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Abstract

These lecture notes introduce some basic concepts concerning smooth
manifolds and Lie groups, since they are often the natural mathematical
setting for studying nonlinear estimation and control problems. After re-
viewing some multivariable calculus, we discuss manifolds, derivative maps,
vector fields and flows. Then Lie groups and Lie algebras are defined and
discussed. Finally, we discuss the paper by Lo and Willsky which treats
nonlinear estimation problems on the circle. A number of examples and
illustrations are provided.
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INTRODUCTION TO MANIFOLDS, LIE GROUPS
AND ESTIMATION ON THE CIRCLE

1 Introduction

These notes are intended to provide an introduction to estimation problems which can be
formulated on abelian Lie groups. The opportunity is taken to discuss some basic concepts
about smooth manifolds and Lie groups, since they are often the natural mathematical
setting for solving non-linear estimation and control problems.

The non-linear problem of optimal estimation on the circle S* can be solved using linear
filtering theory, together with some non-linear transformations. This was done by Lo and
Willsky [1], and the results can be extended to problems on abelian Lie groups. Examples
include FM demodulation, frequency stability, and single degree of freedom gyroscope

analysis.

2 Multivariable Calculus

A function f : IR® — IR™ is said to be differentiable at p € IR™ if there exists a linear map
f«p o IR™ — IR™ such that

I+ 29) ~ f0) = Jop D7) _

lim
Ap—0 | FAN p|
The matrix representation of f., is the Jacobian [%(p)], i=1,....m; 7=1,...,n.
7

Suppose f : IR"* — IR, and v a vector in IR". The directional derivative of f in direction v
at p is given by

of of
vp(f) —‘f*p"’—vl‘az(l’)+ +”napn(p)-

Chain rule. Suppose f : IR* — IR™, g : IR™ — IR? are differentiable at p, f(p) respectively.
Then g o f : IR™ — IR? is differentiable at p and

(g0 flep = 9« f(p) © fep-



We say that f is smooth (or C*) if you can differentiate f as many times as you like.

Let U CIR™, V C IR™ open. Say f: U — V is a diffeomorphism if
i.  f is smooth,
ii. f has a smooth inverse f~!:V — U.
[ is a local diffeomorphism at p if there exists a neighbourhood U of p such that
i.  f(U) is open,
ii. f:U — f(U) is a diffeomorphism.

Inverse Function Theorem Suppose f : IR* — IR™ is smooth. Then f is a local diffeo-

morphism at p if only if f., : IR* — IR™ is an isomorphism. (So n = m.)
A tangent vector to IR™ at p is a pair v, = (p,v) € IR" X IR", p is the point of attachment,

and v is the vector part. Think of the arrow from p to v + p:

R" L

A’

For all p € IR", we define the tangent space to IR™ at p to be the set
T,(R") = {vp, : v € R"}.
This is an n-dimensional vector space.

A

R" ‘ Te R
F

v

A smooth curve is a smooth map « : I — IR", t — «(t) where I C IR is an interval.



The velocity vector at ¢ is the derivative o/(t) € Ty (IR™).

) ) <)

=

This is the tangent vector to « at ¢.
An algebra A is a vector space together with a multiplication e under which A is a ring.

Scalar multiplication and e are related via:
a(zey) = (az)ey =z o (ay)
For any algebra A, a linear map T : A — A satisfying
T(zy) = T(z)y + 2T (y)

is called a derivation.
Here, let A = {f : IR® — IR such that f smooth}. e is pointwise multiplication.

Every tangent vector v, € T,(IR") defines a differential operator A — IR by
I — v(f). (directional derivative)
This satisfies (product rule)
vp(f9) = vp(f)9(p) + S (P)vs(9)-

A smooth vector field is a map V : p — V, € T,(IR").
The vector part depends smoothly on p.
Let f : IR® — IR™ be differentiable at p. We think of f., as a map between tangent spaces:

fop  Tp(IR") — Ty (IR™).



A vector field V defines a derivation A — A
f=VIf]

where
Vif]: R*"— IR
p= Vp(f) = f*P(VP)
So V acts on real valued functions, and when V|[f] is evaluated at a point p, we get the

directional derivative of f in the direction V.

3 Smooth Manifolds

3.1 Definition

An n-dimensional coordinate system on a set M is a pair U,¢p where UC M and ¢: U —
IR™ is injective and ¢(U) is open in IR". (U, ¢) is also called a chart on M.

