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STOCHASTIC TRIGONOMETRY AND STOCHASTIC
INVARIANTS

OVIDIU CALIN AND DER-CHEN CHANG

ABSTRACT. We study a geometry where each point is described by stochastic
coordinates. In the first part we deal with a stochastic analog of trigonometry
and provide some applications in the stochastic framework. In the second part
we introduce the concept of stochastic transforms which are transforms that com-
mute with the expectation operator, and study their properties. In the last part
we prove that these transforms are harmonic and discuss the geometry induced
by them.

1. INTRODUCTION

When measuring a length for instance, one introduces inadvertently some errors
of measurement. Since these errors are due to multiple independent causes, by the
central limit theorem it makes sense to consider them normally distributed with
mean zero. For instance, if a square has the side equal to ¢, and the error of
measurement is denoted by €, with € ~ N(0,k) (normally distributed with zero
mean and standard deviation k), then the measured length is a random variable
equal to { = {+e. Then the estimated area of the square computed from the
measured length is given by

E() =E((t+e)?) =+ B(&) = 2 + k2,

which is with an amount k2 larger than the real area of the square. This might be
a significant error, especially if the errors tend to cumulate as new measurements
are made. If one continues with estimating the volume of a cube of side ¢, then we
obtain

E(6%) = 6% 4 30k* + O(¢%),
which implies an error which cannot be neglected since increases linearly with re-
spect to the cube side £.

It is important in our analysis to distinguish between the properties of the ele-
ments we are measuring. Some of them are stochastic elements, which means that
one or more underlying parameters are random variables, and the other are fized
elements that are deterministic elements which can be measured exactly. We shall
discuss next the case of a few stochastic elements such as points, lines, and circles.
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A stochastic point M in the plane is a point with at least one of the coordi-
nates stochastic. (The hat will always be used to denote a stochastic element). If
(X' M,f/M) are the Cartesian coordinates of M , then either X M, Or }A/M, or both
coordinates are random variables. The expected position of the stochastic point M
is E(M) = (E(Xm), E(Ym)) = (Xa,Yar) = M. A fixed point M is a point with
both coordinates (Xs, Yas) deterministic.

For instance, due to vibration, a molecule contained in a piece of paper does
not have fixed coordinates; its coordinates are stochastic, so that one can think of
it as a stochastic point in the plane. If three such molecules are considered, the
area of the triangle defined by them is a random variable. One problem is whether
one can recover the expected area of this triangle from the expected positions of
the molecules. If the answer is positive we say that we have obtained a stochastic
invariant; in general this concept stands for some measurable concept which is not
lost in the stochasticity and can be recovered. The same mechanism can be applied
for the center of mass of the molecules, for instance. More stochastic invariants will
be investigated in section 4. These stochastic invariants will be used to define the
stochastic transforms of the plane in the section 5.

A stochastic line in the standard form y = 1z + b has at least one of the parame-
ters m or b stochastic. If only the slope is stochastic, then the sample space consists
of lines passing through the fixed point (0,b). If just the parameter b is stochastic,
then the sample space consists of a family of parallel lines of slope m.

A stochastic circle C(O, 7) might have either a stochastic radius 7 or a stochastic
center O, or both. One may define any type of stochastic polygon if at least one of
the vertices is a stochastic point.

In the first part of this paper we introduce a new type of trigonometry with
stochastic elements. Here we shall discuss the stochastic sine and stochastic cosine
functions and their properties. A few applications given in section 3 will show how
different the new geometry with stochastic elements can be from the Euclidean one.

In section 4 we shall investigate those properties which are stochastically invari-
ant. This leads to the definition of the stochastic invariants. We provide examples
of stochastic invariants on the stochastic line (the line where the coordinate is sto-
chastic) and on the stochastic plane (the plane where the cartesian coordinates are
stochastic).

In section 5 we introduce the concept of stochastic transform and study its prop-
erties. In section 6 we provide the theorems of characterization of stochastic trans-
forms on the stochastic line and stochastic plane as linear and harmonic functions,
respectively. In the fifth section we deal with the geometry introduced by the invert-
ible stochastic transforms and discuss its relationship with the metrical and affine
geometries. In the last section we assume the coordinates of the point depend on
time and are defined as Brownian motions and show that their images through a
stochastic transform are also Brownian motions with a different time scale.

Both authors would like to thank the National Center for Theoretical Sciences
in Taiwan for warm hospitality and for partial support of this research. Part of the
research work was completed during the second author visits to Taiwan during the
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winter of 2009. The second author take great pleasure in expressing his thanks to
Professor Winnie Li, the director of NCTS, for the invitation.

