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Abstract

We consider position random maps 7 = {7;(x), 12(x),. .., Tk (x); p1(x), p2(x), ..., px(x)} on I = [0,1], where 7,k =
1,2,...,K is non-singular map on [0,1] into [0,1] and {p;(x),pa2(x),...,px(x)} is a set of position dependent
probabilities on [0, 1]. We assume that the random map 7 posses a density function f* of the unique absolutely
continuous invariant measure (acim) p*. In this paper, first, we present a general numerical algorithm for the
approximation of the density function f*. Moreover, we show that Ulam’s method is a special case of the general
method. Finally, we describe a Monte-Carlo and a Quasi Monte Carlo implementations of Ulam’s method for the
approximation of f*. The main advantage of these methods is that we do not need to find the inverse images of

subsets under the transformations of the random map T.
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1. Introduction

A position dependent random map is a special type of random dynamical system involving a set of non-singular transfor-
mations on the state space and a set of position dependent probabilities on the state space. In each iteration of the process,
one map from the set of maps with one position dependent probability from the set of probabilities [1] is selected and
applied. There are applications of random maps in many areas of science and engineering [2]-[3]-[4]-[5]-[6]. In [2] the
author applied the theory of random dynamical systems in the study of fractals. In [3], Boyarsky and Géra applied the theory
of random dynamical systems in modelling interference effects in quantum mechanics. The authors in [4] applied random
maps for computing metric entropy. Random maps have application in forecasting the financial markets [5] and in economics [6].

Invariant measures describe the statistical behaviour of trajectories of position dependent random maps [1]. In particular,
invariant measures of random maps which are absolutely continuous with respect to Lebesgue measure are very useful for the
study of chaotic nature of random dynamical systems [7]. The Frobenius-Perron operator [1, 8] of a random map is one of the
important tools for the study of invariant measures. A Fixed point f* of the Frobenius-Perron operator of a position dependent
random maps are the density function f* of invariant measures u* [1, 7]. It is difficult to solve the fixed point equation
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or the Frobenius—Perron equation [1] for a position dependent random map because it is a complicated functional equation
except for some simple cases. Therefore, finite dimensional approximation of the Frobenius-Perron operator is necessary
to approximate invariant measures for position dependent random maps. In [9], Lasota and Yorke proved the existence of
absolutely continuous invariant measures (acims) for one dimensional deterministic dynamical systems. In his pioneering
work[10], Ulam suggested finite dimensional approximation of the Frobenious Perron operator of dynamical systems for the
approximation of invariant measures. It was T-Y Li who first proved in [11] the convergence of Ulam’s approximation for
piecewise expanding transformations 7 on [0, 1]. In [8], Pelikan proved a Lasota—Yorke type inequality random maps with i. i.
d. probabilities using bounded variation techniques. Then, he used the Lasota-Yorke type inequality for proving the existence
of absolutely continuous invariant measures for i. i. d. random maps. Géra and Boyarsky [1] proved the existence of absolutely
continuous invariant measures (acim) for position dependent random maps. Moreover, they proved the convergence of Ulam’s
method for position dependent random maps.

Ulam’s method is a simple, easy to implement and very useful method for approximating invariant measures for de-
terministic and random maps [1]-[14]. Note that each of the map 7,k = 1,2,...,K of a position dependent random map
T ={t,%, - ,w%;pi1(x),p2(x), -, px(x)} is a piecewise monotonic map on a finite partition & = {I;,h,---,1;}. The
entries of an Ulam’s matrix for a random map 7 are related to inverse images of the transformations 73,k = 1,2,...,K. For
non-linear 7,k = 1,2, ..., K, it is difficult to find inverse images under 7;,k = 1,2, ..., K, and hence the computation of Ulam’s
matrix becomes challenging and complicated. In this paper, we describe a Monte Carlo method and a Quasi Monte Carlo
approach to Ulam’s method for approximating the entries of Ulam’s matrix. The main advantage of Monte-Carlo method
and Quasi Monte Carlo approach to Ulam’s method is that we do not need to find the inverse images of subsets under the
transformations of the random map 7'. Moreover, the evaluation of an entry of the Ulam’s matrix is independent of their entries
[12].