Two coordinate systems (U, ¢) and (V, 1)) are C®-related (or compatible) if the maps pop™!
and ¢ o ¢! are smooth (on ¢(U NV) and ¢(U N V) respectively). These maps “change

coordinates”.




An atlas on M is a collection of C*®-related n-dimensional coordinate systems whose do-
mains cover M. Two atlases are compatible if their union is an atlas. Compatability defines

an equivalence relation on atlases.

An equivalence class of compatible atlases is called a smooth structure on M.

A smooth n-dimensional manifold is a set M with a smooth structure.

This defines a topology on M such that all coordinate systems for the smooth structure
are homeomorphisms of open sets. Each point on the manifold has a neighbourhood
homeomorphic to an open subset of IR"®. So manifolds look locally like IR"™. The global
structure is in general very different.

Examples

1. IR", n-dimensional Fuclidean space.

2. S™, n-dimensional sphere.
St ={ze R |z|| =1}
Consider S! = {z € IR? : ||z|]| = 1}, the unit circle. (Also called the 1-dimensional

torus T1.)

Sl

We use the sine and cosine functions to define a smooth structure for S':

The charts ((—12'—,%), sin0)

are compatible and form an atlas.



3. T™, the n- dimensional torus.

Th=8'"x8'x---x S (n— times)

4. gl(n,IR), real n X n matrices. This is an n?-dimensional manifold homeomorphic to

2

IR™.

5. Gl(n,IR), general linear group, real n X n matrices with non-zero determinant. It is a
manifold as an open subset of IR™ =~ gl(n, IR); the complement of the inverse image

of 0 under det.

6. SO(n, IR), special orthogonal group, real n X n orthogonal matrices (AAT = I) with
det = 1.

Note There are topological manifolds that don’t admit a smooth structure (a 10-dimensional

one first found by Kervqire, 1960). Some topological manifolds admit more than one dis-
tinct smooth structure (e.g. S7, Milnor).
Charts are often abbreviated (z!,...,z"). Suppose p € M and (U, ) is a chart with

p € U. Then we could write ¢ = (z',...,z") so that

¢(p) = («'(p),-..,z"(p)) € IR™.

The z* are coordinate functions, and notation is often abused: z* = z*(p) mean the coor-

dinates of p.



3.2 Functions

Consider the function

f:M— N

where M and N are smooth manifolds of dimension » and m respectively. Let (¢,U) and

(¢¥,V) be charts on M, N. The map
Yofogp l: R —» IR™

is called a local representation for f.

4 ¥

R" R™
4= Fofegt = -
Sl vy A

This expresses f in terms of local coordinates.

We say that f is differentiable at p € M if there exists a local representation which is
differentiable at ¢(p). This definition is intrinsic, that is, independent of choice of local
representation.

A function f : M — N is smooth if it has a smooth representation at each point.

f is a local diffeomorphism at p if f has a local representation which is a local diffeomor-
phism at ¢(p).

We say that f is a diffeomorphism if f is smooth and has a smooth inverse f “1:N— M.

In such a case, M and N are said to be diffeomorphic.



3.3 Tangent Vectors and Tangent Spaces

We defined smooth manifolds without refering to any surrounding space. So we need
intrinsic definitions for tangent vectors and tangent spaces. There are several ways for
doing this. Perhaps the most obvious is to define a tangent vector in terms of charts and
vectors in IR". All the definitions are related in a more or less obvious way. We give two
definitions below.

Tangent Vectors as Equivalence Classes of Curves

Recall from Section 2 the notion of velocity vector. Many curves can have the same velocity
vector at a point. Tangent vectors can be defined in terms of such curves. In Section 3.4
these ideas will be related to differential equations on manifolds.
Let I C IR be an interval containing 0. A smooth curve is a smooth map a: I — M
t— aft).
Define
Cp(M) ={a:I - M :a smooth and «(0) = p}.

Curves in Cp(M) are equivalent if their derivatives at p agree i.e. «,8 € C,(M) are

equivalent if there exist a chart (¢,U); p € U, such that
(¢ 0 @)'(0) = (¢ 0 8)'(0).

Define a tangent vector to be an equivalence class [,.

M

eiufva lent

not equiva lent

The tangent space at p to M, T,(M), is the set of all equivalence classes Cy,(M)/[],.
The map 7, : T,(M) — IR"
[adp = (¢ 0 @) (0)

gives T,(M) a vector space structure, and is an isomorphism of vector spaces.



