
the transfers Tl Gk b i,j,k = 1,2,3 with different i,j, k
at the same time. A nonzero TD _, means that how much
predictability that X; and X; brmg to Xi. The calculation
results are plotted in Figure 3, whose relative values represent
the magnitudes of information transfer. When we consider
the linear system with only two equations F; and F» in the
Rossler system, T2Dy3_>1 is larger than T11?3—>2 according to the
magnitude of parameters and the definition of the generalized
formalisms. However, the transfer from X; and X3 to X» is
smaller than the transfer from X; and X3 to X; in Figure 3.
It is consistent with the characteristics of complex systems
[38], that is to say, emergence does not result from rules
only [39]-[41]. The simulation results show the efficiency of
the generalized formalisms by revealing the inherent relation
in complex systems simultaneously. Moreover, as shown in
Figure 3, any two variables reduce the predictability of the
other variable and all information flows go to constants
over time, which means that the system reaches a steady
state gradually. The positive or negative information transfers
imply that the two components may increase or decrease the
predictability of another component. Repeated experiments
with different initialization are in line with the above results.

For the sake of demonstrating a more intuitive comparison
and revealing some underlying information in the chaotic
dynamical system better, we also give information transfer
between two components, T ~,, through using the formula
(35) in [2], then compare TlD_)2 with the transfer T1!3_)2
in Figure 4. According to the equations of Rossler system,
it is clearly shown that T3D 2 must vanish by the principle
of nil causality [23], that is 3_)2 = 0. It seems that the
transfer TlD_)2 should be equal to T1,3_)2 in Rossler system.
What makes the results interesting is that there is a difference
between the graph TID ~,, and T& _,, in Figure 4. In fact,
it is well-founded. As mentioned in [2], indirect information
transfers could take place through a third party or more
parties due to the fact that two variables could be related in
a high-dimensional system. More specially, indirect informa-
tion transfers mean that they may occur in multi-dimensional
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dynamical systems, though one variable does not affect the
dynamics of the second variable directly, it does so via
another variable. In other words, x; affects x; the dynamics of
which in turn affects x; in dynamical systems [34]. There is
no information transfer from x3 to x; in the Rossler system,
however, T3D_)1 and TlD_)2 do not vanish, hence information
does transfer from x3 to xp with the help of x; indirectly. Indi-
rect information transfers can help to identify which variable
leads to an indirect non-zero transfer.

From the above example, we can find that there exists
hidden sensitivity information by computing the informa-
tion transfer of high-dimensional dynamical systems: we can
identify the direct and indirect componentwise relations and
understand the indirect way of information flows. It will bene-
fit many practical fields such as sensitivity analysis among the
variables in dynamical systems. Meanwhile, some underlying
information can be revealed through quantifying transfers
among the variables of the chaotic dynamical system.

In addition, we plot the transfers, T2 o1 T3D_>1 and T£3 1
in Figure 5, then compare the magnitudes of three flows. The
absolute value of the transfer measures information flows
among the variables [23]. We can conclude that x; is more
sensitive to xj than x3 to xj according to the measurements
of information transfers. Furthermore, T ~,, in Figure 4 is
different from TD ~,; in Figure 5, 1mply1ng the property of
asymmetry of 1nf0rmat10n transfer.

B. A FOUR-DIMENSIONAL DYNAMICAL SYSTEM
To show that the generalized formalisms can be used to
multi-dimensional dynamical systems efficiently, we con-
sider the following four-dimensional(4D) system:

dx)

— =alx; —x1)
dt

dx>

— =bx; —x1x3 — X2 + x4
dt

dX3

— = X1X2 — CX3
dt

dxy d

— = —dxy — exy,
dt
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FIGURE 6. An attractor of the 4D system with x(0) = (1, 1, 1, 1). These
trajectories are 3-dimensional plots of x; — x5 — X3, X; — X5 — Xz,
X1 — X3 — X3 and X, — X3 — X, respectively.

here x;(i = 1,2, 3, 4) make up the system components and
the parameters are a = 12,b =23, c=2.1,d = 6,e = 0.2.
A computed attractor of the 4D system with initial value
(1,1,1,1) is shown in Figure 6. Follwing the above procedures,
the joint density p(x1, X2, X3, X4, t) can be estimated by count-
ing the bins at every step firstly. The appropriate computation
domain Q = [—50, 50] x [—50, 50] x [—50, 50] x [—50, 50]
which includes an attractor of the 4D system can be selected
to estimate the four-variable joint probability density func-
tion. The following computation is demonstrated by applying
a fourth order Runge-Kutta method. Similarly, we only show
the results of one experiment after computing information
flows multiple times by using different parameters. Suppose
that X is distributed as a Gaussian process N (u(t), X'(¢)), with
amean u and a covariance matrix X in the initial state:

uj 4
u 4
w0) = uj | 4
Uuq 4,
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of 0 0 0 4000
10 o 0 0o |040 0
*O=10 9 o2 0| |00 40
0 0 0 o2 0 0 0 4.
We discretize the sample space into 2 = 100 x 100 x

100 x 100 = 100000000 bins to ensure it is enough to
understand the information transfer and the evolution of
the system. An estimation result of four marginal densi-
ties is shown in Figure 7. Similarly, we discuss the cou-
pling effect from three components to the other component,
13541 T340 Ty and TP, 5y by using (20) to
compute the information transfers within the 4D system at
first. The resulting transfers are shown in Figure 8. We can
quantify the predictability and give the dynamical influence
among variables of a system according to the simulation
results.