2. Invariant Measures for Position Dependent Random Maps and Ulam’s Method

In this section, we review position dependent random maps, the Frobenius-Perron operator, density function of absolutely
continuous invariant measures and Ulam’s method. We closely follow [1, 13, 14].

2.1 Position dependent random maps and their invariant measures

Let (I =[0,1],%,A) be a measure space and 7 : [0,1] — [0,1],k=1,2,--- ,K, be piecewise one-to-one and differentiable, non-
singular maps on a common partition . = {I,5,---,I,} of [0,1]. We denote V(.) for the standard one dimensional variation
of a function, and BV ([0, 1]) for the space of functions of bounded variation on I equipped with the norm || . ||lpy=V (.)+ || - |1,
where || . ||; denotes the L' norm of a function. A position dependent random map 7' on I with position dependent probabilities
is defined as

T ={11,%, -, p1(x), p2(x),---, px (x)}

where {p;(x), p2(x), -+, px(x)} is a set of position dependent probabilities on /. For any x € I, T (x) = 7;(x) with probability
Pi(x) and, for any non-negative integer N, TV (x) = 7, o Tgy_, O+~ O T, (x) with probability py, (Te, 0 0Tk, (X)) Pry_, (Tiy_, ©
-0 Ty, (X)) ... pk, (x). It is shown in [1] that a measure y is invariant under the

K

R =Y [, e @

for any A € £.

The Frobenius—Perron operator of the position dependent random map 7 is given by [1]:

K
(Prf)(x Z Py (pif)) 2.2)

where Py, in (2.2) is the Frobenius-Perron operator of 7; [14] defined by

f(2)
P‘L’ f(‘x) = / (23)
k ze{rkzw %@
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where, for any x, the set {7, : (x)} consists of at most g points. The Frobenius-Perron operator Pr has the following properties

@) Pr: L'(]0,1]) — L'([0,1]) is a linear operator;

(ii) Pr is non-negative, i.e., f € L! ([0,1]) and f >0=> Prf > 0;

(iii) Pr is a contractive, i.e., || Prf |1 <|| f |1, for any £ € L'([0,1]);

(iv) Pr satisfies the composition property, i.e., if T and R are two position dependent random maps on [0, 1], then Prog = Pr o P.
In particular, for any n > 1, P} = Pr»;

(v) Prf = fifand only if g = f- A is T-invariant.

The following Lemmas (Lemma 2.1 and Lemma 2.2) are key Lemmas for proving the existence of invariant measures for
position dependent random maps. These Lemmas are proved by Bahsoun and Goéra in[13].

Lemma 2.1. [13] Consider the position dependent random maps T = {11, T2,...,Tk; p1(x), p2(x), ..., bk (x)}, where T :
[0,1] = [0,1],k = 1,2,...,K are piecewise one-to-one and differentiable, nonsingular maps on a common partition ¢ =

{1,025y dy } of [0,1]. Let gi(x) = |I;f‘((§))| Jk=1,2,....K. Assume that the random map T satisfies the following conditions:
k

(i) YK g(x) <a<1,x€[0,1]; (ii) g« € BV([0,1]),k = 1,2,....K. Then, for any f € BV([0,1]), Pr satisfies the following
Lasota-Yorke type inequality:

Vol Prf <AVjof+B1 f I (2.4)
K K 1
where A =300+ g?gq,; Vg and B=2Ba+ lrg?gxq; V5.8 with B = 1n§1?§xq m
Proof. See [13] O

Note that for x € [0, 1] and for any N > 1 we have, TV (x) = Ty, 0 T, _, 0+ 0 Ty, (x) with probability

pkN(TkN,l ©:++0 Tkl (x))pkN,1 (TkN,z -0 Tkl (.X)) . 'pkl (.X)

For w € {1,2,...,K}", define

Tw(x) = TN(X)’
Po = PkN(Tkal 00Ty (x))Pkal(Tkwfzo"'OTkl (x))"'pkl (x),
Po
g0 = ,Wy = max Vigo-
|76 ()| Le g™ me{l,ZZ.,...,K}N

Based on Lemma 2.1, Bahsoun and Géra [13] have proved the following Lemma for the iterates of Pr:

Lemma 2.2. Let T be a random map satisfying conditions of Lemma 2.1 and N be a positive integer such that
Ay =30 +Wy < 1. Then

V[O,l]P?/f <AV f+By | f Ik (2.5)

1
here By = By (2a + W, = —
where By ﬁN( o’ + N)aﬁN Lén})((N)l(L)

In the following Theorem (Theorem 2.3), Bahsoun and Géra proved the existence of invariant measures for position
dependent random maps. The proof of this Theorem is based on the above Lemmas (Lemma 2.1 and Lemma 2.2) which is
proved in [13].