2. STOCHASTIC TRIGONOMETRIC FUNCTIONS

This section defines two stochastic functions, called stochastic sine and stochastic
cosine, which play a similar role to the functions sine and cosine from the usual
trigonometry.

Consider a fixed point M on the fixed trigonometric circle C(O,1). Let ¢ be its
argument, so the fixed coordinates of M are Xj; = cost and Yy = sint. Now we
shall consider that due to some measurement error the angle ¢ becomes stochastic
and is replaced by the random variable 7; = t = t+¢;, where the error €, ~ N(0, k).
The standard deviation k; is considered smooth with respect to the parameter t.
The probability density function of €, will be denoted by .

The corresponding stochastic point M will have the stochastic coordinates X, =
cos 13 and ?M = sin 7¢. The expected position of the stochastic point X MisE (M ) =
M = (X, Yn). In order to find the expected coordinates X7, Y we shall
compute the terms F(sine;) and E(cose;) first. We have

22

T
E(sine :/sinxcpt x dac:/sin:z: e i dx =0,
(sine) A (z) A G

as the integral of an odd function over a symmetric interval. Since

(2.1) E(cose) = /COS.fL'(pt(.%') dz,

the density function ¢;(x) determines uniquely the value of E(cose;). Then it will
suffice to compute E(cose;) in the case of a particular random variable with the

Ky
— W, t >0,
N

same density function as ¢;. Choosing this random variable to be

where W; is the 1-dimensional Brownian motion, we note that
Ky

— Wi ~ N(0, k).

i (0, k¢)
Then

k
(2.2) E(coser) = E(cos(\TttWt)) = E(cos(oyWy)),
with oy = £, Using formulas of [2], p. 56
Vit
" n 2n)!

(23) Bty =0, B = 20

taking the expectation operator in the series expansion yields

E(COS(UtWt)) _ Z(—l)n%U?nE(WEn) — Z(_l)n%gfn (in)'!tn
(2n)! (2n)! 2"n!

= Z(_l)nl'<agt>" — oOPt/2.
n!
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Substituting in (2.2) we get
(2.4) E(cose) = e ki/2,
Then the value of the expected coordinates X j; and Y j; are
Xy = E(Xuy)=E(cost) = E(cos(t+ €)) = E(cost cos e — sintsin &)
= cost E(cose) —sint E(sine;) = cost E(cos €;)
= e M/2cost.
Yy = E(Yy)=E(sinz)= E(sin(t +€)) = E(sintcose; + costsin )
= sint E(cos€) + cost E(sin ¢;)
e % /2sint.
Proposition 2.1. The expected coordinates of the stochastic point M(cos e, sin ¢;)
—ki/2 —R/2gint).

are given by (e cost,e

The distance between the origin and the expected position of the stochastic point
M is |OM| = e=ki/2 < 1. The trade-off between the radius length and the angle
accuracy can be stated by saying that the larger the error, the shorter the radius.
Since the largest error in measuring the argument angle ¢ is 7 (an error of m 4 §
counts as 0), the shrinking factor has the lower and upper bounds

1 Z e—k?/Q Z 6_7T2/2.
In the next definition we shall consider the standard deviation k; = k, constant.

Definition 2.2. Let ¢t be an angle measured within the error e ~ N(0,k), k > 0
constant. Define the stochastic functions

Ssin(t, k) = e /2 sin(t + €)
Scos(t, k) = e /2 cos(t + e),
called the stochastic sine and the stochastic cosine with parameter k.
By Proposition 2.1 we have
E(Ssin(t,k)) = sint
E(Scos(t,k)) = cost,
We also have
Ssin?(t, k) + Scos?(t, k) = e > 1.
We notice the following asymptotic relations for &k — 0
Ssin(t, k) — sint, Scos(t, k) — cost.
Since if € ~ N(0, k) then also —e ~ N(0, k), we have
Scos(—t, k) = /2 cos(—t+¢€) = k2 cos(t — €) = Scos(t, k),

i.e. t — Scos(t, k) is an even function. Similarly we can show that ¢t — Ssin(¢, k) is
an odd function.

Next we shall deal with some trigonometric formulas for the stochastic sine and
cosine.
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Proposition 2.3.
Ssin(t +u, k) = Scos(u, k) sint + Ssin(u, k) cost
= Scos(t, k) sinu + Ssin(¢, k) cos u,

Scos(t +u,k) = costScos(u, k) — sint Ssin(u, k)
= cosuScos(t, k) — sinu Ssin(t, k).