Secondly, we compute the transfers from any variables to
the other variable in the 4D system through (36). There are
twelve transfers on the couple effect from two components
to the other component in this system, here we only give the
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flows T21?3—>1’ T21?4_)1 and T3l?4_)1 as examples. The results
are displayed in Figure 9. Any two other variables provide
the predictive impact on x; from Figure 9. Besides, the results
show that x3 and x4 increase the predictability of x;, but the
other two pairs decrease the predictability of xj.

In particular, we plot the transfers from any one variable
and the high order interactions among them to x4 in Figure 10.
We can find that x» is more sensitive to x4 than x; to x4 and
X3 to x4 according to the resulting transfers.

Using the same procedures, we can rank the importance
of variables in an aircraft system. The uncertainty analysis
and sensitivity analysis process of an aircraft system with
respect to variables, parameters and uncertainty factors is one
of the key steps for determining the optimal search direc-
tion and guiding the design and decision-making. It aims
at predicting complex computer models by quantifying the
sensitivity information of the coupling variables and leads
to high performance aircraft designs. We can use the gener-
ated formalisms of information flow as a sensitivity analysis
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index to perform dynamic sensitivity information analysis
due to the fact that Liouville equations and Frobenius-Perron
analysis describe an ensemble of trajectories. The uncertainty
can be quantified among the variables, which benefits us to
improve understanding of dynamical systems.

V. CONCLUSION

In this paper, we develop a method to measure infor-
mation transfers with respect to relative entropy among
multi-dimensional complex dynamical system components
based on the previous formalisms [2], [24]. Information trans-
fers from some components to another component are quanti-
fied via the rigorous and general formalisms and some related
theoretical properties are given. The proposed formalisms
provide a measure of predictive impact and information flows
among variables, which enable us to better understand the
physical mechanism underlying the superficial behavior and
explore deeply the hidden information in the evolution of
complex dynamical systems. With contrast to the 2D for-
malism, the generated formalisms have advantages to reveal
much more information on multiple cases. We quantify not
only the correlation among variables and the system behav-
ior, but also how much they influence between each other.
Furthermore, our formulas are capable to identify the direct
transfer or indirect transfer from some variables to another
variable, and also can quantify the high order interactions
among variables. It benefits us for advancing our understand-
ing of coupled nonlinear dynamics.

The uncertainty can be quantified among the variables of
aircraft systems by the generalized formalism presented in
this paper, which benefits to reveal the nonlinear relationships
and to assess the dynamic stability and predict the forthcom-
ing states of aircraft designs. Since the formalism is built on
the statistical nature of information, it could be used to per-
form dynamic sensitivity analysis in multi-dimensional com-
plex systems. This issue makes it possible not only to quantify
the amount of uncertainty created by information transfers
among variables of a system, but also to understand how these
transfers influence the system behavior. Moreover, it also
assists with determination of sensitive parameters in complex
dynamical systems. Thus, it may lead to improvement in
estimation, prediction and control tasks in aircraft systems.
In practice, it is not easy to give the dynamics analytically for
complex multi-dimensional dynamical systems. Considering
the fact that many critical data-driven problems take advan-
tage of the progress in data-driven discovery of dynamics
[33], [34], [42], further investigations can be conducted into
the dynamic-free formulation to analyze information trans-
fers of multi-dimensional systems and to make a comparison
between the results of current work and that of the computa-
tions on information transfer measure from time-series data
[43]-[46]. Moreover, the formalisms could be further gen-
eralized to multi-dimensional stochastic dynamical systems
and time-delay systems in future work. In addition, future
study also includes that how the information flow can be
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deployed in the frame of dynamic sensitivity analysis as a
novel indicator.

APPENDIXES
APPENDIX A
THE PROOF OF THEOREM 1
Since
dDy
dt

= —E(V-F1)—E(F1-Vlogqy)

Fi
= /f/ p—dxldxzdx3 f/f Y
Q
—dxldxzdx3
oF 0
- /// —l—dxldxzdxg—/// P
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0q1
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F 101 log a) 0
+/// ——dxldx2dX3, (39)
Q 0x Pl
we can obtain the formalism of information transfer with

respect to relative entropy from X, and X3 to X; with the
compact support assumption for p:

dD;  dD}

T. —
9
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—dx1dxpdx;
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where 0 311 (x2, x3]x1) = £

1’
APPENDIX B
THE DERIVATIONS OF EQUATION (33)
According to (29),
(Py3p)10y1)

=/Q pr3(vay — Fag ADgg' ldya -+ dyn,  (41)
4...n

here Fyy is a function of (yi, x2, x3, y4, ..., ¥») and

JoF;
12‘31 =1- Z —LAr + O(AF). (42)
. ox;
i#2.3
Then (41) can be written as
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based on the fact that x; and y; are interchangeable up to an
order of At, where J4._, is the determinant of the Jacobian

