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Abstract

In these notes we cover the basics of Brownian motion and Ito’s Calculus.

1 Stochastic Processes

Definition 1 (Bownian Motion). A brownian motion is a stochastic process Wy>o such that the following
properties hold:

- Wy = 0 with probability 1.
- Wy — Wy ~ N(0, |a — b]) where N(m,v) is a Normal distribution with mean m and variance v.
- Wy — Wy and W, — Wy are independent random variables for a > b > ¢ > d.

With parameter ¢ being the time, these properties mean that the process starts with 0 at time 0, and in
each time interval the value of the process changes stochastically by a normal distribution centered at 0 and
variance equal to the length of the time interval. Increments over two disjoint time intervals are independent.

Definition 2 (o-Algebra). A o-algebra on a set X is a collection X of subsets of X such that the following
properties hold:

-XeX.
- Ae X = A€ ¥ (closed under complement)
- A, e¥ =, A € ¥ (closed under countable union)

In probability theory, probability is a map ¥ — R i.e. it assigns a probability number to each element of
the o-algebra. Each element of the sigma algebra is an event of which we know the probability.

Definition 3 (Filtration). A filtration is an indexed o-algebra F; of subsets of the probability sample space
such that F, 2 Fy for a > b.

Filtration can be understood as information available at time t. The finer the sigma algebra the more
events we have there. The condition states that available information grows with time in the filtration.

Definition 4 (Measurable Function). Given a o-algebra F on the sample space Q, a real-valued random
variable X is F-measurable if the X-inverse of any open set in R is contained in F i.e.

{AeQX(A) € (a,b)} € F Va,beR a>b

This means that by observing the value of a measurable function we can point out an event in the sigma
algebra which contains all the points in the sample space that would have led to this outcome.

Definition 5 (Adapted Process). A stochastic process X is adapted to filtration F; if for each t, Xy is Fy
measurable.

Informally this implies that given the information at time t (i.e. for each event E in F;, we know whether
the outcome is in E or not), X; is known.



Definition 6 (Generated Filtration). The filtration generated by a stochastic process is the smallest filtration
to which the process is adapted.

Example 1 Let’s take an example of 3 unbiased coin tosses with process X; counting the number of
heads until toss t. The probability sample space 2 is

{{HHH},{HHT} {HTH},{HTT},{THH} {THT},{TTH},{TTT}}

The filtration generated by the process is

Fo={ {{HHH},{HHT},{HTH},{HTT},{THH} {THT} {TTH} {TTT}}, (X0 =0)
0
}
F1={ {{HHH},{HHT} {HTH},{HTT}}, (X0=0,X; =
{{THH},{THT},{TTH},{TTT}}, (X0=0,X; =0)
0
and all unions of the above
}
Fa ={ {{HHH},{HHT}}, (X0=0,X;=1,X5=2)
{{HTH},{HTT}}, (X0=0,X1=1,X,=1)
{{THH},{THT}}, (X0=0,X;=0,X5=1)
{{TTH},{TTT}}, (X0=0,X; =0,X5=0)
0
and all unions of the above
}
Fs5 ={ {{HHH}}, (X0=0,X;=1,X2=2,X3=3)
{{HHT}}, (X0=0,X;=1,X=2,X3=2)
{{HTH}}, (X0=0,X1=1,X2=1,X3=2)
{{HTT}}, (X0=0,X1=1,X2=1,X3=1)
{{THH}}, (X0=0,X;1=0,X2=1,X3=2)
{{THT}}, (X0=0,X1=0,X2=1,X35=1)
{{ITTH}}. (X0=0,X1=0,X2=0,X3=1)
{{TTT}}, (X0=0,X;=0,X5=0,X3=0)
0
and all unions of the above
}

Definition 7 (Expectation conditional on filtration). EF[X|F] is a F measurable random variable such that
EF[E"[X|F)|A] = EF[X|4] VAeF (1)
In the coin toss example above,

2 if se{{HHH},{HHT}{HTHY},{HTT}}

E[X3|f1](s)={1 if se{{THH}{THT} {TTH},{TTT}}



Definition 8 (Martingale). A stochastic process X; is a martingale with respect to a filtration F; of the
probability space (2, F,P) if
EF[Xo|Fy] = X for a>b

Martingale property implies that expected value of the process at any future time a is equal to the value
at present time b.