We can think of tangent spaces as n-dimensional vector spaces sitting at each p € M.

M

Let f : M — N be a smooth map in a neighbourhood of p. The derivative map is defined

to be
fio @ Tp(M) — Typ)(N)
]y — [f © as()
Chain rule. Suppose f : M — N, g : N — L are differentiable at p, f(p) respectively.
Then go f : M — L is differentiable at p and
(90 f)ep = Gs1(p) © fop-

Inverse Function Theorem Suppose f : M — N is smooth. Then f is a local diffeomor-

phism at p if and only if fuy : Tp(M) — Ty()(N) is an isomorphism.
Remark. As you can see, calculus on manifolds is imported locally from IR". Much can
be done in this more abstract setting.

Tangent Vectors as Differential Operators

Another very important way of viewing tangent vectors is as differential operators (recall

section 1). This interpretation is used in Lie Algebra computations in non-linear filtering

theory, see Marcus [2]. (Refer to Section 4).
Define A,(M) = {f : U — IR; f is smooth for some open U C M, p € M}
Take a € C,(M). Define A2 : 4,(M) — IR to be a directional derivative operator, by

A (f) = (f 0 0)'(0) = [f o e]sp) = Fup([et]y)-
Note that A2 = A? if 8 € [a],. X satisfies the product rule

A (fg) = X2(Ha(p) + F(P) A5 (9)-

9



We can define the tangent space at p to M, T,(M), to be the set of all X : A,(M) — IR
satisfying the product rule. Elements of T,(M) are called tangent vectors.

We have an isomorphism of vector spaces
T,(M) — Tp(M)
[a]p — ,\;‘

(This isomorphism fails if f in the definition of 4,(M) is not smooth).

Also, we can readily construct an isomorphism T,(M) ~ IR". If zl,...,z" is a basis for
IR™, we can use this isomorphism to get a basis for T,(M):
0 0
32l gn |p
where aiz" |, is the directional derivative in the direction z* evaluated at p. Hence if

v, € T,(M), and f: M — IR is differentiable at p, v, = A}, and

w() = 3801) = Forllely) = oL (p) + - + v m e (9).

Tangent Bundle

All the tangent spaces can be put together to form another manifold, called the tangent
bundle T(M).
T(M) = Upem T, (M)
Projection map mps: T(M) - M
(ledpsp) — P
Tt (p) = “fibre at p” = T,(M)

A 2n-dimensional smooth structure can be defined, under which T'(M) becomes a smooth

manifold. For details, refer to one of the standard references.

The derivative map can now be viewed in a simple way. Let f : M — N. Define the

derivate map
fo + T(M)— T(N)
(p, [adp) = (f(P), fup([edp))
Chain rule (go fls =guo fu

10



3.4 Vector Fields and Flows

We are now in a position to define vector fields, in a similar manner as for IR", and to
interpret trajectories (solution curves) of differential equations as curves whose tangents

are defined by a vector field.

Vector Fields

A smooth vector field on a smooth manifold M is a smooth map

V : M- T(M)
p= (p’VP)

assigning to each point a tangent vector at that point.
Define A(M) = UpepmAp(M). Then a smooth vector field V' can be interpreted as a
derivation on the algebra A(M), V : f — V|[f], where V[f]: M — IR

pV(f) = fin(Vp)-
This again gives directional derivatives. In terms of local coordinates, let (¢, U) be a chart
on M, pe M. Then
7] 3]
Vie= fl% +oeee +fn&;
where f; : U — IR are smooth and 5%7 are vector fields on U, giving directional derivatives

in the direction z*.

Flows
Suppose V is a smooth vector field on M, and I is an interval containing 0. We say

that a curve o : I — M is an integral curve (or trajectory) for V if o is smooth and
a'(t) = V(aft)), forall tel.

So the tangent to « at t is given by the vector field, in the same way that a differential

equation determines the rates of change of its solutions.
Briefly, a flow on M is a function F(t,p) defined on (possibly only a subset of) IR x M

with values in M, such that for each p,
ap it — F(t,p)

11



is a trajectory for V with initial value o, (0) = p. Think of a flow as a family of trajectories,

indexed by points in M.
A smooth vector field is complete if the domain of F is all of IR X M. Then for each ¢,

Fi:pw— F(t,p)

is a diffeomorphism M — M. The set {F; : ¢ € IR} is a group (under composition,

F,o F, = F,4,), called a 1-parameter group of diffeomorphisms on M.

