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ABSTRACT This paper develops a Rao-Blackwellized particle filter with variational inference for jointly
estimating state and time-varying parameters in non-linear state-space models (SSM) with non-Gaussian
measurement noise. Depending on the availability of the conjugate prior for the unknown parameters,
the joint posterior distribution of the state and unknown parameters is approximated by using an auxiliary
particle filter with a probabilistic changepoint model. The distribution of the SSM parameters conditionally
on each particle is then updated by using variational Bayesian inference. Experiments are first conducted on
a modified nonlinear benchmark model to compare the performance of the proposed approach with other
state-of-the-art approaches. Finally, in the context of GNSS multipath mitigation, the proposed approach is
evaluated based on data obtained from a measurement campaign conducted in a street urban canyon.

INDEX TERMS Joint state and parameter estimation, Rao-blackwellized particle filter, state-space models,

variational inference.

I. INTRODUCTION

State-space models (SSMs), composed of dynamic and mea-
surement equations, are applied to a wide variety of signal
processing problems, especially in positioning, tracking and
navigation [1], [2]. A central problem when using these
models is to recursively infer the state based on a sequence
of measurements. In general, sensors delivering measure-
ments are assumed to be in their nominal state of work,
i.e., the parameters in the measurement equation have to be
exactly specified a priori. However, in realistic contexts, these
parameters can be time-varying due to abruptly changing
environment, leading to the problem of state estimation in the
presence of model uncertainty.

Early attempts to solve this problem are based on Gaussian
mixture approximations, such as the interacting multiple
model (IMM) algorithm [3]. Since the reliability of the IMM
is dependent on the number and choice of models, some
approaches for jointly estimating state and parameter for
SSMs have been proposed. Another solution for joint state
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and parameter estimation is to assign a prior distribution
to the model parameters and augment the state vector by
including these unknown parameters. When it cannot be
computed in closed form, the joint posterior distribution
of all variables can be approximated by using sequential
Monte Carlo (SMC) techniques [4]-[6]. Another possibility
is to exploit the expectation-maximization (EM) algorithm,
i.e., the posterior distribution of the state is obtained in the
expectation step and then the maximum likelihood estimator
of the unknown parameters is updated in the maximization
step [7]-[10]. Recently, variational inference-based
approaches in SSMs have been extensively studied for state
estimation in the presence of model uncertainty [11]. In the
case of linear SSMs, approximate separable distributions for
state and noise parameters can be updated by iteratively solv-
ing the coupled equations by using variational Bayesian (VB)
inference [12]-[14]. A VB-based Kalman filter was also
proposed for linear SSMs with non-stationary heavy-tailed
noises [15], [16]. In the case of nonlinear SSMs, the noise
parameters are usually marginalized out and the posterior
distribution of the state is approximated by using an appro-
priate particle filter (PF). Then the distribution of the noise
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parameters conditionnally on each state particle can be cal-
culated by using VB inference [17], [18].

Considering that state and measurement equations depend
linearly on a subset of the state vector, a Rao-Blackwellized
particle filter (RBPF) (also known as marginalized particle
filter) was proposed in [19], [20]. The filter was introduced
for state and measurement equations depending linearly on
a subset of the state vector and non-linearly on the other
state variables. The idea of the Rao-Blackwellization is to
marginalize the distribution of interested with respect to the
state variables appearing linearly in the state and measure-
ment equations, allowing these linear components to be pro-
cessed using analytical methods (such as the Kalman filter)
and the non-linear components by SMC techniques [21].
Rao-Blackwelization has been used successfully in many
applications including navigation using an inertial navigation
system and a terrain-aided positioning [22], multiple target
tracking [23] and simultaneous localization and mapping
(SLAM) [24]. Some theoretical works derived the asymptotic
variance of the Rao-Blackwell particle filter in order to deter-
mine in which cases it is interesting to use an RBPF in place
of a standard PF with an increased number of particles [25].
When there is no linear sub-structure in the state vector, which
is the case in this work, the standard Rao-Blackwellization
cannot be applied directly.

Several approaches can be found in the literature for jointly
estimating state and static parameter in the frame of the
RBPF. The common way is to replace analytical methods
with different types of SMC samplers for implementing the
parameter estimation, such as the particle Markov chain
Monte Carlo [26], the twisted particle filter [27] and the
nested particle filter [28], [29]. However, these approaches
cannot be easily applied to cases where the parameters
appearing in the measurement equation are time-varying.
To address this problem, an RBPF based on a Dirichlet pro-
cess mixture (DPM) was studied in [30]. In addition, the adap-
tive parameter filter was proposed in [31] to implement a
probabilistic changepoint model in the frame of the RBPF
for estimating jointly the state vector and the time-varying
unknown parameters.

