Particle Filtering on Riemannian M anifolds

Hichem Snoussi* and Ali Mohammad-Djafari’

*Charles Delaunay I nstitute,

FRE CNRS 2848, University of Technology of Troyes
12, rue Marie Curie, 10010, Troyes France
fLaboratoire des Signaux et Systémes,

Unité mixte de recherche 8506 (CNRS Supélec-UPS)
Supélec, Plateau de Moulon, 91192 Gif-sur-Yvette, France

Abstract. Particle filtering is an approximate Monte Carlo method implementing the Bayesian
Sequential Estimation. It consists in online estimation of the a posteriori distribution of the system
state given a flow of observed data. The popularity of the particle filter method stems from its
simplicity and flexibility to deal with non linear/non Gaussian dynamical models. However, this
method suffers from the curse of dimensionality. In general, the system state lies in a constrained
subspace which dimension is much lower than the whole space dimension. In this contribution, we
propose an implementation of the particle filter with the constraint that the system state liesin a
low dimensional Riemannian manifold. The sequential Bayesian updating consistsin drawing state
samples while moving on the manifold geodesics. An Affine Generalized Hyperbolic regression
process is proposed to model the transition dynamics on the manifold. It is a parametric family able
to cover awide range of tail behaviors of real signal distributions.

Key Words: Sequential Monte Carlo, Riemannian Manifolds, Differentia Geometry, Lie
Groups.

INTRODUCTION

In this section, we recall some definitions from differentiable geometry related to the
concept of Riemannian manifolds. For further details, please refer to [1]. First, we need
to define atopological manifold as follows:

Definition 1 A manifold M of dimension n, or n-manifold, is a topological space with
the following properties:

(i) M isHaussdorff,

(i) M islocally Euclidean of dimension n, and

(iif) M hasa countable basis of open sets.

Intuitively, a topological manifold is a set of points which can be considered |o-
caly as a flat Euclidean space. In other words, each point p € M has a neighbor-
hood U homeomorphic to an n-ball in R™. Let ¢ be such an homeomorphism. The
pair (U, ¢) is caled a coordinate neighborhood: to p € U we assign the n coordinates
(p),&(p),...,E"(p) of itsimage ¢(p) inIR™. If p liesalso in asecond neighborhood V/,
let o(p) = [p*(p), p*(p), ..., p"(p)] beits correspondent coordinate system. The transfor-



mation o ¢~ on R™ given by:

Yoo €. = (o' 0",

definesalocal coordinate transformation on R™ from ¢ = [£] to ¢ = [p]. In differential
geometry, one is interested in intrinsic geometric properties which are invariant with
respect to the choice of the coordinate system. This can be achieved by imposing
smooth transformations between local coordinate systems (see figure 1). The following
definition of a differentiable manifold formalizes this concept in aglobal setting:

Definition 2 A differentiable (or smooth) manifold M is a topological man-
ifold with a family U4 = {U,,¢,} of coordinate neighborhoods such that:
(1) theU, cover M,
(2) for any «, 3, if the neighborhoods intersection U, N U is non empty, then ¢, o ¢51
and ¢ o ¢! are diffeomorphisms of the open sets ¢5(U, NUy) and ¢, (U, NUp)
of R",
(3) any coordinate neighborhood (V1)) meeting the property (2) with every
Uy, o €U isitsefinU
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FIGURE 1. Differentiable manifold

On a differentiable manifold, an important notion (for the remainder of this paper)
is the tangent space. The tangent space 7,(M) at a point p of the manifold M is the
vector space of the tangent vectors to the curves passing by the point p. It isintuitively
the vector space obtained by alocal linearization around the point p. More formally, it
isthe vector space spanned by the differential operators (a%)p:

(M) = {cz(aagi)p [ e e IR”},

where the differential operator (a%)p can be seen geometrically as the tangent vector to
the ;' coordinate curve (fixing all ¢/ coordinates j # i and varying only the value of £7),
seefigure 2.

For each point p in M, assume that an inner product <, >, is defined on the tangent

space T,(M). Thus, a mapping from the points of the differentiable manifold to their



FIGURE 2. Tangent space on the manifold

inner product (bilinear form) is defined. If this mapping is smooth, then the pair
(M, <,>,) iscaled Riemannian manifold.

Geodesics. A geodesic between two endpoints y(a) and +(b) on a Riemannian man-
ifold M is acurve v : [a,b] — M which is locally defined as the shortest curve on
the manifold connecting these endpoints. More formally, the definition of ageodesic is
given by:

Definition 3 The parametrized curve ~(t) issaid to be a geodesic if its velocity (tangent
vector) dv/dt isconstant (parallel), that isif it satisfiesthe condition (d/dt)(d~y/dt) =0,
fora<t<b.