Example (Simple Pendulum)

The state of the pendulum is given by position 6 € S!

velocity v € IR
The phase space (state space) is S* x IR, a cylinder which is a 2-dimensional surface:

'

S'xIR={(8,v): —m <8< m,—00<v< oo}

The differential equation describing the motion of the pendulum is



o(t) = —sinf(t)

The trajectories a are curves on the cylinder, and satisfy

(v(t), — sin 6(t))

where V(8,v) = (v, —sin8) is the vector field for the pendulum.

4 Lie Groups and Lie Algebras

In this section, Lie groups and Lie algebras are defined, and some basic relations discussed.
A Lie group is a smooth manifold which is also a group, and has associated with it an
algebra, called the Lie algebra, and there is a mapping between them, called the exponential
map.

Definitions

A Lie group G is a smooth manifold with a compatible group structure, that is, the maps

GxG—-G

(0,7) = o7 (multiplication)

G—-G

1

oo (inversion)

are smooth. (It is enough to show that the map (0,7) — o 77! is smooth). The identity

element of G is denoted by e.
Examples (see end of this section): IR", S',T", Gl(n, IR), SO(n, IR).

A Lie algebra g over IR is a real vector space of together with a bilinear operator (bracket,

commutator)

Ll:gxg—4g
such that Vz,y,z € ¢

[z,y] = —[y,z] (anti-commutativity)

13



[lz,y], 2] + [[v, 2], 2] + [[2,2],y] =0 (Jacobi identity)
We say that g is abelian if [z,y] = 0 V z,y € g. So in general Lie algebras are non-
associative, and the bracket [, | corresponds to the multiplication e discussed in Section
1.
Examples IR™,gl(n, IR), vector fields.
Lie Brackets

The Lie bracket of two matrices A, B € gl(n, IR) is the usual commutator
[A,B] = AB — BA,

making gl(n, IR) a Lie algebra.
Let A be an algebra, and D the algebra of derivations on A. Given two derivations S,T € D,
define their bracket

[S,T]=8SoT—ToS,

this is also a derivation. So D is a Lie algebra, called the derivation algebra of A.

Let A = A(M),D be the algebra of all smooth vector fields on M, viewed as derivations.

If V,W are smooth vector fields, so is their bracket [V, W]; meaning
[Va W]p(f) - Vp(Wf) - Wp(Vf)-

(Recall that V f = V|[f] is a smooth function M — IR; and W,(V f) = (V f).,(W}), the
directional derivative of V f in the direction W,.)

In terms of local coordinates, let V,W have representations with respect to a chart (¢, U)

0
oz’

V|U = Z’Uga—i—z and W|U Zw,-

Then the bracket [V, W] has a representation

Bw,- 6’(); a
V.Wilv =3 (Z <”:‘5§ - ”j'a—x?)) pys

i j

Application [2] (Non-linear control systems)

Consider a control system, expressed in local coordinates

B = fze) + D uigi(z)
1=1

14



(The RHS is the vector field) where z; € M, a smooth manifold; f,g; are smooth vector
fields on M; and u' are control functions.

The Lie algebra £ = (f,91,...,gm) generated by the vector fields is called the controllability
Lie algebra of the control system:.

If f(z) = Az, gi(z) = B;z, where A and B; are matrices, the control system is bilinear

T; = Az + zrn: u’;b;xt.
i=1
Suppose V,W are linear vector fields, locally,
V.=Az, W, = Bz
where A, B are matrices. Then [V,W] = [B, A], since

[V,W], = [As, Bz] = [BA — AB]x.

Left Invariant Vector Fields

Lie groups, Lie algebras and (left invariant) vector fields are now related.

Take 0 € G. Define left translation by o to be the diffeomorphism

Iy G—-G

T+ OT.
A vector field V is said to be left tnvariant if for each 0 € G,V is l,-related to itself, i.e.
(ls)s 0oV =V ol,, VYo€Q.

This means that
(16)sr(Vy) = Vor, Vo,7 €G.

So left invariance is equivalent to the property that

(la)*e(Ve) =V,, Vo € G.

15



Thus a left invariant vector field is determined by its value at the identity e, V,.