This paper studies an RBPF with variational inference for
jointly estimating state and time-varying parameters in non-
linear state-space models with measurement noise distributed
according to a Student-¢ distribution. The interest of using
this Student-¢ distribution is to obtain a robust estimator of
the state vector. The idea of the resulting RBPF filter is
to marginalize the joint distribution of interest with respect
to the parameters of the Student-r distribution, to sample
the remaining state and unknown parameters by using an
auxiliary particle filter (APF) with a probabilistic change-
point model, and to sample the Student-f parameters by
using VB inference. The proposed approach combines the
advantages of the adaptive parameter estimation (APE) filter
introduced in [31] and the robust PF studied in [18] to build
a joint state and time-varying parameter estimator in the
presence of non-Gaussian measurement noise.
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The paper is organized as follows: The problem of jointly
estimating state and time-varying parameters in non-linear
SSMs with non-Gaussian measurement noise is presented in
Section II. Section III studies the proposed new RBPF based
on VB inference. The performance of this filter is evaluated
in Section IV, first using simulated data based on a modified
nonlinear benchmark model, and then using experimental
data in the context of GNSS multipath mitigation in urban
canyons. Conclusions are finally reported in Section V.

Il. PROBLEM FORMULATION

In this paper, we consider the following nonlinear discrete-
time SSM related to a hidden state vector x; € R™ and the
measurement vector y, € R

X =f (xx—1) + @k (D)
Yi = hg, (xx) +vi 2
where k = 1, ..., K denotes the kth time instant, f (-) is the

state transition function, @y denotes the process noise with
a zero mean Gaussian distribution of covariance matrix Q;,
hg, (-) is the measurement function depending on a vector of
parameters @; € R™ and v, denotes the measurement noise.
In practice, the unknown parameter vector #; can be time-
varying due to abruptly changing environments leading to
different sensor functioning conditions. In addition, the mea-
surement noise v; can be non-Gaussian due to abruptly
changing environments leading to outliers corrupting the
measurements. Since the Student-¢ distribution is heavy-
tailed compared to the Gaussian distribution and is robust
to outliers, this work assumes that the measurement noise
has a Student-¢ distribution. This distribution is obtained by
integrating an infinite mixture of Gaussians with the same
mean and scaled precision matrices [32], i.e.,

Skl Ak ) = /O N (410, (kA ™)
Xy (e lve/2. v /2) dii - (3)

where St (-) denotes the student-z distribution and A/ (-) is the
multivariate Gaussian probability density function (pdf) (here
with zero mean and precision matrix ki A ), ki is an auxiliary
precision scalar, y (-) is the gamma distribution with shape
and inverse scale parameters both equal to % and v adjusts
the thickness of the distribution tail. Independent conjugate
gamma distributions are assigned a priori to A, xx and vg,
i.e., the joint prior of (A, ki, vi) is defined as
Ng
q (Ag, kg, vi) = l_[ ¥ (Asklog ks Bsk)

s=1

xy (lvfo v ) v (nla, b @)

where A; = diag [A1, -+, Angk| (a diagonal matrix with
diagonal elements A, -, Any k), Na is the dimension of
Apr, ag, Bk, v,i, v,?, ay, by are the hyperparameters of the prior
distributions at the kth time instant.
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Considering that both the parameter vector @ and the noise
statistical parameters &, = {A, kk, vk} are time-varying in
abruptly changing environments, the aim of this paper is to
infer the states x; and the time-varying parameters {Bk, & k}
given measurements yy, = {y;. -+ .y}

lll. A RAO-BLACKWELLIZED PARTICLE FILTER WITH
VARIATIONAL INFERENCE

Since the joint posterior distribution of all unknown vari-
ables p (xk, 01, &y, k) has a complex expression and cannot
be calculated in closed form, we propose to study a PF
approximating this posterior by using sequential importance
sampling. The joint posterior distribution of the state and
unknown parameters can be factorized as follows

P (xk, 0k, Exlyix) = p (Exlxk, Ok, y14) P (xk, Oklyii) ()

where the noise statistical parameters &, have been marginal-
ized out in the second term of the right hand side. We propose
to approximate p (xk, 0 D’l;k) by using an empirical density
following the principle of PFs

o) ~ Yk (.00 - (xi.6))  ©
i=1

where N is the number of particles, § (-) is the Dirac delta
function, (xj;, 0}() is the ith particle and a),ic is the correspond-
ing weight at the kth time instant, which can be updated as
follows [33]

@ o p (Vs Xk Ok ly1e—1) Wh_ - )

The conditional density p (yk X, Okly;. k_l) can be obtained
by the following marginalization

P(ykvxkvokb’l:kf]) =/p(yk,xk,0k|§k,yl:k7])
xp (Exlyie—1) € (8)

where p (§;y1x_) is the predictive distribution of the noise
statistical parameters. Replacing (6) in (5) leads to