Theorem 2.3. [13] Consider the position dependent random map T = {11, T2,...,Tk; p1(x), p2(x), ..., px }. Assume that the
random map T satisfies conditions of Lemma 2.1. Then, T possesses an invariant measure which is absolutely continuous with
respect to Lebesgue measure. Moreover, the operator Pr is quasi-compact in BV (I).
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2.2 Ulam’s Method for Position Dependent Random Maps

In [1] Géra and Boyarsky described Ulam’s method for position dependent random maps. Moreover, they proved the conver-
gence of Ulam’s method. For the convenience of readers, we review the Ulam’s method for position dependent random maps.
Let T ={11(x), 72 (x),..., Tk (x); p1(x), p2(x),..., Pk (x)} be a position dependent random map and the random map 7 satisfies
conditions of Theorem 2.3. Then, by the Theorem 2.3, the random map 7 has an absolutely continuous invariant measure. We
also assume that the random map has a unique acim u* with density function f*. In the following we describe Ulam’s method
for T.

Consider the partition 2N) = {J;,J5,...,Jy} of [0,1] into N subintervals such that max e AJi) goes to 0 as N — eo. For
each 1 < k < K, construct the matrix

™ (* (5 ")) N) .
¢ A (i) .

Let L™Y) be the set of functions f in L'([0,1],4) such that f is constant on elements of the partition 22™). Any f € L") can be
treated as a vector: vector f = [f1, f,. .., fn] corresponds to the function f = Z?’Zl fixy. Let OW) be the isometric projection
of L' onto LW):

0= (s ) = [ f 73 f, 78]

Let p,(CN) = Q(N ) Pr = [p,((nl) , p,(f_\g), e p,(cn,)\,} Let f=1[f1,/2,---,/n] € L™) Let the subscript ¢ denotes the transpose of a matrix.
We define the operator P;N) LNV 5 LV) by
K Cc
Py = Y () ding (Y 13 o p ) (2.6)
k=1

as a finite dimensional approximation to the operator Pr. Ulam’s matrix with respect to the partition & ) is

K C
i = X (") dise [ L3 o] @)

The following theorem is proved in[1] (see Theorem 3 in [1]).
Theorem 2.4. Let  be sufficiently large where o, is in Theorem 1 in [1]. Let fy be is a normalized fixed point of P}N),N =
1,2,.... Then the sequence { fx}n_, is pre-compact in L'. Any limit point f* of the sequence {3 }%_, is a fixed point of Pr.
3. A General Algorithm for Finite Dimensional Approximation of the Frobenius-Perron
Operator for Position Dependent Random Maps

LetT = {71, m,...,Tk; p1(x), p2(x), ..., px(x)} be a position dependent random map which satisfies the following assumptions:

K K
. . 1
there exists A = 3o + lngll?g(quZI Vigk <land B=2Bo+f IIISll?ISquE:lVJigk >0 with f = g?gxq 1) such that Vf € BV ([0,1]).

Vol Prf <AVio f+B1 f i - (3.1

We also assume that 7 has a unique acim u* with density f*.

Note that the invariant density f* of the unique acim p* is the fixed point of the Frobenius-Perron operator Pr. In the
following we describe a general approximation algorithm for f*. Our general algorithm is a generalization of the algorithm in
[12] for single deterministic map to an algorithm for position dependent random maps.

Foreachk=1,2,...,K, let Uz, : L~([0,1]) — L*([0, 1]) be the Koopman operator of 7; defined by
(Uz8)(x) = &(T(x))- (3.2)

Note that each Uy, is the dual of the Frobenius-Perron operator Py, of 7.
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Definition 3.1. A sequence {¢,}:>_, of functions in L™([0,1]) is said to be a complete sequence if for any f € L'(0,1) with
jbl On(x) f(x)dA(x) =0, n=1,2,--- implies f = 0.