PARTICLE FILTERING ON RIEMANNIAN MANIFOLDS

Model and objectives

The main contribution of this paper isto propose a particlefilter method for filteringin
nonlinear dynamical systems, the system state being constrained to lie on a Riemannian
manifold M. Only few recent papers have tried to use the geometry of the manifold to
design learning algorithms [2, 3]. Our work can be considered as an extension of [2] to
deal with general stochastic models suitable to the particle filter method.

Particle filtering is an approximate Monte Carlo method estimating, recursively in
time, the marginal posterior distribution of the continuous hidden state of the system,
given the observations. The particle filter provides a point mass approximation of these
distributions. For more details and a comprehensive review of the particle filter on
Euclidean spaces see [4].

The observed system evolvesin time according to the following nonlinear dynamics:

{ Ty ~ pm($t|$t—1>ut)

Yy ~ py(yt|wt7ut)7

1)

where y; € R™ denotes the data measured at time ¢, x; € M denotes the unknown
continuous state, and u, € U denotes aknown control signal. The probability distribution
p (@ | 24—1,u;) Modelsthe stochastic transition dynamics of the hidden state. Given the



continuous state, the observations y, follow a stochastic mode! p,, (y; | x:,u:), where the
stochastic aspect reflects the observation noise.

The Bayesian filtering is based on the estimation of the posterior marginal probability
p(x; | y1.¢). The nonlinear and the non Gaussian aspect of the transition distributions
leads to intractable integrals when evaluating the marginals. Therefore, one has to
resort to Monte Carlo approximation where the joint posterior distribution p(x ., | y1.¢)
IS approximated by the point-mass distribution of a set of weighted samples (called

particles) {x(), wi” }Y,:

Z
Pn (ot | Y1t) = E Wy 536&1 (dxo.t),

where § 2 (dxo.;) denotes the Dirac function.

Based on the same set of particles, the marginal posterior probability (of interest)
p(x; | y1.+) can aso be approximated as follows:

wt ‘ ylt Zwt o (z) dwt

In the Bayesian importance sampling (1S) method, the parti eles {mé’;i}ﬁil are sampled
according to a proposal distribution 7(x; | y1.+) and {w,g’)} are the corresponding
normalized importance weights:

o Py | z0))p()

w; X
(%t | Y1)

Sequential Monte Carlo (SMC) consists of propagating the trajectories {a:ézi MY intime
without modifying the past ssmulated particles. Thisis possible for the class of proposal
distributions having the following form:

7T(CB0:t | yu) = 7T(il3o:t—1 | y1:t—1)7T(iBt | wO:t—la'yl:t)-

The normalized importance weights are then recursively computed in time as.

1) (7)
i o Pyl 2 p(” |2 )
wlg)ocwt(_)1 ! GRG0 L. 2
m(@y | o1, Y1)

The particle filter algorithm consists of 2 steps: the sequential importance sampling
step and the selection step. The selection (resampling) step replaces the weighted par-
ticles by unweighted particles in order to avoid the collapse of the Monte Carlo ap-
proximation caused by the variance increase of the weights. It consists of selecting the
trajectories {a:o t} with probabilities w(”. The trajectories with weak weights are elimi-
nated and the trgjectories with strong weights are multiplied. After the selection step, all
the weightsare equal to 1/N.



One of the simplest choices for the proposal distri bution 7(x; | o.t—1,y1¢) 1S the

transition prior p,(x; | ©;—1,u;). The weights wf@ are then proportional to the data
likelihood: , ‘ ,
wf” ocwipy(ye | ). 3
The dengity distribution p,, is fixed by the observation model. Concerning the transi-
tion prior p,(x; | &;—1,u;), we propose in this paper a Multivariate Affine Generalized
Hyperbolic Regression model. Multivariate Hyperbolic processes have attractive ana-
lytical and statistical properties. In particular, this parametric family is able to describe
thefat tails and the skewness of the regression model p,.(x; | x;_1,u;). In thefollowing,
after describing this statistical model, we propose an efficient algorithm to draw samples
in the particle filter context.

Multivariate Affine Generalized Hyperbolic Regression (MAGH-R)

Before introducing the Multivariate Affine Generalized Hyperbolic Regression
model, we briefly describe the Generalized Hyperbolic distributions and their main
properties (for more details refer to Barndorff-Nielsen's original work [5] or Bibby
and Sorensen [6]). Generalized hyperbolic distributions form a five parameter family
GH(\, a, 3,6, ) introduced by Barndorff-Nielsen (1977). If the random variable X
followsthe distribution GH(\, o, 3,4, i) then its pdf reads,

(v/8)  Eoylaver+(@—p)) Pla—p)
V2rEA(8Y) (/82 (@ —p)? /)57 ’

where? = o? — 3% and K, (.) isthe modified Bessel function of third kind:

relR 4)

1 [~ _
Ki(y) = 5/0 w et gy,

GH distributions enjoy the property of being invariant under affine transformations.
If X ~ GH(\«,(3,0,1), then the random variable a X + b follows the distribution
GH(\, a/a,/a,ad,ap+b). Many known subclasses can be obtained, either by fixing
some parameters or by considering limiting cases: A = 1 and A = —1/2 respectively
yield the hyperbolic and the NI G distributions (the | atter being closed under convolution)
; A =1 with § — 0 provides the asymmetric Laplace distribution, A = —1/2 witha — 0
corresponds to the Cauchy distribution, the asymmetric scaled t-distribution is obtained
for a = |3, etc. Thus, varying the parameters of the GH distributionsyieldsawiderange
of tail behaviors, from Gaussian tails to the heavy tails of the Student t-distributions.
Figure 3 depicts examples of GH distributions. One can note that a wide range of tail
behaviorsis covered and the possibility of modeling the distribution asymmetry (viathe
parameter [3).