N
P (k. Ok, Exlyi) ~ ) wpp (Ekle{, 02,)’1:1()

i=1

X8 ((xk, 0y — (x};, 02)) ©

where the conditional distribution p (8 k|x§(, 0}'(, y 1:k) is the
distribution of the noise parameter vector conditionally on the
ith particle (x;;, 0}() In this paper, we propose to approximate
the distribution p (E k |x};, 0;;, 'ylzk) using VB inference. As a
consequence, samples (xf,'(, 0;() are generated using an APF,
and then the posterior distribution of &, conditionally on
(x};, 0}{) is calculated according to VB inference and replaced
in (9), allowing the joint distribution of the state, parameters
and hyperparameters to be determined.

VOLUME 8, 2020

A. UPDATING (xk, 0k) SAMPLES BASED ON THE
AUXILIARY PARTICLE FILTER

Assuming that the propagation models for x; and 6; are
independent, the posterior distribution p (xk, 0 I.Y1:k) can be
recursively updated according to Bayes’ rule

P (xk, Oklyrs) o< p (eler. 0x) p (xklyri—1) P (Oklyrs—1)
(10

where the predictive distribution of the state p (xk |y1:k_1)
can be obtained by using the Chapman-Kolmogorov equa-
tion. This paper assumes that the predictive distribution
P (Oklyy4_1) can depend on @;_; or on a non-informative
prior distribution (i.e., can change to a value independent
of 0;_1). More precisely, the probabilistic model for the
changepoint locations proposed in [34] is used for adap-
tively estimating the time-varying parameter vector §; when
a changepoint has occurred. We also assume that there is a
probability n (fixed to an a priori value for a given applica-
tion) of a changepoint at each time instant. As a consequence,
the predictive distribution of 8 can be defined as follows

p(Bulyry ) = | P B withprobabiliv =
v (0r) with probability n

where ¢y, , (-) denotes a prior distribution for 8 given 6 _;
(corresponding to the absence of changepoint) and v (-)
denotes a non-informative prior distribution (corresponding
to the presence of changepoint). Note that, as explained
in [31], a large value for change probability 1 will intro-
duce excess parameters from the diffuse prior i (#) when
no changepoint has occurred, whereas too small value for n
will lead to difficulties in handling time-varying parameters.
Based on the previous assumptions, we propose to sample
(x, 0) based on the APF by using the following steps:

1) Sample xfc according to a proposal distribution
Q(xk|x;{_17)’1;k) fori = 1,...,N where g (-) is the
optimal importance distribution introduced in [20].

2) Propagate the previous particles & }'{_1 by using the evo-
lution equation of the noise parameters to create new
particles £, where the superscript “-”” means that the
quantity is computed a priori.

3) Generate two sets of weights for presence and absence
of changepoint at time k, i.e.,

Gt o p (velbel 8], 8) with 0 ~ g, , ()
(12)
ko o p (vl 040 67) with 0, ~ v 6) (13)

where i = 1,..., N. Thus N equally-weighted parti-
cles {x}_|, 0};_1}?’:1 at the (k — 1)th time instant lead
to 2N samples at the kth time instant.

4) In order to estimate @i, N particles are selected

from the 2N samples with probabilities proportional
ofd-nol,

) (1 - n)wi\i]} and inw]1127 )
ol ).
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5) The weights for the selected N particles are updated
according to the APF, i.e.,

p (J’k|x;c’ 0;(,1’ E]k‘i)

i
1

. heni e {1.---

p (velef. 07, 807)
@2
whenj € (N+1,---,2N}

wherei=1,---,N and ji denotes the index of the ith

selected particle.

B. CALCULATING p (gk Ik, 0,3y :k) BASED ON
VARIATIONAL BAYESIAN INFERENCE

The posterior distribution p(’g‘ k|x};,0;'(, )’1:k) conditionally
on the ith particle (xf{, 0;() cannot be calculated in closed
form. According to the VB inference, this posterior can
be approximated by another distribution g (£;), which is
factorized into single-variable factors based on the mean-
field theory [35], i.e., ¢ (§;) = q (Ax) g (ki) g (V). Accord-
ing to the VB approximation, the log marginal likelihood
Inp (yk |x§(, 0;'(, & k) can be defined by using the following
identity

np (v, 8. 8) =L+KL@lp) ()
with
[ / (E)In p (. Eplxl, 0%,y 4 1)d€k (16)
q (&)
and

KL (qlp) = / q(E:)In : 1G4 )

p Ek'x;(s az’yl:k)
where L is a variational lower bound for the log-marginal
likelihood, KL (g||p) is the Kullback-Leibler (KL) diver-
gence between the true posterior and its approximation. Con-
sidering that the KL divergence is non-negative, minimiz-
ing the KL divergence can be achieved by maximizing the
lower bound £, which results in computing expectations with
respect to g (Ag), g (xx) and g (vg) in turn. Straightforward
computations lead to