Proof. Stating from the definition we have

Ssin(t +u, k) = ek’ /2 sin(t+u+¢€) = "2 gin (t+ (u+e))
/2 (sintcos(u+ €) + costsin(u + €))
= sintScos(u, k) + cost Ssin(u, k).

In a similar way we can prove the other formulas. O

y K2

y=e
Wy = Ssin(t, k)

y = Scos(t, k)

Yy = 76;;2/2

FIGURE 1. The graph of the stochastic sine Ssin(¢, k) and the sto-

chastic cosine Scos(t, k).

The graphs of the stochastic sine Ssin(t, k) and the stochastic cosine Scos(t, k)
are depicted in Figure 1 for t € [0,27]. They look like graphs of the usual sine and
cosine which are loaded with some noise and are oscillating between +e**/2. This
noise is controlled by the parameter k. The next result states that the variance of
the stochastic sine and cosine are equal and they are independent of .

Proposition 2.4. We have
1
Var(Ssin(t, k)) = Var(Scos(t, k;)) = 5(6k2 —-1).

Proof. Let Xy = Ssin(t, k). Then

1
E(X}) = " BE(sin’(t+e) = 56’6215(1 — cos(2t + 2¢))
1
= € (1 — cos(2t) E(cos 2€) + sin(2t) E(sin 2e) )
2 ———

=0
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1 1
§6k2 ~3 cos(2t),

where we used E(cos2¢) = e ¥ see (2.4). The variance is

1 1 1
vam)g)::ngf)—zﬂng::56”-§coq2w-gn2t=:§@$2—1y

The proof for the variance of the stochastic cosine is similar.

3. APPLICATIONS

1. The Pythagorean Theorem Consider a right triangle ABC with stochastic
angle ZBAC = /2 + e. The hypotenuse a is also stochastic and the lengths of the
sides b and ¢ are considered fixed. Taking the expectation in the law of cosines

a2 = b?+c® —2bccos(m/2+ €)
b2 + ¢ + 2besine,

yields

E(a?) = b +
since E(sine) = 0. Using the inequality E(a?) > F(a)? we obtain
(3.1) a? < b+,
where a = E(a) is the expected length of the hypothenuse. The inequality (3.1)
shows that the expected length of the hypothenuse in the stochastic case is smaller
than in the deterministic case.
2. The estimation of one side opposite to a stochastic angle. Consider the
triangle ABC' with stochastic angle A and fixed sides b, ¢ and angles B and C. If
A= A+e¢, with e ~ N(0, k), then taking the expectation in the relation

a? = b* + ¢ — 2bccos(A + €)
yields
a’*=FE(G%) = b+ —2bcE(cos(A+e))
= b+ — 2% 2pecos A
= e*k2/2(b2 +¢? —2bccos A) + b? + ¢ — e*k2/2(b2 +¢?)
— k2,2 (1— e‘kQ/Q)(bz + 02)_
Hence the expected length a of the opposite side to the stochastic angle A satisfies
a2 = e ¥ /242 (1-— e*kQ/Q)(b2 +c?).
3. Stochastic triangle inscribed in a fixed circle. Let ABC be a triangle

inscribed in a circle of radius R, with sides lengths a, b, ¢ and angle measures «, (3,
v, respectively. Suppose now that the points B and C become stochastic but they
are still under the constraint that belong to the fixed circle. The problem has now
the following given elements

Fized elements: the circle and the point A on the circle;
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FIGURE 2. Stochastic points B and C on a fixed circle; A fixed point
on the circle.

Stochastic elements: points B and C on the circle.

As a consequence, the sides lengths and the angle measures are also stochastic.
Let a, b, ¢ be the stochastic estimations of the lengths of the sides, and let a = E(a),
b= E(b) , ¢ = E(¢) be the expected lengths, see Figure 2. We have the following
result.