Proposmon 32. Let T ={11,1, - ,Tk; p1(x), p2(x), . .., Pk } be a position dependent random map which has a unique acim
w* with density f*. Let Pr be the Frobenius-Perron operator of the random map T. Let {§,};_, be a complete sequence of
functions. Then, f* is a fixed point of Pr if and only if

K
/[ Z x) O (e (x ]f*(x)dl(x)zO,nzl,Z,---. (3.3)
Proof. Suppose that f* the unique invariant density of the random maps 7. In other words,
(Prf™)(x) = f*(x)- (3.4)
Then forn=1,2,---,
[ @amar = [err)moumar)

(Po (Prf™)) (x) @n(x)dA (x)

Il
—
M=

>\.
Il

Il
M=

| (Pr(pif™)) () 0n (x)dA (x)

T
— —

Il
™=

| (Pif ") () Us (9(x))dA (x)

~
Il

I
\

[Z pk (Pn Tk ] di (x)
Thus,

/[ i X) O (T (x ]f*(x)dl(X)ZO,nzl,z’....

Conversely, suppose that f* satisfies (3.3), that is,

K
/I‘Pn(x)f /f ; X) 0 (T (x))dA (x).
Now,
. . K
[F@0wdi = [£6) Y pon(m0)di )
Ji Ji =1
K
= [r®0 Y ne)Us (0.0)d2

=~
Il
—_

T X P (x)Usz, (¢(x))dA (x)

[
il aote
—

(Po (Prf™)) (x) 9n(x)dA (x)

I

-

I =
—

Il
M=

(Po (Prf™)) (x) @n(x)dA (x)

=
~
Il

—~

Prf7)(x)9n(x)dA (x).

-
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Thus,
S0 = Prf )9 0dR (0 =0, n=1.2,---.
From Definition 3.1, £*(x) — (Pr f*)(x) = 0. This proves that
(Pr")) = £ (0.
O

Thus, the fixed point problem (3.4) of the Frobenius-Perron operator Pr for the position dependent random map T is
equivalent to homogeneous moment problem (3.3). We propose the following general algorithm for computing fixed point of Pr.

General Algorithm: Consider two complete sequences of functions ¢, and y;,. Let N be a positive integer. Construct the
N x N matrix A = (a;j)1<i j<n given by

K
ai= [ <¢, - X noal ) V(A ) 0 = 1.2 N, (335
Solve the homogeneous linear system of equation Av = 0 for nonzero v = (vi,vs,...,vy) with || Y&, vy; ||,1= 1. Then,
IN= Zﬁy:l v;y; is a normalized approximation of the fixed point f* of Pr.
Lemma 3.3. Av = 0 has a nontrivial solution v.

Proof. For a nonzero vector ) = (11,12, ...,My), the constant function g(x) = 1 can be written as g(x) = 1 = Y, 7;¢;.
Moreover, for each k = 1,2,...,K, Uz 1(x) = 1(%(x)) = 1. Foreach j = 1,2,...,N,

N N 1
Yam = Yo <¢,.<x) Y pe()i(lx >>> V() ()

i=1 k=1
1[N K
= [ Xno-Y pwuy Z M) | v (0 ()
i=1 k=1
1
- <1 - zpku)ufk(l(x») ¥ (0dA )
k=1
1 K
= [ (1= Xt wwda
k=1
1
= [y
= 0.
Thus, A°n = 0, where A€ is the transpose of A. Thus, A is singular. O
Remark 3.4. The main purpose of the above general algorithm is to find a normalized function f € span {y1,Va,..., YN}
such that
K
900 L pr)on ()| SR =0, m = 1.2,
Let N be a positive integer. Divide the interval I = [0,1] into N subintervals J; = =21, £],i=1,2,...,N. Let A be the
Lebesgue measure on /. For each j=1,2,...,N, let ), be the characteristic function on J;. As before, Let L( ) be the subspace
of L'([0,1]) consisting of functions which are piecewise constant on the subinterval J;,i = 1,2,...,N.

Foreachi=1,2,...,N, let

v.=1;=Ny;, ¢i=2x,
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Then, {y;}Y , is a density basis of L™). Thus, f = YV | v;y; is a density if and only if v> 0 and || v |[;= XN, [vi| = 1. In the
following, we show that (i, j) element of the matrix A in the above general algorithm is the (i, j) element of the Ulam’s matrix
described in the previous section.

