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Particle Smoothing for Conditionally Linear
Gaussian Models as Message Passing over Factor

Graphs

Giorgio M. Vitetta, Senior Member, IEEE, Emilio Sirignano, Student Member, IEEE,
and Francesco Montorsi, Member, IEEE.

Abstract—In this manuscript the fixed-lag smoothing problem
for conditionally linear Gaussian state-space models is investi-
gated from a factor graph perspective. More specifically, after
formulating Bayesian smoothing for an arbitrary state-space
model as forward-backward message passing over a factor graph,
we focus on the above mentioned class of models and derive two
novel particle smoothers for it. Both the proposed techniques
are based on the well known two-filter smoothing approach and
employ marginalized particle filtering in their forward pass.
However, on the one hand, the first smoothing technique can
only be employed to improve the accuracy of state estimates with
respect to that achieved by forward filtering. On the other hand,
the second method, that belongs to the class of Rao-Blackwellized
particle smoothers, provides also a point mass approximation of
the so called joint smoothing distribution. Finally, our smoothing
algorithms are compared, in terms of estimation accuracy and
computational requirements, with a Rao-Blackwellized particle
smoother recently proposed by Lindsten et al. in [20].

Index terms— State Space Representation, Hidden Markov
Model, Filtering, Smoothing, Marginalized Particle Filter, Be-
lief Propagation.

I. INTRODUCTION

Bayesian filtering and Bayesian smoothing for state space
models (SSMs) are two interrelated problems that have re-
ceived significant attention for a number of years [1]. Bayesian
filtering allows to recursively estimate, through a predic-
tion/update mechanism, the probability density function (pdf)
of the current state of any SSM, given the history of some
observed data up to the current time. Unluckily, the general
formulas describing the Bayesian filtering recursion (e.g.,
see [2, eqs. (4)-(5)]) admit closed form solutions for linear
Gaussian and linear Gaussian mixture SSMs [1] only. On
the contrary, approximate solutions are available for general
nonlinear models; these are based on sequential Monte Carlo
(SMC) techniques (also known as particle filtering methods)
which represent a powerful tool for numerical approximations
[31-[5].

Bayesian smoothing, instead, exploits an entire batch of
measurements to generate a significantly better estimate of the
pdf (i.e., a smoothed or smoothing pdf) of a SSM state over a
given observation interval. Two general methods are available
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in the literature for recursively calculating smoothing densities,
namely the forward filtering-backward smoothing recursion
[4], [7] and the method based on the two-filter smoothing
Sformula [8]-[10]. In both cases the computation of smoothing
densities requires combining the predicted and/or filtered den-
sities generated by a standard Bayesian filtering method with
those produced by a recursive backward technique (known
as backward information filtering, BIF, in the case of two-
filter smoothing). Similarly as filtering, closed form solutions
for Bayesian smoothing are available for linear Gaussian and
linear Gaussian mixture models [1], [11]. This has motivated
the development of various SMC approximations (also known
as particle smoothers) for the above mentioned two methods
in the case of nonlinear SSMs (e.g., see [4], [6], [8], [9], [12]-
[15] and references therein).

While SMC methods can be directly applied to an arbitrary
nonlinear SSM for both filtering and smoothing, it has been
recognized that their estimation accuracy can be improved in
the case of conditionally linear Gaussian (CLG) SSMs. In fact,
the linear substructure of such models can be marginalised, so
reducing the dimension of their sample space [16], [17]. This
idea has led to the development of important SMC techniques
for filtering and smoothing, known as Rao-Blackwellized parti-
cle filtering (also dubbed marginalized particle filtering, MPF)
[17], [18] and Rao-Blackwellized particle smoothing (RBPS)
[13], [14], [20], respectively.

Recently, the filtering problem for CLG SSMs has been
investigated from a factor graph (FG) perspective in [21],
where a novel interpretation of MPF as a forward only message
passing algorithm over a specific FG has been provided
and a novel extension of it, dubbed turbo filtering (TF),
has been derived. In this manuscript, the same conceptual
approach is employed to provide new insights in the fixed-
interval smoothing problem [13] and to develop novel solu-
tions for it. The proposed solutions are represented by two
novel particle smoothing methods, the first one dubbed serial
particle smoothing (SPS), the second one Rao-Blackwellized
serial smoothing (RBSS). These methods share the following
relevant features: a) they are based on the two-filter smoothing
formula and employ MPF in their forward pass; b) they can be
derived applying the well known sum-product algorithm (SPA)
[23], [24], together with a specific scheduling procedure, to
the same FG developed in [21] and [22] for a CLG SSM;
¢) unlike the RBPS methods devised in [13] and [14], they
can be employed for a SSM in which both the linear and
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nonlinear state components influence each other. Moreover,
the computational requirements of the SPS technique are
comparable with that of MPF, since a single estimate of
the nonlinear state trajectory is generated in its backward
pass; consequently, it is substantially simpler than the RBPS
methods illustrated in [13], [14] and [20]. On the contrary, the
computational load of the RBPS method is significantly higher,
being close to that of the method developed in [20]; in fact,
these methods employ similar procedures to generate a joint
smoothing distribution over the entire observation interval.

It is worth mentioning that the application of FG methods to
Bayesian smoothing is not new. However, as far as we know,
the few results available in the technical literature about this
topic refer to the case of linear Gaussian SSMs only [23], [25],
[26], whereas we exclusively focus on the case in which the
mathematical laws expressing state dynamics and/or available
observations are nonlinear.