Proposition 3.1. ~

bc  be

a a
Proof. Consider the stochastic measures of the angles

d=atea, B=0+e, F=7+6,
where €3, ey ~ N(0, k) are independent random variables. From the law of sines we
have X .
b=2Rsin( = 2Rsin(fB + €3),
with the radius R fixed. Taking the expectation operator and using the law of sines
yields
b=E®) = 2RE(sin(8+ €3)) = 2RsinBe 7 /2 = e K /2,

where we used the law of sines for the fixed elements b, § and R. In a similar way,

_ _ 1.2 .
one can show that ¢ = e~ %"/2¢. Since

a+B+y=a+pB+4=m,
the random variables €., €3, €4 are related by
€a + €3+ 6, =0,
and hence €, = —(eg + €,) ~ N(0,kv/2). Then by the law of sines
a=2Rsin& = 2Rsin(a + ¢,),

and taking the expectation we get
2

a = E(a) = E(2Rsin(a + €,)) = 2Rsin ae”(FWV2P/2 = g k?
Then
be=K?/2 ce—k?/2 be
= fk@ e
ae

2l
\
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4. STOCHASTIC INVARIANTS

Let A, B, ... be a finite or infinite number of arbitrary stochastic points in the
plane with the expected positions E(A) = A, E(B) = B, ... A real valued function
f is called a stochastic invariant of the plane if

E(f(A,B,...)) = f(A,B,...).

In other words, stochastic invariants are real-valued functions which admit as argu-
ments stochastic points and commute with the expectation operator

E(f(A,B,...)) = f(E(A), E(B),...).
We note that the sum of two stochastic invariants is still a stochastic invariant, while
the product is not. Then it makes sense to define the variance of the stochastic
invariant f by

B(/2(A.B....0) ~ (E(f(4.B....)) = B((4.B....)) - f(A.B....).

The study of stochastic invariants may help with understanding the geometry of
the stochastic plane. We are interested with those geometric concepts which can be
expressed in terms of stochastic invariants. Next we shall present a few examples
of stochastic invariants.

The distance on the stochastic line. The stochastic line is a line where the
coordinates of points are stochastic. This line will be denoted by R. If on the
real line a point M has the coordinate X, on the stochastic line this corresponds
to a stochastic point M with stochastic coordinate X3, = Xy + €, with € random
variable normally distributed with mean zero and standard deviation k, independent
on the point. This way each point on the line corresponds to a normal distribution
centered at the coordinate of that point, see Fig. 3. It worth noting that when
k — 0 the distribution tends to the Dirac delta function dx,, and the stochastic
line becomes in this case the usual real line.

2 2
Y= e (=X @)

Xmr

FI1GURE 3. Each point on the stochastic line corresponds to a normal
distribution centered at the coordinate of that point.

Consider two stochastic points M, N on the stochastic line with the coordinates
X =X+ en, Xy =Xy+en

with epr,eny ~ N(0,k) independent random variables. Let M and N denote the
expected positions of the aforementioned stochastic points. The distance between
the points is the random variable

IMN| =Xy — Xn| = (X — Xn) + (enmr — en)| ~ N(| X — Xn, kV2),
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and hence
E(IMN|) = [Xy — Xn| = [MN],

which shows that the distance f(M,N) = |[MN]| is a stochastic invariant with the
variance

E(IMNJ?) — (E(MN|))? = |MN|? + 2k* — |[MN|? = 2k>.

This stochastic invariant explains why measuring a distance several times and av-
eraging out the results yields a better approximation for the distance.

Invariants on the stochastic plane. The stochastic plane is a plane with all
points stochastic, i.e. points for which the coordinates are random variables. The
stochastic plane will be denoted by P to make the distinction from the real plane
denoted by P. If M is a stochastic point in the plane, then its coordinates are

X = Xor + e, Y = Yar + €y,

where (X, Yas) are the coordinates of the expected point M = E(M). The random
errors are considered independent and normally distributed, with € ~ N (0, k), € ~
N(0,k"). Next we shall provide a few examples of stochastic invariants of the plane.

The midpoint of a line segment. Let A and B be two stochastic points in the
stochastic plane. We can easily see that the coordinates of the midpoint of the line
segment AB

PN 1 - N
fX(AaB) = §(XA+XB)7
PN 1 - N
Iy(A,B) = §(YA+YB)

are stochastic invariants. The variance of the first invariant is £2/2 and the variance
of the second one is k2/2.

The center of mass. Given a polygon with the vertices at the stochastic points
A;, i€ {l,...,n}, with the stochastic coordinates

Xa, =Xa, +e, Ya, =Y +e

/3

then the coordinates of the center of mass

~

N . 1 N . 1 N
fX(Aly--wAi):gZXAm fY(A1,~-,Ai)=£ZYAi
are stochastic invariants since
R N 1 N 1
BE(fx(Ar,..., A)) = ﬁZE(XAi) = EZXAZ,
= fx(A1,...,4;) = fX(E(Al), .. ,E(An)).