Denote by g the set of all left invariant vector fields on G. We have the following results

([3], page 25):

(i) g is a vector space, and the map
g — T.(G)
V =V,

is an isomorphism. So dimg = dimT,(G) = dimG.
(ii) Left invariant vector fields are smooth.
(iii) The Lie bracket of two left invariant vector fields is itself a left invariant vector field.
(iv) g forms a Lie algebra under the Lie bracket operation on vector fields.

Thus we can associate a Lie algebra to each Lie group - namely the tangent space at the
identity e, with the induced bracket. The converse is a difficult result; if g is a Lie algebra,

then there is a simply connected Lie group which has ¢ as its Lie algebra. (See [3], p.101).

Homomorphisms

If G, H are Lie groups, a map ¢ : G — H is said to be a (Lie group) homomorphism if ¢ is
smooth and a group homomorphism of the abstract groups. If ¢ is also a diffeomorphism,
say ¢ is an tsomorphism.

If g, h are Lie algebras, a map 1 : ¢ — h is said to be a (Lie algebra) homomorphism if ¢

is linear and

PV, W] = [$(V),$(W)] forall V,W €g.

If in addition % is bijective, say 1 is an isomorphism.

Let G, H be Lie groups with Lie algebras g,h, and ¢ : G — H a Lie group homomor-
phism. Then we can use the derivative map ¢.. : Te(G) — T.(H) to define a Lie algebra
homomorphism d¢ : g — h, with d¢(V)(e) = @se(Ve).

Note A connected Lie group is abelian if only if its Lie algebra is abelian.

Exponential Map

16



Take a left-invariant vector field V' € g, and consider the integral curve

o (t) =V (w(t)); aw(0) =e.
Left invariance implies o, (t + s) = a,(t)ay(s), so that a, : IR — G is a Lie group homo-

morphism.

We can now define the ezponential map
exp : ¢g—G
V = a,(1).

Properties of the exponential map include the following ([3], page 103).

(i) exp(tV) = oy(t), vVt € IR.
(ii) exp(ti +¢2)V =exp(t1V)exp(t: V), Vi, ty € IR..
(iii) exp(—tV) = (exp(tV))™, Vt € IR.

(iv) exp : ¢ — G is smooth, and exp, : T,(g) — T¢(G) is the identity map. Hence by the
inverse function theorem, exp gives a diffeomorphism of a neighbourhood of 0 in ¢

onto a neighbourhood e of G.

(v) If [V,W] =0 then
exp(V + W) = exp(V) exp(W).

(vi) If ¢ : H — G is a homomorphism, then the diagram commutes:

H ?__.

G
exP [ e.xp
b 9

a’¢>

Examples

17



1. IR" is an abelian Lie group, under vector addition, with Lie algebra just IR™.

2. S'is an abelian Lie group. The group structure is defined by considering S! as the

quotient group

R/27Z

under addition. An element § € S! is an equivalence class of real numbers, modulo

27. So we can represent 0 € Sl as a number, or an an le,
? g
b€ [—m,m)

This group structure is compatible with the smooth manifold structure, as follows.

1

We want to show that for o,7 € S! the map (o,7) — o7 ' is smooth. Using our

1

definition, o7~ " is given by

o — 71, mod 2.

In terms of coordinates, this is
(0,7) v+ cos(o —7) = cosocosT +sinosinT

or
(0,7) — sin(o — 7) =sinocosT —sin7cos g,
and is clearly smooth.

Note that the circle S! can be represented as
{zeC:|z|=1}={e’:0 € [-m,7)}.

Another representation is S* = SO(2, IR) = SO(2), as can be seen by the correspon-

dence (c.f. rotation)

[-m,7) — SO(@)
cosf siné

0 +—
—sinf cos#

18



The Lie algebra of S* = SO(2) is 0(2, IR) ~ IR (see example 6 below). A basis is

0 1
R= :
-1 0

the infinitesimal rotation matrix.

The exponential map is given by

exp: IR — §?
0(2) — S0(2)

6 — exp(R0)
0 ¢ cosf siné
—
-8 0 —sinf cosé

Note S* and S* are the only spheres admitting a Lie group structure.

3. T" is an abelian Lie group, with group structure induced from S!. Lie algebra is

IR™.
4. Every connected abelian Lie group is of the form
IR xT™,
with Lie algebra IR™*™.