Inq (A) o Eugv, [Inp (vilx} 0. Av ki) +Inp (A |
= Z(ask — >lnksk
- (:Bs,k + EE (k] (ys,k —hy g (x}()>2> Ak

(18)
Ing (ki) o Ea, » [mp (yk i, 00, Ay, Kk) +lnp(/ck|vk)]

_Blw—1, B[]

2 k= R
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) (yk — hy; (xi))TE [Ak] (J’k = hyi (x;;)>Kk

2
(19)

Ing () o< By, [Inp (kg |vg) + Inp (vp)]

1 1
- ar — — nvy,

Elxkr] Ellnkg] 1
—(bk+ ol 2l —§>vk (20)

where i = 1,---,Ns, ysx and A, 5.6 () denote the sth
measurement and the corresponding nonhnear function. The
expectations in the above equations can be expressed as
follows

1
O k Uk
Elxl = =

ﬂs, V]%
Ellnk] = W (vk) Inv Efy] = 2 2
by

E[Aok] =

where s = 1,..., Ny and W (-) denotes the digamma func-
tion. Accordlng to (18)-(20), the hyperparameters of the pos-
terior distribution conditionally on the ith particle (xk, 0 k)
can be updated as follows [13]

; 1
o =gty 22)
i+ [ N i\
Bil = B + B[] (vox = hogy (x1)) (23)
. E[vi]+1
V]l’l’+ — [ k; (24)
21+ _ E[vllc]
e T
T i
(v = oy () E[AL] (3 — gy (1)
(25)
2
; |
a}(’+ = a;c‘ + 3 (26)
, . E[«i] E[l«i] 1
where s = 1,--- ,Ng,i = 1,---, N. Note that the super-

script “+” in the above equation means that the quantity is
computed a posteriori. In order to maintain the conjugacy for
the distribution of the noise statistical parameters, ok, Bs k-,
ay, by are propagated as follows [12]

I
Uk = P -1 ﬁsk /’ﬁsk 1
a;” = pa’ bk’ = pbkfl (28)

where p is a forgetting factor, which can be considered as
a weight balancing the historical estimates and the current
information. Accordingly, a small forgetting factor can track
faster changes in the noise statistical parameters whereas a
larger value of this factor induces a slower response [17].
Thus p (& |xi, 6%, ). ) can be approximated by iteratively
calculating (22)-(27) until an iteration stopping rule is satis-
fied. Note that the updates for v,i and v,f in (24) and (25) are
functions of oy, Bk, ar and by, whereas the updates for By
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and by in (23) and (27) require to know the values of v,} and
v,%. Therefore, the estimates of v,: and v,% in (24) and (25) at
the (r + 1)th iteration are calculated by using the estimates
of oy, Bk, ar and by at the rth iteration. Finally, note that
the estimates of B; and by at the (r 4 1)th iteration can be
implemented based on the last estimates of v,ﬁ and v,%. The
proposed RBPF with VB inference for joint state and time-
varying parameter estimation is summarized in Alg. 1.

IV. EXPERIMENTAL RESULTS

A. ILLUSTRATIVE EXAMPLE

In order to evaluate the proposed RBPF with variational infer-
ence, we use the following modified benchmark model [6] for
the illustrations

X =051 +25x_1/ (1 +x,3_1) +8cos (1.2 k) + wy
Yk = xg/a+ vk

where wy ~ N(0,0.5), a is a time-varying param-
eter taking values {5,—6,7, 14,5} with changes occur-
ing at time instants {0, 40, 80, 120, 160}. The noise vy
is the non-Gaussian measurement noise whose distri-
bution is (1 —¢&)N (0,1) + €D where ¢ denotes the
outlier probability, D denotes the outlier distribution,
which was set to U (—20,20) where U () is the uniform
distribution [13], [36]. We compare the proposed approach
with the interacting multiple model IMM) algorithm [1] and
the APE filter [31]. More details about these algorithms are
provided below

o IMM Algorithm [1]: The models in the IMM differ
by the choice of the parameter a where 10 equally
spaced values of a are sampled in the range [—18, 18]
and the measurement noise associated with each model
is assumed to be distributed according to a N (0, 1)
distribution. Moreover, the unscented Kalman filter is
embedded in the IMM in order to estimate the state for
the nonlinear SSM.

o APE filter with known variance [31]: The APE filter is
combined to the APF with a changepoint model and the
measurement noise model is assumed to be distributed
according to a A/ (0, 1) distribution.