Since €1,...,€, are independent and normally distributed with variance k2, then

~

their average %Zez has variance ’;—2 It follows that fX(Al, ..., A;) has variance
%2. Similarly, fy(/il, ..., A;) has variance k—: We notice that when n — oo, the
variance tends to zero, which means that the coordinates of the center of mass tend

to become deterministic in this limit case.

A~
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The angular argument. If M is a stochastic point on the fixed unit circle, its
angular argument is given by 7 = t + ¢, where € ~ N(0,k). Then f(M) =71 1is a
stochastic invariant with variance k2, since

E(f(M)) =E(r) = E(t+¢) =t = f(E(M)).

_ The inner product function. For any two stochastic points M and N in the plane
P define
f(M,N) =Xy Xy +YuYy.
A computation shows
FIM,N) = (Xp+en)(Xy +en) + (Yar + €hy) (Y + €y)
= XuXN+YyuYn+enXy + e Xy +emen
+Yrehy + €y YN + ey,
and taking the expectation yields
E(f(M,N)) = Xy Xy + YuYy = f(M,N) = f(E(M), E(N)),
i.e. the function f is a stochastic invariant.

The area of a triangle. In the following we shall show that the area of a triangle
is a stochastic invariant. Consider three stochastic points A, B, C' with F (A) = A,
E(B) = B, E(C) = C. Consider the oriented area function f : P x P x P — R
given by

1 X4 Yy
1 X Vg
1 Xo Yo

)

PREPNS PREPNS 1
f(A,B,C)=0(A,B,C) = 3

where
X4 = Xatea, Xp=Xp+ep, Xo=Xc+eo
Yi = Yater, Yp=Yp+ep, Yo=Yo+ec.

Using the linearity property of the determinant we have

o 11):(AYA
f(AvaC):ilng }fB
1 X¢o Yo

1 X4 Ya |1 Xa d

(41) :§1XB Ys —|—§1XB E:B

1 Xo Yo 1 Xco e

/

Alha |- G g

1 e« Yo 1 ec e€n

1

1 1
(4.2) = (A, B.C)+ JA1+ 500 + DA,
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The expected value of the last three determinants vanish. For instance,

1 X4 EIA 1 X4 E'(e;‘) 1 X4 O
E(A)=FE||1 Xp €y =|1 Xg E(g) |=|1 X 0|=0.
1 Xco eq 1 Xo E(ep) 1 X¢ 0

Then taking the expected value in relation (4.2) yields
E(f(A,B,C)) =0(A,B,C) = f(A,B,0C),

i.e. the oriented area of a triangle is a stochastic invariant. Next we shall compute
its variance. Using (4.2) we get

Varf = E(f*(A, B,C)) - 0*A,B,0)
1
= ZE(A% + A2+ A2) 4+ 0(A,B,C)E(AL + Ay + A3)
1
(43) —|—§E(A1A2 + AgAg + A3A1).

Expanding the determinant

Ay = Xp(ee — €4) + Xalep — ec) + Xa(€y — €p),

and then
AY = Xp(eo — €)? + XA(ep — e0)? + XE(ey — €p)?
+2X X p (e — ) (€ — eb) + 2XpXo (el — €h)(€) — )
+2XaXc(€p — €0)(€h — €p)-
Using
B((s—eo)?) = B((¢h—p)?) = E(e— €y)?) = 242,
E((ce —ep)(ey—er)) = —B(ed) = —k2,
B —di)(éh—€p) = —BE(R) = —k?,
taking the expectation yields
(4.4) E(A?) = 2k%(X% 4+ X3+ X2 — X4 Xp — XpXc — XcX4).
Similarly we can show that
(4.5) E(A3) =2k*(YZ + YA+ Y2 —YaYp — YYo — Yo Ya).

Expanding the last determinant
As =eplep — €4) +ealey —er) +ec(€y — €p)
and taking the square yields
A3 = eple —€a) + €alep — €0)’ +et(€y — €p)?
= 2epea(ec — €4)(€p — €0) + 2epec(ec — €4) (€4 — €p)
+2eaec(ely — €) (s — €):

Using the independence of the variables ¢ and ¢ we have

E(ep(ec — €4)°) = E(ep)Eeq — €4)” = k% - 2k,

E(epealec — €a)(e€p —€¢)) = E(ep)E(ea)E((ep — €4)(ep — €¢)) =0,
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and the similar relations. Then the previous relation yields
E(A3) = 6K%K".
Using the properties of independent random variables we also have
E(A1A9) = E(A2A3) = E(A3Aq) =0,
E(Ay) = E(A2) = E(A3) = 0.