Exercise. Show that in the coin toss example, if we had instead counted number of heads minus number of
tails, X; would have been a martingale. For example, show that E[X3|Fi] would have been equal to X;.

Definition 9 (F; Brownian motion). A Brownian motion W, is a F; Brownian motion if Wy is adapted to
Fi and Wiy s — Wy is independent of F; for s > 0.

Remark (An F; Brownian motion is a martingale with respect to filtration F).

EW,|F)] = E[W, — Wy|F)] + E[W,|F)
= 0+ E[Wy|F)

2 Ito Calculus

Definition 10 (Ito Integral). Let H; be a F; adapted process and Wy be a Fy Brownian motion. The Ito

integral is defined as
2m—1

/ H,dW, = lim Z Hiyjon (Wiignyeyon — Wigjan)

n— oo

This is similar to the Riemann integral. One thing to note here is that the integrand always takes the
value at the start of the interval. If we make the integrand take the the average of the values at interval
endpoints, we get

Definition 11 (Stratonovich Integral).

2" —1
/ HaodW = Jim 32 (Hiue + Hayoe) Wosoe = W)/ @)

The two integrals usually do not give the same resutls, as can be checked by repeating the calculations
we do in these notes for Stratonovich integral as well.

In finance the integrand is usually the quantities of assets in the portfolio and the stochastic process
the price of these assets. When re-adjusting the portfolio for a specific time interval we can only use the
information available at the beginning of the time interval and therefore using Ito integral would be more
appropriate.

Let’s compute expectations and variances of some of the basic Ito Integrals. We assume that the integrand
is square-intregrable i.e. fot E[H2]ds < oo. In this case we have



Calculation (Expectation of Ito Integral).

/ H dW;|Fo] = E[ lim Z Hitjon (Wiig1ytjan — Wigjan )| F)] (by definition,)
2" -1
= nlggo Z E[H;jon (Wiit1yejan — Wigyan )| Fol (by square integrability of Hs)
2":—01
= nh_)rglo Z E[E[H;t 20 (Wiigryej2n — Wigjan )| Fiejon ]| Fo]  (iterated conditioning)
i=0

2" —1
= nh_}l’I;o Z zt/QnE (7,+1)t/2" — Wzt/Q”)l]:'Lt/2”]|]:0] (HS s adapted to .7:3)

2" —1
= nh_)rr;o Z E[H ;¢ /20| Fo] (Ws is Fs Brownian)
i=0

=0

By iterated conditioning we also have E[fg HdW,] = ]E[E[fot H,dW|Fo]] = E[0] = 0.



Calculation (Covariance of Ito Integral).

t t
IE[/ HSdWS/ K dW,| Fol
0 0

2n_1.2m 1
= E[n lim - Z Higjon (Wi 1yisan — Witjan ) Kjejam (Wi 1yt 2m — Wigjam )| Fol
’ i,j=0
(by definition)
27 _1.2m 1
= lim > ElHiyor (Wigayan — Wirjen) Kjijom (Wiigayjam — Wiejam )| Fol
’ i,j=0
(by square integrability of Hy)
2 1,2m 1
= mlriLfgoo ,ZO E[E[Hitjon (Wiig1yeyon — Wigyon ) Kjijom Wiy 2m — Witjom )| Fmax(i,jye/2n )1 Fol
1,]=

(iterated conditioning)

2" —1
= lim > EE[Hepon Wiisnyeszn — Wieyan ) Kjeyon(Wiiiayejan — Wiejan) Fo

4,5=0

fmax(i,j)t/Q"]

(assuming same partition to simplify algebra)

o1 | E[Hipjon Kjpjon (Wiisayejan — Wigyon JE[(W(igryej2n — Wigjon )| Fijan]|Fol - if i> 3
= lim > S ElHigjon KitjonB[(Wig1ye/2n — Wiggon) (Wiisnyejan — Wigjan )| Figjanl|Fol - if i=j