/01< Zpk ) i(Tex )w]«x)dm)

/01< Zpk x) % (T (x )) 1;(x)dA (x)

1 1 K
| 201,000 - /0 PIREIACENVEIAD

a,-j

1
| s z/pk 02 (301, ()2 ()

K

N[ aa -
[,'ﬁ]j (X) k;
k

P gy (I (6)d ()

(=)

1
1

5y f AT )
(3 i
! k=1 A1) b

where p,(f\;) is the restriction of Q) (p(x)) on I; for the isometric projection Q™) of L! into L) defined in the previous
section. Hence Av = 0 if and only if v¢ = v*“M, where V¢ is the transpose of v and

KAaunt '
L . x?fi)(j))'Piﬁ)~

MN = (m,-j), mi; = (36)

k=1

*(N )

M in Equation (3.6) is exactly the Ulam’s matrix M , for position dependent random maps 7" described in Equation (2.7).

4. Monte Carlo and Quasi Monte Carlo approach to Ulam’s Method for Position
Dependent Random Maps

In this section, we present a generalization of Monte Carlo and Quasi Monte Carlo approach to Ulam’s method described in
[12] and [15] of single deterministic maps to Monte Carlo and Quasi Monte Carlo approach to Ulam’s method for position
dependent random maps.

4.1 Monte Carlo-Ulam approach to Ulam’s method for position dependent random maps
*(N )

Recall from Section 2.2, Ulam’s matrix M , for a position dependent random map

T={1 (x),rz(x),...,Tk(x);pl(x),pz(x), o pk(x0)}

with respect to the partition &2 V) js given by

K
*(N N\ . N) (N N
M;z&) :/;(Ml({ )) diag [p,(ﬂl),p,((_’z)?...,p,(c,]\; , “.1)

where foreach k= 1,2,...,K,

W (A (5N
B ‘( A) )

—1
Computation of M’;IX\E) involves computations of K matrices MIEN ) — (W) . where inverse images of sets
1
(intervals) under 7; are necessary to compute. If 7,k = 1,2,... K has a complicated formul_a;jﬁlen in many cases inverse images
of tauy, are difficult to obtain and the computation of the Ulam’s matrix becomes complicated and challenging. The Monte
Carlo approach to Ulam’s method simplifies the above difficulties and makes the numerical method more efficient. The Monte
Carlo approach to Ulam’s method allows us to approximate the entries of the matrices M,EN)7k =1,2,...,K. In the following
we describe the Monte Carlo approach to Ulam’s method:
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1. Choose N (a positive integer) and and consider the partition {J;,Jz,...,Jy} of subintervals of equal lengths, where
Ji = [xXio1,xi,h=A(J;) = %,jz 1,2,...,N.

2. foreachk=1,2,K do

(a) Choose M (M is a positive integer, same M for each k);
() fori=1,2,...,Ndo
i. Choose M points {z; 1,zi2,-..,zinu} randomly from the interval J; with uniform distribution.
ii. for j=1,2,...,Ndo
A. Let g;; be the number of points {7 (zi.1), %(zi2),-- -, (zipm)} in J;
B. Let % be an approximation of the (i, j)-th entry of the matrix M ()

k
(c) Compute [p,g\i),Pg)a s 7p](¢{\11\;:|

C
3. Compute the Ulam’s matrix M:/(f(v,g,) = Zszl (M,((N)) diag [pfﬁ), p%), ey p,(jm .
4. Compute a eigenvector v (a normalized eigenvecto) of M;%)]) with eigen value 1.
5. Compute ™) = Z§V=1 vi - Xs;(x) as an approximation of the actual density function f* of the absolutely continuous
invariant measure u* for the position dependent random map 7 = {7 (x), 72(x),. .., Tk (x); p1 (x), p2(x), ..., px (x)}.

Note that the computation of i-th row of each matrix M,EN) is independent of the computation of other rows. Therefore, for each
k=1,2,...N one can use p processors to calculate / rows (here, N = pl).