(X4,X5 001 Xn)
Meantime,
A(F1p )
log(Py3p)1(y1) = log [(_A;/ ATy Ry
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Replace y; by x1 as yj is adummy variable in the definite inte-
gration [21], combining with equations (43), (44) and (45),
after some algebraic manipulations for (31), we get
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(X2, X31X1, X4, ., Xp) * Paen(Xas ..,

: ‘dxn) ,O(XQ,X3|X1,X4, L 9xn)

xp)dx — At
/ p1(x1) log p1(x1) - Fy - p(x2, x3|x1, X4, . .., Xp)
Q

0 log pay

04en(X4s ., Xp)dx + At/ p1(x1)
ax1 Q

log p1(x1) - Flp——,o4...,,()C4, ey Xp)dx + O(AL?)

2§ 0x

= Hl(t)—l-At/(l-i-lOg,Ol(Xl))

(l"g E) ya

dxi pyg

(F1
—23)@92 311(x1, X2, X3)
X1

piaydx,
(46)

dx + Al/ p1log pi(xy) - Fy
Q

0
where p(x, x3|x1, X4, - . . —, Pden(Xg, . Xp) =

X)) =

23
oy = leXg22XQ3 pdxidxadx; and O3 31 = O3 3)1(x1, X2,
X3) = o, porP123AY - .

So
dH 133 ~ lim Higy(t + At) — Hi(1)
dt At—0 At

(F1033)

©2,3)1(x1, X2, X3)dx

o(2)

ax1

= /(1+10g,01(x1))

/01(X1)10gpl(X1) Fi Poragdx.  (47)

From (9) and (32), we can get
Dygy(t + A1) — D1 (1)

= —Hyg(t + A1) — /Q(Pzwh(yl)ql(yl)

39476

(X2, X31X1, X4, . ., Xp)
4. n(X4, X5, ..., dx, + Hy(t)

n / o1 log gudx,. (48)
Q

Xp)dyirdxy . ..

We can find that the key question is converted to compute
the second term on the right side of (48), which is denoted
by Q now. Analogous to the derivation in [2], a Taylor series
expansion around (yi, x2,...,X,) can be used in order to
unify the expressions since both x| and y; appear in Q at the
same time:

p(x2, x31x1, X4, - . ., Xy)
pxr, X2, .. Xn)
o33(X1, X4, ..., Xp)
PO, X2, X3, .., Xp)

P33, X4, - ooy Xn)
9 (P(yl,X2,X3,--~,xn)>
POV X4, -5 Xn)
ay1
= p(x2, X3|y1, X4, ..., Xn) + p(x2, X3[y1, X4, - . ., Xn)
dogpyp - L pnivoa?y  @9)
9y1 P33 91
From formulas (43) and (49) and with the fact that y; (as
a dummy variable [21]) is replaced by xi, through some
algebraic manipulations for Q,

- o(F
Q=[1<>gQ1(y1)(,01(y1)—At/ %dm“-dxn)
Q Q. OV

+ (=F1AD) + O(AF?)

~(p(x2, x31y1, X4, ..., X)) + (X2, X311, X4, . ., Xn)
9l 1 9
dlogpw o a __f’mt)
ay 033 Y1
Paen(Xa, -, Xp)dy1dxs - - - dxy + O(AF?)

=/10gQ1(y1)~01(y1)'p(X2,X3|y1,X4,m,xn)
Q

-dyrdxy - - - dx, + At/ loggi1(y1) - p1(y1)
Q

Blogpg3Fl 1L op F]

oy 033 9y1
Oeen(X4s « ooy Xp)dyrday - - - doxy — At/ log q1(y1)
Q

a(F
. < / o)
Q4.0 8y1

P4n(Xds - e

: |:,o(x2,x3|y1,x4, ceXy)

. -dxn> o2, X3|y1, X4, . .., Xp)

- Xn + O(AL?)
d(F1p1logqr)

2/ pllogqldx1+At/ ————031dx
Q Q 8x1

o(F
_ At / log m%@)z,gudx OB, (50)
Q X1

Xp)dyrdx; - -

where 92,3\1 = 92,3|1(X1 J XDy, Xp) = PH “—Py3y-
So
dDiyy Dyy3(t + At) — Dy (1)
dr Ao At
_ dHiy _/ dF1p1logqn) , 1
dt Q ax1
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0(F1p13%)
+/910g611—23®2 3j1dx

dx] ’

3(F1 px3)
- - / 1 +logp1(x1)>T“®z,3udx
Q

0
_|_/ d(F1p1log 1)
Q ox1

d(F1p1logqr)
_/ ﬂ%mdx
Q

62,3|1dx

ax1 ’

d(F1p138)
+/ 10g611—23®2,3|1dx
Q 0x1

dI(F
= —/ (1 + log ﬂ) —( 1/023)@2’3
Q q1 ox1

3<F1,01 logg—i)
+f TP
Q

3)61

dx

92,3|1dx. (51)
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