[
CI=0 N\ E[H i pon (Weiayesan — Wigyon ) Ko jon B[(W(i 11yt 20 — Wigjan )| Fjejan ]|l Fol  if i<
on 1 [ E[Hijon Kji jan (Wiis1yesan — Wit jan )0l Fo] if P>
= lim Z E[H;s jon Kt jon Var[Wii1yeon — Wigjan | Figjon]|Fo] - if l :J:
LI=0 \ E[Hpjon (Wiig1yeyon — Wigjon ) K i j2n 0] Fo if i<

2" —1 . . .
0
—lm Y LA
n—oo i,j=0 ]E[Hlt/2nKZt/2"t/2 |‘7:O] Zf t=1]

2" —1
= nh—>nolo Z E[Hit/Q"Kit/Q"
1=0
2" —1

=E[ lim Z Hiyyon Kigjan | Fo]

n— 00
=0

Fo)

t
= E[/ H, K ds|Fo]
0

Remark (Ito Isometry). The above result is known as Ito isometry. Let T(X) = fg XdWy i.e. the
Ito intregration. Then Ito Integration can be seen as a map from L2,([0,t] x Q) to L*() such that the
inner product is preserved i.e. (I(H),Z(K))rz2@) = (H,K)rz (0.4x0) where (X,Y)r2q) = E[XY] and

(X,Y) 12 ((0.xw) = Elfy XiYadt].
With H = K, the above two results imply

]E[/Ot HydW,]

0
t t
Var[/ H,dW,| = E[/ H2ds).
0 0



One key feature of Ito calulus is that the second order differentials are not equivalent to 0. In ordinary
calculus we have

2" —1

/Ot X (t)(dt)* = lim D X (it/2m)((i+ 1)t/2 —it/2m)?
1=0

-1
— | : n n)2
_n11—>r1<;lo z; X (it/2"™)(t/2™)
1=

2" —1

< 3 n\2

< oo (X (o) fim, 5 (t/2")
2" —1

< i "

< uax (X (o)t Jim 5 (¢/2")

=0
In stochastic calculus we can check the expectation and variance of the distribution of the integral:

Calculation (Integral of second order time differential).

E[/ Xi(dt)?) = E[ lim_ z_: Xipjon (i + 1)t/2" — it /27)?]
0 i=0
on-1

= lim_ > E[Xi/2n](t/27)?
=0

2" —1

: ny\2

Joax (|E[X,]]) lim ;(t/2 )
2" —1

Joax ([E[X,]) lim ;(W )

IN

IN

=0

Variance can be similarly computed to be 0 if the stochastic process has finite mean and variance at all
times. Therefore the distrubution is 0 with probability 1.

However the integral does not necessarily vanish when taken with respect to second order differential of
Brownian motion. We have



Calculation (Expectation of integral of second order Brownian motion differential).

t 2" -1
E[/ HS(dWS)2|f0] = hm Z H’Lt/Q" W(1+1)t/2" — Wit/27L)2‘-F'/]
0

’ﬂ—)OO

2" —1

- nh~>n;o Z E[Hitjon (Wis1yeyan — Wigjan)?|Fo]
=0

2" —1
= nh—>néo Z E[E[Hit/Qn(W(i+l)t/2n — Wit/Q"')2|-Fit/2"]|-F0]
i=0

2" —1
= m Z Hiy jon B[(Wiis1yey2n — Wigyan )| Fit jan] | Fo

2" —1
= nll_)l’lgo Z E ’Lt/Q”t/Q |F0]

/ H, dt|]:0

We therefore have E[ fo s(dW5)? -/ 'H sdt] = 0. So the two integrals have same expectation. Let’s see
if their difference has any variance.



Calculation (Variance of integral of second order Brownian motion differential).