« APE filter with unknown variance [31]: In the presence
of measurement outliers, the estimation accuracy of the
APE filter can be improved by considering that the
measurement noise is a zero-mean Gaussian distribution
with unknown variance, which is estimated with other
parameters, i.e., the APE filter with unknown variance is
combined to the APF with a changepoint model and the
conjugate prior for the variance of Gaussian distribution
is updated by using the state particles and measurements.

In the changepoint model applied to the APE filter and pro-
posed strategy, the predictive distribution of a conditionally
upon ai_1 is assumed to be a mixture of multivariate Gaus-
sian distributions based on the kernel smoothing method [4],

€, ¢g_, (@) ~ 25\]:1 w};_l/\/(aklé_l,hz Vk—1) where

VOLUME 8, 2020

Algorithm 1 Proposed RBPF With Variational Inference

i i i i Na o i N
Inputs: 1x; 1,05y, {“s k-1 By, kfl}szl 210 Dy
N

i=
Outputs: {xk, , [ ol /3 ] Na ’ ;l’vft’ k’bk}
i=1
% Step 1: Generate samples of (x, 0) by using the APF.
1: Generate x;'c ~ p(xk |x;;_l by using (1), and then com-
g—1Nd
pute{ Ak ﬁsk} L ,a

i,— pio— .
v~y vk|ak s k )wherez:l,...,N.

, b;'{’7 according to (28) and generate

. [ L= pl,— i ~
2: Generate {)‘s,k V()‘kws,k’ﬁs,k)L_l and K

i— Q- o

v v
AL e

)wherei:l,...,N.

3: Generate 05(’1 ~ ¢¢,_, #) and 0;'(,2 ~ Y (0), and

then compute a);‘(,1 6 P (yk|x;{, 0;;,1, (K,iAf{)_l>
and o} , oS p (yklxi, 0. . (K]iA;c)_l> where
Al =diag[A] .-+ 2y Jandi=1, 0 N,
4 fori=1,...,N do_
5:  Sample index j' in {l,---,2N} with probabilities
2

1 I L B N
{( _n)wk’l}izl an {70)"’2},':1\/“’
6: Propagatexfcfvp xk|x;(_1

7. Ifjfiefl,---

i i i\t
P yklw\’;(ﬁkyl, e A

s

, N}, update 0}; ~ ¢01.,- (#) and compute (Z);{ [
k.1

“’17:,1
8: Ifji e{N+1,---,2N}, setﬂf( _0] 2andcomputewk

i i i\l
ol o (M) )

7 ;
o

9: end for
% Step 2: Calculatlng 4q (Xk, Kk, vk) by using VB inference.

10: Tnitialize o (0) = o T B O =B a0 =d) and

S,

bt (0) _bgc” wheres = 1,-.- ,Ngandi=1,...,N.
11: fori=1,...,N do
12 for r=1,..., rmax do
13: Compute v,i At (r), v,% it (r) according to (24) and (25);
14: Compute { r), ,3 (r)} s (r) and b (r)
according to (22) (23), (26) and 27)
15: if the parameters change by less than 0.001 then
16: stop the iteration;
17: else
18: setr =r+1;
19: end if
20:  end for
21: end for

22: Normalize o, = @}/ 3" | (&}) and perform particle resam-
pling.
% Step 3: (Recursion) k = k + 1.

23: Goto Step 1.

Go=ta_ +(1-1)a Vier =Y 0y (g —a)",
a= Zf\’: 1 a)}(_la;c_l, h? is the kernel smoothing parameter,
= +/1 — h2 is the shrinkage parameter of the kernel mean,
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TABLE 1. Parameters used for the simulations on synthetic data.

Changepoint occurrence probability n 0.05
Non-informative prior pdf ¢ (a) U (—20, 20)
Kernel smoothing parameter 7> 0.01
Number of particles N 200
Forgetting factor p 1 —exp(—4)
Maximum number of VB iteration rmax 10
VB hyperparameters ao, Bo, ao, bo 1
15T . . . .
§
g 10}
‘%
£ 5}
=)
=1
<
= oot
2
Q
g i | — - — - True value
5 S50 s IMM
A~ — — APE with known variance
Proposed approach
-10 : : i ;
0 40 80 120 160 200

Simulation time (s)

FIGURE 1. Mean of the estimates @ for 100 MC runs in the absence of
outliers.

while the non-informative prior pdf v (@) was assumed to be
a uniform distribution. The related parameters used in all test
scenarios are provided in Table 1. N, = 100 Monte Carlo
simulations have been run for any approach to compute the
average root mean square errors (ARMSESs) of the estimates

defined by \/ (KNp) ™' YK S0 @ (m) — xp)?, where
%) (m) is the mth state estimate and K is the number of time
instants. All algorithms have been coded using MATLAB and
run on a laptop with Intel i-5 and 8 GB RAM.