Substituting in formula (4.3) we obtain
1
Varf = SKX4+ X5+ X6 - XaXp - XpXo - XoXa)

1
+§k2(Yj + YA+ YE - YaYp — YYo — YoYa) + %kzk’Q.

To conclude, a good estimation of the area of a triangle with stochastic vertices is the
area of the triangle formed by the centers of the distributions of the aforementioned
stochastic vertices.

Since any convex polygon can be partitioned into triangles, using that the area
function is additive, we obtain that the signed area function associated with any
convex polygon is a stochastic invariant.

Operations with stochastic invariants.

It follows easily from the definition that the linear combination of two stochastic in-
variants is also a stochastic invariant. However, the usual product is not necessarily
a stochastic invariant, but the tensorial product is.

Tensorial product of stochastic invariants. Let f(Ml, cel ]\Zfr) and g(Nl, cel ]\75) be
two stochastic invariants. Define the new stochastic invariant

(f@g)(M,...,My Ny,...,Ng) = f(Mi,...,M,)g(Ny,...,N).
Using the independence we can check that

E[(f®g)(Mi,..., M., Ny,...,N,)| = E[f(M,...,M)|E[g(Ny,...,Ny)]
= f(Ml,...,Mr)g(Nl,...,Ns)
(f®g)(M, ..., My, Ny,...,Ny).

5. STOCHASTIC TRANSFORMS

A mapping F = (F, Fy) : P — P is called a stochastic transform if its compo-

nents Fi, F5 : P — R are stochastic invariants. This means

E(F(M)) = F(E(M)), VM eP.
Next we shall encounter a few examples. Since F is a linear operator, then any
transform with linear components is a stochastic transform. In particular, a trans-
lation, a rotation or an affine transform is a stochastic transform. For instance, if
7 is the translation by a fixed vector (u,v) given by

/
r = x+u

/

y = ytu,
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then
E(T(Xu,Yu)) = (E(Xum +u), EVar +v)) = (BE(Xum) +u, E(Yar) +v)
=T(E(Xm), E(Yn)).

Proposition 5.1. Let S denote the set of all stochastic transforms of the plane P.
Then

(i) If f,g € S, then af + Bg € S, for all o, 3 € R.
(ii)) If f,g € S, then fog e S.
(iii) If f € S and f is invertible, then f~1 € S.

Proof. (i) It comes from the linearity of the expectation operator E.
(ii) It follows from the commutativity between E and the functions f and g.
(iii) Applying the expectation to f(f_l(M)) = M vyields E(f(f_l(M)) = M,
which after using the commutativity between F and f yields

F(E(f7H(M))) = M.
Taking the inverse of f yields
E(f~H(M)) = f~'(M),
which is E(f~1(M)) = f~1(E(M)),so f~1 €S. O

The invertible elements of S will be denoted by U(S). This forms a group of
transforms which is noncommutative. For instance, as it follows from the linearity,
any transformation of the plane of type

/

r = ar+by+ac

/

y = cx+dy+ ca,

with ad # be, is an element of U(S). We shall show in the following that there are
elements of U(S) which are neither isometries nor affine transforms. In order to
show this, it suffices to provide an example of a stochastic transform of the plane
which is not linear.

A nonlinear stochastic transform. Consider F' = (Fy, F3) : P=RxR—-7P
given by

Fi(&,9) = e'sing
Fy(2,9) = e"cosy,
O(F1,F>)

= —¢?% £ 0. Consider the stochastic coordinates

which is invertible since —
o(z,9)

t=x4+e  J=y+€,
with €, ¢’ ~ N(0, k) independent variables.
We recall from section 2 that E(cos€’) = e */2 and E(sin€) = 0. Using a
similar method we shall show that E(ef) = e¥*/2. Since E(e€) = | e*p(z) de,
with ¢(x) 1 e‘x2/2k2, the expected value E(e€) is uniquely determined by the

= Vark
density function (z), so if the random variable e is replaced by another one with

the same density function, then the expected values are the same. We choose to
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replace € by %Wt ~ N(0,k), where W; stands for the 1-dimensional Brownian

motion. Denote % = 0y. Using (2.3) we have

nyyn 21 n
E(ee) _ E(Z g ‘t ) _ Z%(%) _ etaf/Q _ 6k2/2.

Next we shall check that Fj is a stochastic invariant.