/zfmv /l1ﬁ|%

2" —1
. n . ny\ 2
nll_}né() Z Hlt/Qn 7,+1 t/2"’ — Wit/Qn)Q — (('L + 1)t/2 — Zt/2 )) ‘fo]
2" —1

2
7}1_{20 Z Hiyjon Wiigyeyan — Wigjan)? — t/2")7 | Fo)

on 1
= E[nh—{r;o Z H/L't/Q‘n.Hjt/Qn((W(i_}rl)t/Qn — Wit/zn)z — t/2n)((W(j+1)t/2n — th/Qn)Q — t/?n)u‘—o]
i,5=0
om 1
= nlLII’OlO Z E[Hit/gnHjt/gn((W(i+1)t/2'rL — Wit/gn)Q — t/2n)((W(]+1)t/2n - th/gn)Q - t/2n)|]:()]
i,j=0
om 1
- 7}1_520 Z E(E[Hitjon Hjtjon (Wiigyejan — Wirgan)® — /2" (Wiisaye2n — Wiegan)? = /2)| Finax(iogye/2n )| Fol
i,j=0
2" -1 E[ it/2n t/2"(W(J+1)t/2" - th/zn)2 - t/Qn)E[(W(¢+1)t/2" - Wit/2")2 - t/2n|-7:it/2"] -7:0] if 1>
= > S E(Hityon ) 2E[(Wiasayeyon — Wiejon)? = £/27)2| Figj20]| Fo) if i=j
53=0 (E[Hyyjon Hjejon (Weig1yejan — Wigjan)? = t/2ME[(Wiigayon — Wiejan)? = /2" Fjejon]|Fol if i<
o1 (E[H;jon Hjpjon (Wijs1ye/an — Wigjan)? — /2™)0|Fo] if P>
= hm [( Zt/Z") [(W(Z+1)t/2" - Wit/Zn)4 + (t/Qn)Q - Q(W(i+1)t/2n - Wit/Qn)Qt/Qn‘]:it/gn“.]:[)] Zf Z = j
n— o0 Z
2I=0 | E[Hjjon Hjgjon (Wiitayesan — Wigjan)? — t/2)0]Fo] if 1<g

. Q"Z‘l 0 if i#]
"o 2\ Bl(Hirpo ) (3(6/27)2 + (1/27) = 26/272)|Fo] if i =
2n—1

= Jim 37 E{(Hip ) (2(/2"))| o)

i=0
t
= [ 2Bl
0
=0
We therefore have E[ fo s(dWy)? ft Hydt] = 0 and Var[fg Hy(dWy)? — fot Hydt] = 0 and therefore
]P’(f s(dWy)? foHdtflle

/ H,(dW5) / Hydt almost surely

Remark (Ito Differentials). The above result is also written in differential notation as (dW)? = dt. We can
similarly check that dtdW = 0 and (dW)3 = 0. Therefore we have the algebra on differentials:
(dt)> =0
(dW)? = dt

From the ordinary calculus we have the Taylor expansion of a function as

F((@) +82) = f(z) + ['(x) - 5w + L (62)" - [ bz + ..



where f’ is the gradient and f” is the Hessian. When taking the limit dz — dz we often ignore the second
and higher order differentials (dx)?, (dz)3, ... giving the usual chain rule. In stochastic calculus, however, as
we have seen second order differenials need not be 0. And we have:

Remark (Ito’s Lemma).
if (@) = /(@) - dw + (do)” - [ - d (3)

and in the special case when fis a function of t and a stochastic process X;.
_of af 1 0%f

A1, X0) = G+ 5 od X+ 3952

(dX,)*

and when X; is a brownian motion Wy we have

of 102
df (t, Xy) = (a—{ + 28W{2

of
oW,

)dt + dW,

Definition 12 (Ito Diffusion). An [to diffusion is a stochastic process satisying a stochastic differential
equation of the form

drift diffusion

The diffusion coefficient in the equation above is also known as volatility.
Definition 13 (Local Martingale). An [to diffusion with zero drift is a local martingale
dX,; =o(t, X)) dW;
Example 2 Geometric Brownian Motion

dX;

dX 11
d(log(X;) = Ttt - §P<dXt)2 (by Ito’s Lemma)
¢

1
= pdt + odW, — 502dt
1
t 1
log(X;) — log(Xo) = / (1 — 502)ds + odW;
0

1
= (Iu,f 502)t+O'Wt

X = Xoe(“*%"Q)””Wt

Because of its simplicity Geometric Brownian Motion has been widely used in finance as a model for
evolution of stock prices.