5. gl(n,IR) is a Lie algebra, with bracket given by the matrix commutator.
GL(n, IR) is a Lie group, under matrix multiplication.
gl(n, IR) is the Lie algebra of GL(n, IR).

The exponential map is given by expohentiation of matrices.

6. SO(n,IR) is a Lie group, under matrix multiplication. Its Lie algebra is o(n, IR);
the real skew-symmetric matrices, with the matrix commutator. exp is the matrix

exponential.

19



5 Estimation on The Circle

In this section, we discuss the paper by Lo and Willsky [1]. In the introduction, they give

the following example. We wish to recover a process x from a transmitted signal

S(t) . f: z(e)ds-
During transmission, the signal is corrupted by noise, so that the received signal is
2(t) = ' s(t),

where v is a Brownian motion. Note that the processes s and z evolve on the circle
S1 = {|z| = 1}. In this example, the idea is to design an optimal filter to recover z from z.
Another example to keep in mind is the problem of estimating angular orientation, from
noisy measurements taken by a sensor in a gyroscope.

Random Processes on IR and S?

Let us work on a probability space ({1, 4, P), and use any of the representations for S*

discussed in Section 4.

Let C? be the space of real valued continuous functions a defined on [0, s] such that a(0) = 0,

and B; be the Borel o-algebra of C7.
Let C; be the space of SO (2) valued continuous functions A defined on [0, s] with A(0) = I,
and B; the Borel o-algebra of C§. (The topologies of C{ and Cj are defined by sup norms.)

Define a bijective Bj-measurable function

J : C:—C:

a— A

A(t) = (L)) = exp(a(t)R) = cosa(t) sin a(t)

—sina(t) cosa(t)
for ¢t € [0, s]. Think of this as the map
a(t) — a(t) mod 2m = ,(t) € [—7, 7).

20



The bijectivity means that given a function a, we can construct a unique function A, and

vice versa.
QT 1
al¥) 8, (#)
™ 4 nw
>
-w -+ - )
(8] s o IS

Note the link between J : C{ — C§ and the exponential map exp : 0(2) — SO(2).
Lo and Willsky state that J~1 is given by

(I 4)0) = [ 147 () dA()ha

Civen a continuous A-measurable random process Y : ! — C3, there corresponds a unique
A-measurable random process y : @ — C}, such that y(t) = (J;)(t), and vice versa. We
speak of process pairs (y,Y), where y is a random process on IR and Y is the corresponding
random process on S*.

Brownian Motion on S?

Brownian motion on the real line is used to define Brownian motion on the circle.

IR
N\

NIz

21
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Let the line more up and down under Brownian motion. This rolls the circle, inducing
Brownian motion on it. This is formulated precisely in Itd and McKean!
The probability density satisfies the heat equation on the circle

op _10% _

dt 20¢
subject to

po(&,t) = po(€ + 2m,t);  pe(€,0) = 6(& — by).

The solution is called the “folded normal density”:

1 X ,
pe(&,t) = S e l(erann=6)?/z],

27t =

In general, given a process pair (y,Y’), the density for Y is given by “folding” the density

for y around the circle.

Observation and Message Processes

Let (2, Z) be an observation of the message (z, X). By definition, the process z : {1 — ¢{

satisfies the Itd differential equation
dz(t) = h{z(t),t)dt + r'/*(t)dw(t); z(0) = O;

where w is a Brownian motion independent of z, h is Borel measurable and r is positive
and Borel measurable. This models sensor dynamics.

7 is related to z via Z = J(z), and applying the It6 differential rule gives the matrix It6

differential equation
1
d7(t) = [—Er(t)ldt + Rdz(t)] 2(t); 2(0) = I.
Z(t) can be written
t t
Z(t) = exp [R/O rl/Z(s)dw(s)] exp [R/O h(x(s),s)ds] .
The message process z satisfies the It6 differential equation

dz(t) = a(z(t),t)dt + b/ (z(t), t)dv(t),

11t6, K. and McKean, H.P., “Diffusion Processes and Their Sample Paths.”, New York, Academic, 1965.
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where v is a Brownian motion, a is Borel measurable, and b is positive and Borel measur-
able. This is the message signal model.

Lo and Willsky point out that even though z is a Markov process, X need not be. X
satisfies

iX(t) = -—%b(m(t),t)Idt-{—Rdx(t) X(1).