Stochastic processes are usually defined on Euclidean spaces. In order to define a
stochastic process on a Riemannian manifold M, the notion of exponential mapping
represents an interesting tool to build a bridge between an euclidean space and the
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FIGURE 3. Examplesof the GH distributions:

(a) hyperboliccase: A =1, =1,5=.5,0 =.001,u =
(b) Cauchy case: A\ = —.5,a = .01,3=.001,0 = .01,
(c) Studentcasee A=3,a=1,=1,0=1,1=0.
Pdfs appear on top row, log densities on bottom row. The dashed line corresponds to the Gaussian
distribution with same mean and variance.

0;

Riemannian manifold. For a point p and a tangent vector X € T,,(M), let v : ¢t = ~(t)
be the geodesic such that v(0) = p and Z—Z(O) = X. The exponential mapping of X is
defined as £,(X) = (1). In other words, the exponential mapping assigns to the tangent
vector X the endpoint of the geodesic whose velocity at time ¢ = 0 is the vector X (see
figure 4). It can be shown that there exists an neighborhood U of 0 in 7},(M) and a
neighborhood V' of p in M such that &, |y isadiffeomorphism from U to V. Also, note
that since the velocity d+/dt is constant along the geodesic (), its length L from p to

ENX)is:
1 d’)/ 1
L= [ 15t = [ Ix1a= ).
0 0

Thus, the exponential mapping £,(X') corresponds to the unique point on the geodesic
whose distance from p isthe length of the vector X.

The Multivariate Affine Generalized Hyperbolic Regression process is the extension
of the model proposed in [7] to Riemannian manifolds. It is defined as follows:

Definition 4 An n-dimensional random process (X;);cz € M is said to be multi-
variate regressive affine generalized hyperbolic process distributed with scaling ma-
trix 3 € R™" and parameters w := (wy,...,wy), w; = (A, ;,5;) and denoted by
MAGH-R (3, w) if it has the following recursive stochastic representation:

vV, = ATZ

0
Xy = gthl(Z‘/tz(a—gi)thl)
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FIGURE 4. Exponential mapping on the manifold

for some lower triangular matrix A € R"*" suchthat A” A = X is positive definite and
therandomvector Z = (Z*,..., Z™)* consists of mutually independent randomvariables
Z'~GH(\, «, 3,1,0).

In words, the sample X; is obtained by first drawing a multivariate generalized

hyperbolic tangent vector in the tangent space T'x, _, (M), then applying the exponential
mapping on it.

Sampling the M AGH-R processon Riemannian M anifolds

An important feature of the GH distribution is its expression as a continuous normal
mean-variance mixture:

GH(z; M\, a, 3,6, 1) = /OON(fr;wrﬁw,w)GfG(w;A,%5) dw ©)
0

where the variance W of each Gaussian component follows a Generalized Inverse
Gaussian (GIG) distribution:

A
{ GIG(w;\,7,0) = 2%2%) M exp [—%(5211)_1 —i—”wa)} ,
w >0

In other words, the Generalized Hyperbolic process can be seen as a double stochastic
process:

1. First generate W ~ GIG(\,7,9).
2. Then generate X ~ N (u+ W, W)

We turn now to the generation of the MAGH-R (X, w) process on the manifold M:
Pseudo algorithm for generating MAGH-R  process:
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() Initilize Xo ~ Py(.)
() fort=1,2,...
(1) SetX = AT A viaCholesky decomposition.
(2) Generate arandom vector Z with independent Z* ~ GH(\, «, 3,1,0)
(see above).
(3) Setthevelocity V = AT Z inthe tangent space Ty, , (M)

(4) Rewrn X, =£x, (3 vz<a%>xu>

Below is the pseudo algorithm of the particle filter on Riemannian manifolds:

/Step 0: Initialization N\

'XONP()(.)
Stepl:Fort=1toT,

a- Sequential importance sampling:

-Fori=1,..., N, sample from the transition priors on the manifold M:

X ~ MAGH-R (£, w) around X,
and set

b- Update the importance weights:

-Fori=1,..., N, evaluate and normalize the weights:

wi” ocplye | Xi)

c- Resampling:

- Select with replacement from { X"/}, with probability {w\”} to obtain N particles

X /
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