E(Fi(2,9)) = B(e"sing) = E(e“e“sin(y + ¢))

e”siny E(e cose’) + e cosy E(esine€’)

= €"siny E(e®)E(cos€’) + € cosy E(e) E(sin€)
k?/2,—k? /2

= ¢"sinye +ezcosyek2/2~0
= €"siny = Fi(z,y) = Fi(E(Z),E(9)).

Similarly, one can show that E(Fy(%,9)) = Fo(E(&), E(9)). It follows that F =
(F1, F3) is a stochastic transform, with F' € U(S).

Another example of nonlinear stochastic transform is F' = (F}, Fy) with
@) = &-a5+7
Fy(2,9) = &+29+79,
which is invertible on P\{(#,9)}. This follows from the linearity of E and the
properties of € and ¢’
E@+2j+9) =c+ E(xy+xé +ye+e)+y=xtay+y.

It is worth to notice that in the last two examples the components F} and F» are
harmonic functions, i.e., (92 + 8§)Fi(:p, y) =0, 7= 1,2. In the next section we shall
deal with this property of the stochastic transforms.

6. THE MAIN RESULT ON STOCHASTIC TRANSFORMS

The first resglt deals with a characterization of the stochastic invariants on the
stochastic line R.

Theorem 6.1. f : R — R is a stochastic invariant if and only if f(x) is a linear
function.

Proof. Let & = x + ¢, with e ~ N(0,/t). We have

B(f(a+0) = [ f@etu—a)du= [ fo+0)plo)do
Since f is a stochastic invariant
E(f(z+¢) = f(x),
and hence

f(x) = / F( 4+ 0)r(0) do.

Differentiating twice with respect to x and integrating by parts yields

@) = / "z + v)i(v) dv = / £ + 00 (v) dv = 2 / £ (@ + 0)Opr(v) dv
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= 200 [ fa +o)eu(v) do =200 (2) = 0
and hence f(z) is linear in x.
The converse statement follows from the linearity of the expectation operator E. [

The next result extends the previous one to the 2-dimensional case.

Theorem 6.2. Let P = R xR be the stochastic plane. Then F = (Fy,Fy) : P — P
is a stochastic transform if and only if the components Fy and Fy are harmonic
functions, i.e. (02 + 85)15’Z =0,i=1,2.

Proof. Assume F = (F, F,) is a stochastic transform. Let & =z +¢€, § =y + €,
with €,¢ ~ N(0,v/t), independent stochastic variables. Let ¢;(z) be the density
function of a normally distributed random variable with zero mean and variance t.
It is known that this is the heat kernel for the operator 0 — %85 , SO

(6.1) 20ip1(x) = Dpu(), t>0.

Since Z and ¢ are independent random variables, their joint distribution function is
the product of their density functions. Using this fact we have

E(Fi(2,9) = // Fi(u,v)oi(u — 2) (v — ) dudv
N // Fi(w + 2,z + y)pr(w)pr(z) dwdz.

Since F is a stochastic transform, E(Fl(;fc, g))) = Fi(x,y). Then the previous rela-
tion yields

Fi(z,y) = //Fl(w+1:,z+y)g0t(w)g0t(z) dwdz.

Differentiating twice with respect to x and using integration by parts yields

8§F1(m, Y) 8:% // Fi(w+z,z 4+ y)pr(w)p(2) dwdz

- // Fi(w + 2,2+ y)0yn(w)pe(2) dwdz,

and using relation (6.1) we have

(62) O (a,) =2 [[ Filw 2,2+ 0)oau(wien ) dudz,
Similarly, we obtain
(6.3) 8§F1 (x,y) =2 // Fi(w+ z,z + y)p(w) 0 (2) dwdz.

Adding (6.2) and (6.3) we get

%(8£+6§)F1(m,y) = //Fl(w—I—x,z—l—y)ﬁt((pt(w)cpt(z)) dwdz

= O // Fi(w+z,z+y)(pr(w)pe(2)) dwdz
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= 6tE(F1(§:,gj)) = &gFl(:L‘,y) = O,

and hence F7 is a harmonic function. Similar considerations apply to the component
Fy.

In order to prove the converse, we assume the functions F; harmonic and show
that F' is a stochastic transform. It suffices to show that the components F; are
stochastic invariants.