Depending on the application, we may want to estimate z (e.g. frequency demodulation)
or X (e.g. angular orientation).

The sensor can observe either Z (e.g. angular position), or dZ (e.g. angular change). Note
that the input to the sensor is x, not X. Thus the observations yield information about X

(e.g. angular position) and z (e.g. total angle swept).

Conditional Probability Distributions

Define z* = {2(r) : 7 € [0,t]} and Z* = {Z(r) : € [0,t]}. The o-algebra A, C A
generated by z° coincides with the o-algebra generated by Z, since J is bijective. The
information contained in 2! is the same as that in Z!. So conditioning on 2* is equivalent
to conditioning on Z¢. In general, the o-algebra A, generated by z(t) differs from the
o-algebra Ax(y) generated by X(¢).

Lo and Willsky deduce the stochastic partial differential equations for the conditional

densities P (z,t|Z) and Py(0,t|Z*) for the filtering problem:

dpule,17) = £°pala, 1 29at + PO (27 )2 @)~ hdtipe(e 129

where

d(ag) L1 9*(bg)

A = ——5 T3 om
he = E(h(z,t)|2%)
dps(8,t)12%) = > dp, (6 + 2nm,t|Z%).

Optimal Filtering Equations

23



Explicit equations for our optimal non-linear estimation problem can be obtained when

the model equations are linear. Message process

dz(t) = a(t)z(t)dt + bY2(t)dv(t); z(0) =0;

iX() = [—%b(t)fdwzzdz(t)] X(t); X(0)=TI.

Observation process

dz(t) = ec(t)z(t)dt + r*/%(t)dw(t), 2(0) =0;
dz(t) = [—%r(t)]—i—c(t)x(t)R] Z(t)dt + r/2(8)RZ(8)dw(t), 2(0) = I.

The optimal filtering estimates 2(¢|t) and X(t]t) are B{ - and BJ - measurable functions of
Zt, satisfying

E($u(X(t), X (¢t)12") < E(¢:(=(), M)|2")

E(¢a(z(t) — 2(t[))IZ") < E(2(=(t) — u)|Z"),
where ¢, : S! — IR! and ¢, : IR — IR! are suitable error functions, for all A%-measurable
M :Q — SO(2), and all A,-measurable p: Q@ — IR.

Standard Kalman-Bucy linear filtering theory can be applied to give Z(¢|t) in terms of
dz(t). The conditional density is

pz(:z:,t|zt) =

with filtering equations, expressed in terms of Z,
dz(t|t) = a(t)Z(t|t)dt
+P()e(t)r™(¢) (127 (1)dZ ())he — e()5(¢l)d2) , 5(0]0) = 0
P@) = 2a(t)P(t) — (t)r () P*(t) + b(t), P(0) =0.
Lo and Willsky note that the conditional expectation E(z(t)|A%) is both a Bf-measurable

function of Z* and a Bi-measurable function of Z°.

Estimates on the circle are given by
0.(t|t) = £(t|t) mod 2m, or X(t|t) = exp[2(t|t)R].
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The optimal estimate is not the conditional expectation E(X(t)|Z?), but is given by the

equations

() = —3p OO (R +{a(t) - PO ()
[/:(exp /:(a('r) — P(r)c(r)r~Y(r))dr) P(s)c(s)r™! ()| 2% (s)dZ(s)]12dt
FPO)r (127 (42O} RR(1e); K (0[0) = I

We can summarise optimal filtering on the circle as follows.

Measurements dZ are processed by a non-linear transformation dz = [ZTdZ]13, essentially

J~!. We are going from the Lie group S?! to its Lie algebra IR. Then a standard linear

Kalman-Bury filter processes dz to yield Z(¢|t). Thus the filtering takes place in the Lie

algebra. Then £(t|t) is transformed by J to give the desired estimate X(t[t). Here we're

going from the Lie algebra IR back to the Lie group S!.

X))

CI Z(+) Non ("neaf‘ Jz(+) KQIMan- BUC)/
— Pre - Process l'nj Linear Filter
S! _ IR —_——
Extensions

Nonlineqn

Post - P“Ocessinj

The above method can be extended directly to Abelian Lie groups, IR™ X T™. Just

transform to the Lie algebra IR"*™, use a linear filter, and transform back again.

There have been efforts to develop optimal estimation filters for non-abelian Lie groups.

The bracket structure then plays a curcial role.
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