Fig. 1 displays the means and standard deviations of @ !
computed using 100 MC simulations for the IMM, the APE
filter with known variance and the proposed approach in
the absence of outliers (i.e., ¢ = 0). Considering that the
changepoint model for parameter « is taken into account both
in the proposed approach and in the APE filter, the esti-
mation accuracies for parameter a obtained with these two
approaches are obviously better than the one obtained with
the IMM. Since the Student-# distribution provides almost the
same solution as the Gaussian distribution in the absence of
outliers, similar mean and standard deviation for the estimator
a should be obtained with the proposed approach and the APE
filter.

The means and standard deviations of @ computed using
100 MC simulations for different outlier probabilities are
depicted in Fig. 2. It is clear that the estimation perfor-
mance of the APE filter with known variance for param-
eter a severely degrades in the presence of measurement

IThe estimator of the parameter a is denoted as @
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FIGURE 2. Mean of the estimates @ for two different outlier probabilities
(100 MC runs).

outliers, whereas the estimation performance of the APE
filter is robust to outliers when the variance of measurement
noise is assumed to be time-varying and jointly estimated
with the state. However, the performance of the proposed
approach is less affected by the presence of outliers due to the
Student-¢ distribution, which is more robust to outliers than
the Gaussian distribution. The ARMSE:s of the state estimates
obtained with the three approaches for different outlier prob-
abilities are reported in Table 2. In presence or absence of
outliers, the ARMSEs obtained with the proposed approach
and the APE filter are obviously smaller than the one obtained
with the IMM. Moreover, the state estimation accuracy of the
proposed approach is better than that of the APE filter in the
absence of outliers. Finally, thanks to the good robustness of
the Student-7 distribution to outliers, the proposed approach
provides more accurate state estimates for any outlier proba-
bility.

Table 3 shows the execution times for 100 MC runs
by using different numbers of particles for the proposed
approach and the APE filter with unknown variance. The
main difference between the proposed approach and the APE
filter with unknown variance is that the computation of the
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TABLE 2. ARMSEs of state estimates for different outlier probabilities.

. . Methods
Outlier probability Proposed approach ~ APE filter IMM
e=0 2.85 3.36° 11.86
e=0.2 3.52 3.95° 11.96
e=05 3.89 4.47% 12.01

#Using the APE filter with known variance
bUsing the APE filter with unknown variance

TABLE 3. Execution times for different numbers of particles.

Execution times for 100 MC runs (s)
N Proposed method  Proposed method

with rmax = 10 with stopping rule APE filter
200 255.68 207.37 142.06
400 520.34 453.13 288.47
800 1023.34 928.34 612.82

#Using the APE filter with unknown variance

VB iterations is embedded in the APF before performing the
update of the unknown parameter distribution, which leads to
a higher computation load for APF, as reported in Table 3.
Note that the computational cost of the proposed approach
was evaluated in the following two situations: (a) the algo-
rithm is stopped when the stopping rule in Line 15 of Alg. 1 is
satisfied, (b) the number of variational iterations is set to its
maximum value rmyax. It is clear that the corresponding com-
putational cost can be efficiently reduced by introducing the
stopping rule of Line 15 of Alg. 1 in the proposed approach.

B. GNSS MULTIPATH MITIGATION IN URBAN CANYONS

This section validates the proposed RBPF with VB inference
in the context of multipath (MP) interference mitigation for
GNSS receivers in urban canyons. MP signals are mainly due
to the fact that a signal transmitted by a navigation satellite
is very likely to be reflected or diffracted and can follow
different paths before arriving at the GNSS receiver [37].
Depending on the availability of the direct signal, reflected
MP signals affecting the received direct GNSS signal can be
divided into two situations: (a) MP interfereces resulting from
the sum of the direct signal and of delayed reflections handled
by the GNSS receiver; (b) non-line-of-sight (NLOS) signals
resulting from a unique reflected signal received and tracked
by the GNSS receiver [38], [39]. Accordingly, the pseudo-
range measurement noise error in the MP interference sit-
uation is considered as a non-Gaussian stochastic process,
while a mean value jump is present on the pseudo-range
measurement in the NLOS signal situation [40]-[42]. Since
our aim is to estimate the pseudo-range measurement error
resulting from MP rather than to identify the type of MP,
the impact of MP signals on the pseudo-range measurement
in this work is formulated as an unknown mean value jump
and a non-Gaussian measurement noise distributed accord-
ing to the Student-¢ distribution in this work. Assuming the
atmospheric propagation errors can be compensated within
the GNSS receiver, the pseudo-range measurement model
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collected from Ny in-view satellites in the presence of MP
can be defined using the following compact form