4.2 Quasi Monte Carlo-Ulam Parallel Algorithm for Position Dependent Random Maps
In a Monte Carlo approach to Ulam’s methods, M points in each interval J;,i = 1,2,..., N are randomly chosen with uniform
distribution. In a Quasi Monte Carlo method M points {z; 1,zi2,...,zim} are chosen deterministically as follows:

Zi

B

m
m:x,',lqtﬁh,m: 1,2,...,N.

All other steps are similar to Monte Carlo Method in Section 4.1. This type of deterministic selections makes the numerical
method more efficient as we will see the next section with examples.

5. Numerical Examples

In this section, we consider position dependent random maps T satisfying conditions of Theorem 2.3 with unique invariant
density f* and we apply Monte Carlo method and Quasi Monte Carlo approaches to Ulam’s method described in the previous
section. Moreover, we find the L! norms || f* — fy ||1, for some N > 1 where fy is an approximation of f*. Monte Carlo and
Quasi Monte Carlo approach to Ulam’s method can be applied to any position dependent map satisfying conditions of Theorem
2.3. However, first we consider a simple position dependent random map 7', where the density f* of the invariant measure
u* is known. In the first example, the component maps of the position dependent random map 7 are piecewise linear and
Markov and the probabilities are position dependent piecewise constants. The main reason for the consideration of a such a
simple position dependent random map is that the actual density is known in this case and we can compare our numerically
approximate densities with the actual density. In the second example, we consider a position dependent random map where the
component maps are non-Markov and the actual density is not known.

Example 5.1. Consider the position dependent random map T = {71(x), T2(x); p1(x), p2(x)} where 71,72 : [0,1] — [0,1] are
defined by

3x—|—%, 0§x<%,
3)6—%, %§x<%,
i (x) =
_ 1
dx-2, ;<x<jg,
4x—3, %Sxﬁl
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T(x) =
3x—2 lc 3
X—3, 3SX<p,
3x—7, %ngl,

and the position dependent probabilities py,p; : [0,1] — [0,1] are defined by

I 0<x<y,
»o1<x<y
Pi(x) = 3001 3
i 1sx<p
303
4> 1 SXSI
and
2, 0<x<y,
301 1
i 3=Sx<j3
Pal) = 11
» 2=x<jp,
13
4> 1 §x§1
o3
Ifxe [O,%), then Z%zlgk(x) 22%:1 |I;Z((i))| =43+5= }1% <1
1 3
11 2 2 I i_13
Ifx € [g,2): then Yy 8(¥) = Xim ‘1;2((;)| =5ty=gx<l
3o
Uxe[3,3) ten Siyau(x) =Tio (A =4+ 5 =8 <1
3 1
13 2 2 i,i_13
If)C€ [EvZ)a then Zk:]gk(x) :Zk:l ‘i]]{((;c))| - % + % ES 8 < 1

Moreover,

A=30+maxi<i<,Yh Vg =3" }1—; +0= % < 1. Here, B=2Ba+f maxlgigq):f:1 Vy.8k > 0 with B = maxi<i<g l(ll,-)'
Thus, the random map T satisfies condition of Theorem 2.3.

From the Lasota—Yorke result ([9]), both T| and T, has acim. Moreover, T| and Ty are piecewise linear, expanding and Markov.
The Frobenius-Perron matrix Py, of Ty is the transpose of My, where

r 1 1 1 7
0 35 3 3
1 1 1
5 3 3 0

FNT
FNT
I
I
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The matrix representation of the Frobenius—Perron operator Py, is the transpose of My, where

1

1 1 1
I 1 4 3
11 1 1
I 1 4 1

1 1 1
5 3 3 0

11 1
L3 3 3 0
It is easy to show that both T| and T, have unique acim. Thus, the random map T = {7 (x), T2(x); p1(x), p2(x)} also has a
unique acim (see Proposition 1 in [1]). The matrix representation of the Frobenius—Perron operator Prf = Zi: P (pif) (x) is

the transpose of the matrix My, where

Ju—
w
Ju—
w
Ju—
98]
I

3
16

N
o)}

&
5
s
|

16 1

f=a
—
(o)
—|
f=)

Mr =
B3 B 13 3

16 16 16 16

L3 B 13 13
L 1T6 16 16 16

The normalized density f* of the unique acim of the random map T is the left eigenvector of the matrix My associated with the

eigenvalue 1 (after adding the normalizing condition). In fact, f* = [1, %, %, %] .