We make the remark that the definition property of the stochastic invariant
fTRxR—-R

E(f(2)) = f(E(2))
corresponds to the mean property of harmonic functions. If & € R x R is a Gaussian

random variable centered at x, then E(f(%)) is the average of f(&) over the entire
stochastic plane. For f harmonic we have

E(f(2)) = average(f(2)) = lim — flu)du = f(z) = f(E()).

R—o00 7TR2 lu—z|<R

Applying this argument for f = F;, i = 1,2, shows that F; are stochastic invariants.
O

Corollary 6.3. Any stochastic transform F = (Fy, Fy) has analytic components.

Proof. It follows from the fact that harmonic functions on R? are real parts of
holomorphic functions. [

Corollary 6.4. Let U be an open set in the plane. If F and H are two stochastic
transforms with Fjy = H\y, then F = H.

Proof. Tt follows from Corollary 6.3 and the identity theorem of two analytic func-
tions. 0

7. THE GEOMETRY INDUCED BY U(S)

We are interested in the study of those properties of the plane that remain un-
changed when the points of the plane are subject to the transformations of the
group U(S). If Isom is the isometries group of the plane, then Isom is a proper
subgroup of U(S), and hence all the properties invariant by U(S) are also invariant
by Isom.

Next we shall provide an example of a class of transformations of U(S).

Proposition 7.1. Let F = (Fy, F) : R? — R? be a nonconstant function which
satisfies the Cauchy-Riemann system of equations

OF,  OF
ox Oy
OF,  OF
y o

Then F € U(S).
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Proof. Using the Cauchy-Riemann equations, we have
0’F,  0’°Fy 0 0F, 0 0F

-+ = ——= - ——Z =9,
Ox? oy2 Oz 9y Oy Ox

so I} is harmonic. In a similar way F5 is harmonic. In order to show that F' is
invertible we compute its Jacobian using the Cauchy-Riemann equations

Jol = G G _(OFN2 | (OFN2_ (OFyN2 | (OFyN?
| By - (G (o
Y y

g

If consider R? = C and write F' = F| + iF,, then I becomes a biholomorphic
function. It is known that the biholomorphic transforms are conformal, i.e. preserve
angles between lines and curves. Hence a transformation given by Proposition 7.1
preserves angles. For instance, if choose the holomorphic function F(z) = e* =
"W = eTcosy + ieTsiny, then F = (F1, Fy) = (e®cosy, e®siny) is a stochastic
transform, which preserves angles.

8. STOCHASTIC INVARIANTS AND BROWNIAN MOTIONS

Assume that the coordinates of the stochastic point M change with respect to
time t according to the laws

=+ Wilt), Ge=y+Wa(t), >0,
where Wi(t), Wa(t) are independent 1-dimensional Brownian motions starting af
0. (;onsider the stochastic transform F' = (Fp, Fy) : P — P. The stochastic point
F (M) has the coordinates
(@, 0¢) = (F1(&4, 9e), Fo (24, G¢))-
Applying Ito’s formula yields

. OF OF 1{0°F  0°F
d = —d —d - dt
Uy B Wi(t) + 3y Wa(t) + 2(8 + 9,2
X OF, OF, O*Fy,  O*F
doy = —=d —=d — dt.
of I Wi (t) + 3y Wa(t) + (83@2 + - 2
Since the functions Fj, F5 are harmonic, see Theorem 6.2, we have
~ 8le BFl
d = —dWi(t) + —dW-
Uy 5, AW1(t) + oy 2(t)
. OF: OF:
doy = 8—2dWl( )+ 8—2sz( ),
which after integration yields
N LoF
(81) U = U[) + / 87 + o aiyldWQ(S)
OF, LOF,
2 0y = 24 —=d
(82) Ut / B Wa(s) + . By Wa(s),
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which are the coordinates of the point F'(M). Since the Ito integral is a martingale,
these coordinates satisfy

E<'&t7®t) = (fbo, @0) = (‘Ta y) = F(E(M))
Moreover, the coordinates (8.1-8.2) represent versions of the 1-dimensional Brow-

nian motions starting at (x,y) with a certain time scale. Applying Corollary 8.5.3
of [2], p. 154 yields

=z +Wi(ai®), & =y+Wa(as(t)),
with «;(6i(t)) = Bi(ai(t)) =t, t > 0, where

Bi(t) = /0 IVE (Wi (s), Wa(s)) ds.

In the particular case, when F' = F} + ¢F5 is holomorphic, then after a certain
change of the time scale, the process (i, ;) becomes a 2-dimensional Brownian
motion, see [2], p. 158.

For more properties of Brownian motion the reader may consult [3] and [1].
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