Yi = hg, (xr) +vi (29)
with
T
oy ) = (B (0 - g G0) (30)
and
b6, 1) =l Psx —Pr | +bk + Ok (31)
where s = 1,...,Ng, x; is state vector for describing

the dynamic of the vehicle in the earth-centered earth-fixed
(ECEF) frame at the kth time instant, y; = (y1.4. ..., yNd,k)T
is the pseudo-range measurement vector composed of all
in-view satellites, p,; = (xok, Vsk. zs,k)T and p, =
Xk, Vi, zk)T are the sth satellite and vehicle positions in the
ECEEF frame, by is the GNSS receiver clock offset, || - || and
()T denote the Euclidean norm and the transpose of a vector,
respectively. In the presence of MP, §; = (91,1{, cee, GNd,k)T
denotes the mean value jumps appearing on the pseudo-range
measurement of all in-view satellites (65 x = O in the absence
of MP) and vy is the measurement noise distributed according
to the Student-¢ distribution (as in (3)). In practice, an impor-
tant property of MP signals is that they are not only depend
on the relative position of the receiver and GNSS satellites,
but also on the environment where the receiver is located,
especially in urban canyons. Thus the mean value jump 6
and the measurement noise parameters &, = {Ag, kk, vk} can
be considered as unknown time-varying model parameters,
which need to be estimated jointly with the vehicle state xy.
In addition, the state vector x; considered in this paper is
defined as follows [42], [43]

Xk = Ok, Xk, Yo Vo 2o 2o br, di)T (32)

where k = 1, ..., K denotes the kth sampling time instant,
P = Kk, ks Zk)T is the vehicle velocity in the ECEF frame,
di is the GNSS receiver clock drift. The velocity can be
reasonably modelled as a random walk, e.g., ¥ = e, where
ey is a zero mean Gaussian noise of variance o2. For short-
term applications in which the periodical clock resets of the
GNSS receiver are not taken into account, the GNSS receiver
clock offset by and its drift dj. can also be modelled as random
walks, i.e., bk = dr + ep and dk = ¢4 where ¢, and
eq are zero-mean Gaussian white noises of variance abz and
Uj. Based on the above assumptions, the discrete-time state
model which describes the propagation of the vehicle state xj
can be formulated as

X =Fpp_1xi—1 +eg (33)

where k = 1, ..., K denotes the kth sampling time instant,
e = (ex, ey, ez, ep, ed)T is a zero mean Gaussian noise vec-
tor of covariance matrix Q. Details on the matrices Fx—1
and @y, can be found in [44].

The experimental data was collected during a measurement
campaign carried out in Toulouse center (France) and was
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FIGURE 3. Urban canyon trajectory used in the proposed experiments
(obtained with Google Earth).
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FIGURE 4. Distance to the origin versus time.

used to evaluate the method proposed in [42]. A synchro-
nized integrated navigation system composed of a Novatel
receiver coupled to a tactical grade IMAR IMU was used to
provide a reference trajectory. Taking advantage of a ground
reference station, differential corrections were performed to
obtain position accuracy close to 1 m for the reference trajec-
tory, which is considered as the ground truth. For assessing
the algorithm performance, the vehicle was equipped with
a UBLOX 6T receiver. This receiver delivered not only the
position, velocity and time solution, but also, for each satel-
lite, the raw pseudo-range and Doppler frequency measure-
ments, as well as the navigation message. It allowed us to
compute satellite locations, and to perform timing and prop-
agation correction on the measured pseudo-range. Data were
collected in street urban canyons during which the receiver
was strongly affected by MP signals, and post-processed
using Matlab.

Fig. 3 shows the trajectory considered in our measurement
campaign (lasting 240 s). Fig. 4 displays the evolution of the
distance to the starting point of the trajectory (considered
in our experiment) versus time, where the original point is
defined as the initial position on the trajectory and the trip
distance represents the horizontal distance travelled from the
initial position. It is clear that the distance to the origin does
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FIGURE 5. Typical example of estimated mean value jumps.