Monte Carlo approach to Ulam’s method: In Figure 5.1 (a) and 5.1 (b) we have plotted the actual density and approximate
density for Monte Carlo approach to Ulam’s method.

0.5 0.54

(a) (b)
Figure 5.1. Monte Carlo approach to Ulam’s method for the random map 7': Figure 5.1 (a) the graph of the approximate
density function fj¢ (Monte Carlo -Ulam’s method with N = 16, K = 1000:red curve) and the actual density function f* (black
curve); Figure 5.1 (b) the graph of the approximate density function f3, (Monte Carlo -Ulam’s method with
N =32,K = 1000:red curve) and the actual density function f* (black curve);

The L' —norm || fy — f* ||1 is measured (with Maple 15) to estimate the convergence of the approximate density fy to the actual
density f* for our Monte Carlo approach to Ulam’s method.
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N | =l
76 | 0.01815903102
32 | 0.01630702912

Quasi Monte Carlo approach to Ulam’s method: In Figure 5.2 (a) and 5.2 (b) we have plotted the actual density and
approximate density for Quasi Monte Carlo-Ulam’s method.

24 24

0.54 0.54

T T

(a) (b)
Figure 5.2. Quasi Monte Carlo approach to Ulam’s method for the random map 7': Figure 2 (a)the graph of the approximate
density function fj¢ (Quasi Monte Carlo -Ulam’s method with N = 16, K = 1000:red curve) and the actual density function f*
(black curve); Figure 2 (b) Figure 1 (a)the graph of the approximate density function f3; (Quasi Monte Carlo approach to
Ulam’s method with N = 32, K = 1000: red curve) and the actual density function f* (black curve);

The L' —norm || fy — f* |1 is measured (with Maple 18) to estimate the convergence of the approximate density fy to the
actual density f* for our Quasi Monte Carlo- Ulam’s method.

N | fv =" 1h
76 | 0.002504794762 |
32 | 0.001252884246

Example 5.2. We consider the position dependent random map T = {7 (x), T2(x); p1 (x), p2(x)} where 7,7, : [0,1] — [0, 1]
are defined by (see Example 5.2 of [5] for this random map)

2x, 0§x<%7
nx) =4 Jx+g, z<x<3
%x—&-%, %<x§1,
%x, O§x<%,
n)={ -5 3<x<5
%x—%, %<x§1,

and the position dependent probabilities py,p; : [0,1] — [0,1] are defined by
0.8, 0<x<i
pi(x) =4 0725, J<x<j,

0.4, 2ox<1,
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and pr(x) =1 —p(x).

It can be easily shown that the random map T satisfies condition of Theorem 2.3. Thus, T has an acim. Unfortunately, we do
not know the actual density of the acim. Gora and Boyarsky [1] presented a Markov approximation of the random map T then
they presented the density of the Markov random maps. Note that the density obtained from a Markov approximation of the
random maps is only an approximate density. In Figure 5.3 and Figure 5.4 we have presented histogram and approximate
densities via Monte Carlo approach to Ulam’s and Quasi Monte Carlo approach to Ulam’s method.

¥ 24

1

0 02 04 0.6 08
[

(a) (b)
Figure 5.3. Histigram and Monte Carlo approach to Ulam’s method: Figure 5.3 (a) the histogram of the density function of the
random map 7 with 500,000 points on the trajectory of the random map 7 with 1000 subintervals for [0, 1].; Figure 5.3 (b)
Monte Carlo approach to Ulam’s method for the random map 7': The graph of the approximate density function f>9 with
K =1000.

e

0 02 0.4 0.6 08
i

(a) (b)
Figure 5.4. Histigram and Quasi Monte Carlo approach to Ulam’s method: Figure 5.4 (a) the histogram of the density function
of the random map 7 with 500,000 points on the trajectory of the random map 7 with 1000 subintervals for [0, 1].; Figure 5.4
(b) Quasi Monte Carlo approach to Ulam’s method for the random map 7': The graph of the approximate density function fgo
with K = 1000.
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6. Conclusion