not change during the time interval (78 s, 159 s), as the vehicle
is stopped in the middle of two buildings. As it appears at
the LOS frequency (the Doppler frequency related to the
vehicle velocity is zero), pseudo-range measurements are
severely impacted by mean value jump during this period.
The in-view satellites observed during the experience are
satellites #3, #6, #19, #26, and #27 (i.e., Ny = 5). The non-
informative prior used for the mean value jump is a uni-
form distribution defined by ¥ (654) = U(—20m, 20m),’
where s = 1,---,Ny. In order to evaluate the proposed
algorithm, we propose to compare its positioning estimation
accuracy with that obtained using the standard APF and
the Dirichlet process mixture (DPM)-based RBPF studied
in [30]. In [30], the pseudo-range measurement noise in the
absence of MP is assumed to have a zero mean Gaussian
distribution with a nominal standard deviation, whereas the
mean and standard deviation of the measurement noise can
change abruptly or evolve slowly during a long period of time
in the presence of MP, leading to time-varying measurement
noise parameters. The DPM-approach of [30] was considered
in this work since it provided interesting results for state-
space models with time-varying parameters, in particular for
MP mitigation in urban canyons. The standard deviations of
the process noise, the clock offset and drift noises were set to
oy = lm/sz, op =3¢x 107 %mand oy = 277¢ x 10710 mys,
respectively, where ¢ = 3 x 108 m/s denotes the velocity
of light. The nominal standard deviation of the pseudo-range
measurement noise used for the standard APF was adjusted
by cross-validation and was set to 4 m, and the number of par-
ticles for all three approaches is 5000. The other parameters
used in the proposed approach are reported in Table 1.

Fig. 5 displays typical estimates for the mean value jumps
b\k impacting the pseudo-range measurements of all in-view
satellites during the measurement campaign. According to

2The sign of the mean value jump depends on the value of the MP signal
carrier phase relative to the direct signal. When the relative carrier phase
belongs to (790°, 90°), the sign of the mean value jump is positive. When
the relative carrier phase belongs to (—180°, —90°) or (90°, 180°), the sign
of the mean value jump is negative.
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TABLE 4. Elevation angles for in-view satellites.

In-view satellite  Satellite elevation

satellite #3 81.9° - 82.4°
satellite #6 77.9°-77.5°
satellite #16 56.1° - 55.5°
satellite #19 60.8° - 60.3°
satellite #27 82.9° - 85.9°
30 ; .
— - —- APF
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” Proposed approach
Eao
S
b5}
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FIGURE 6. Positioning errors versus time.

the results obtained with the proposed approach, the pseudo-
range measurement of satellites #3, #6 and #27 are less
affected by MP than the other received signals. Conversely,
the mean value jumps of satellites #16 and #19 are more
important, confirming the presence of MP. The elevation
angles of all in-view satellites during the measurement cam-
paign are reported in Table 4. Note that the elevation angles
for satellites #3, #6 and #27 are larger than 75°, whereas
the elevation angles for satellites #16 and #19 are less
than or equal to 60°. In general, the signals acquired with low
elevation angles (for satellites #16 and #19) are more likely
to be affected by MP, which seems to be the case here.

Fig. 6 displays the positioning errors (horizontal and
vertical errors versus time) for the different approaches.
It is clear that MP signals severely impair the positioning
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solution if these interferences are not processed within the
receiver. Conversely, the positioning errors obtained with
the DPM-based RBPF and the proposed approach remains
lower than 20 m, confirming that the MP signals affecting the
pseudo-range measurements have been mitigated. We think
that the slightly better positioning accuracy obtained with the
proposed approach with respect to the DPM-based RBPF is
due to a good estimation of the locations of the mean value
jumps, which is possible thanks to the use of the change-point
model defined in (11). Note that the MP amplitude, delay and
phase are constant with respect to those of the direct signal
when the vehicle stops in the middle of two buildings (leading
to a constant jump). As a consequence, the impact result-
ing from the MP signal is the maximum during this period
(i.e., 78 s-1595s).

V. CONCLUSION

This paper proposed a Rao-Blackwellized particle filter with
variational inference for jointly estimating state and time-
varying parameters in non-linear state-space models with
non-Gaussian measurement noise. The proposed approach
embedded the variational Bayesian inference in an auxiliary
particle filter with a probabilistic changepoint model to build
a joint state and time-varying parameter estimator in the pres-
ence of non-Gaussian measurement noise. A simulation study
was conducted by using a modified nonlinear benchmark
model in order to compare the performance of the proposed
approach with the interacting multiple model and the adaptive
parameter estimation filter. Since the Student-¢ distribution
considered in the proposed approach is more robust to out-
liers, the proposed approach provided better estimate accu-
racy for the state and unknown parameters when compared
to the other strategies. Finally, the proposed approach was
validated by processing GNSS receiver data collected from a
measurement campaign carried out in an urban environment
and proved its efficiency for MP mitigation, resulting in
improved positioning accuracy.

One of the drawbacks of the proposed approach is the
requirement that a conjugate prior of the unknown parame-
ters needs to be available for optimizing the objective func-
tion in the proposed variational Bayesian inference. Recent
work on stochastic variational inference might solve this
problem by applying stochastic optimization to the objective
function [45]. Applying stochastic variational inference for
estimating the state and parameters of the changepoint model
investigated in this work is currently under investigation.
Validating the proposed method using data from other mea-
surement campaigns and high-dimensional state-space mod-
els is also an interesting prospect.
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