In this paper, we study numerical computations of invariant measures for position dependent random maps. First, we present the
Frobenius-Perron operator and the existence of invariant measures for position dependent random maps. We present the Ulam’s
method for the computation of invariant measures for position dependent random maps. A general algorithm for approximating
fixed points of the Frobenius-Perron operator for position dependent random maps is presented. Then we present the Monte
Carlo and the Quasi Monte Carlo approach to Ulam’s method for the computation of invariant measures for position dependent
random maps. Finally, we present two examples of position dependent random maps along with the numerical computations of
invariant measures using the Monte Carlo and the Quasi Monte Carlo approach to Ulam’s method. In the first example, we
present L! norm errors between the numerical approximation of the density of the invariant measure and analytical density of
invariant measures for the random map. The numerical examples show that the Monte Carlo approach and the Quasi Monte
Carlo approach to Ulam’s method are useful tools for the computation of invariant measures for position dependent random
maps. Our numerical schemes are generalizations of numerical schemes described in [12] and [15] of single deterministic maps
to numerical schemes for position dependent random maps. In future, we plan on studying the speed of convergence of the
Monte Carlo approach and the Quasi Monte Carlo approach to Ulam’s method.

Acknowledgement

The author is grateful to anonymous referees for their valuable comments which improves the presentation of the manuscript.
This research is funded by NSERC DG grant of the author at the University of Prince Edward Island, PE, Canada.

References
11 p. Géra, A. Boyarsky, Absolutely continuous invariant measures for random maps with position dependent probabilities,
Math. Anal. and Appl., 278 (2003), 225 — 242.
(21 M, Barnsley, Fractals Everywhere, Academic Press, London. 1998.

31" A. Boyarsky, P. Géra, A dynamical model for interference effects and two slit experiment of quantum physics, Phys, Lett.
A., 168 (1992), 103 — 112.

41w, Slomcezynski, J. Kwapien, K. Zyczkowski, Entropy computing via integration over fractal measures, Chaos, 10 (2000),
180-188.

[51 W. Bahsoun, P. Géra, S. Mayoral, M. Morales, Random dynamics and finance: constructing implied binomial trees from a
predetermined stationary density, Appl. Stochastic Models Bus. Ind., 23 (2007), 181- 212.

(6] K.R. Schenk-Hoppe, Random Dynamical Systems in Economics, working paper series, Institute of empirical research in
economics, University of Zurich, ISSN 1424-0459 (2000).

(71 M.S. Islam, Existence, approximation and properties of absolutely continuous invariant measures for random maps, PhD
thesis, Concordia University, 2004.

81 S. Pelikan, Invariant densities for random maps of the interval, Proc. Amer. Math. Soc., 281 (1984), 813 — 825.

1" A. Lasota, J. A. Yorke, On the existence of invariant measures for piecewise monotonic transformations, Trans. Amer.
Math. Soc., 186 (1973) , 481—488.

S.M. Ulam, A collection of Mathematical problems Interscience Tracts in pure and Applied Math., 8, Interscience, New
York, 1960.

T-Y. Li, Finite approximation for the Frobenius-Perron operator: A solution to Ulam’s conjecture, J. Approx. Theory. 17
(1976), 177 — 186.

oz g Ding, Z. Wang, Parallel Computation of Invariant Measures,Annals of Operations Research, 103 (2001), 283 — 290.

(131 W. Bahsoun, P. Géra, Position Dependent Random Maps in One and Higher Dimensions, Studia Math., 166 (2005), 271 —
286.

A. Boyarsky, P. Gora, Laws of Chaos: Invariant Measures And Dynamical Systems In One Dimension, Birkhaiiser, 1997.

[10]

[11]

[14]
USI EY. Hunt, A Monte Carlo approach to the approximation of invariant measure, Random Comput. Dynam., 2(1) (1994),
111 -133.



	Introduction 
	 Invariant Measures for Position Dependent Random Maps and Ulam's Method
	Position dependent random maps and their invariant measures
	Ulam's Method for Position Dependent Random Maps

	 A General Algorithm for Finite Dimensional Approximation of the Frobenius-Perron Operator for Position Dependent Random Maps
	Monte Carlo and Quasi Monte Carlo approach to Ulam's Method for Position Dependent Random Maps
	Monte Carlo-Ulam approach to Ulam's method for position dependent random maps
	Quasi Monte Carlo-Ulam Parallel Algorithm for Position Dependent Random Maps

	Numerical Examples
	Conclusion
	References