The remaining part of this manuscript is organized as
follows. The model of the considered CLG SSM is briefly
illustrated in Section II. A representation of the smoothing
problem through Forney-style FGs for both an arbitrary SSM
and a CLG SSM is provided in Section III. In Section IV
the SPS and the RBSS techniques are developed for a CLG
SSM, and are compared with that of other particle smoothing
methods. Section V is devoted to comparing, in terms of
accuracy and computational effort, our FG-based smoothing
algorithms with the RBPS method developed in [20]. Finally,
some conclusions are offered in Section VI.

Notations: The probability density function (pdf) of a
random vector R evaluated at point r is denoted f(r);
N (r;ny, Cy) represents the pdf of a Gaussian random vector
R characterized by the mean 7, and covariance matrix C,
evaluated at point r; the precision (or weight) matrix associated
with the covariance matrix C, is denoted W, whereas the
transformed mean vector W, n, is denoted wy.

II. SYSTEM MODEL
In the following we focus on the discrete-time CLG SSM
described in [21], [22]. In brief, the SSM hidden state
in the [-th interval is represented by the D-dimensional
real vector x; £

[‘,L.O,lal'lylv"'v I'D*lyl]T; this is parti_
. . . . . . L
tioned in a) its Dy -dimensional linear component xl( ) &
L L L . : :
[:péJ),xEJ),...,:E(DL)_U]T and b) its Dy-dimensional non-

linear component Xl(N) = [x(()]\l]),a:(lj\lf), ...,x%}ifl l]T (with

Dp < D and Dy = D — Dy). The update equations of
the linear and nonlinear components are given by

L L N L L N L
and
N N N L N N N

respectively; here, fl(L) (x) (fl(N) (x)) is a time-varying Dy -
dimensional (D y-dimensional) real function, AZ(L)(XI(N))
(Al(N)(xl(N))) is a time-varying Dy x Dy (Dy x Dp) real

matrix and wl(L) (wl(N)) is the [-th element of the process
(N)
k

noise sequence {w,(f)} {w,"’'}), which consists of Djp-

dimensional (D py-dimensional) independent and identically
distributed (iid) noise vectors (statistical independence be-
tween {W](CL)} and {W](CN)} is also assumed for simplicity).
In the following Section we mainly focus on the so-called
fixed-interval smoothing problem [13]; this consists of com-
puting the sequence of posterior densities {f(x;|y1.T), ! =
1,2,...,T} (where T represents the length of the observation
interval), given a) the initial pdf f(x;) and b) the T - P-

dimensional measurement vector y1.r = [yi,y3, ...,y%]T,
where
N N L
Y12 Yo, Y10 - yp—14)" =hy (Xl( ))+Bz (Xl( )) Xl( )+ez,
3
with [ =1, 2, ..., T, is a P-dimensional vector collecting the

noisy observations available about x; in the [/-th interval. Here,
Bl(xl(N)) is a time-varying P x D, real matrix, h; (xl(N)) is
a time-varying P-dimensional real function and e; the [-th
element of the measurement noise sequence {ey} consisting
of P-dimensional iid noise vectors (all independent of both
{wi™M} and {w'"}).

III. A FG-BASED REPRESENTATION OF SMOOTHING

In this Section we formulate the computation of the
marginal smoothed density f(x;|y1.r) (with [ = 1,2,....T)
as a message passing algorithm over a specific FG for the
following two cases: C.1) a SSM whose statistical behavior
is characterized by the Markov model f(x;y1|x;) and the
observation model f(y;|x;); C.2) a SSM having the additional
property of being CLG (see the previous Section).

In case C.1 we take into consideration the joint pdf
f(xi,y1.7) in place of the posterior pdf f(x;|y1.7). This
choice is motivated by the fact that: a) the computation of the
former pdf can be easily formulated as a recursive message
passing algorithm over a proper FG, since, as shown below,
this involves only products and sums of products; b) the former
pdf, being proportional to the latter one, is represented by the
same FG (this issue is discussed in [23, Sec. II, p. 1297]).
Note that the validity of statement a) relies on the following
mathematical results: 1) the factorization (e.g., see [8, Sec. 3])

fuyer) = (ver %6 yia-n ) f (%6 yea-1)

= f(yer|x) f (%6, y1:0-1)) “)

for the pdf of interest; 2) the availability of recursive methods,
known as Bayesian filtering [2] (and called forward filtering,
FF, in the following for clarity) and backward information
filtering (BIF; e.g., see [8]) for computing the joint pdf
f(X1,¥1:0-1)) and the conditional pdf f(yu.r|x;), respec-
tively, for any [.

As far as FF is concerned, the formulation illustrated in [21,
Sec. 2] is adopted here; this consists of a measurement update
(MU) step followed by a time update (TU) step and assumes
the a priori knowledge of the pdf f(x;) for its initialization.
In the MU step of its I-th recursion (with [ = 1,2,...,T) the
joint pdf

fxuy1a) = F (xuyea-n) £ (yilx) (5)
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Fig. 1: Graphical representation of the message passing for the
evaluation of the joint pdf f(x;41,y1.;) and of the conditional
pdf f(yi.7|x;) on the basis of egs. (5)-(6) and (7)-(8), respec-
tively (the forward and backward message flows are indicated
by red and blue arrows, respectively)

is computed on the basis of pdf f(xl,ylz(l_l)), and the new
measurement vector y;. In the TU step, instead, the pdf
f (x1,¥1.1) (5) is exploited to compute the pdf

ﬂﬁﬂﬂuﬁi/ﬂMHkﬂﬂMJuWM, ®)

representing a prediction about the future state x;1.

A conceptually similar recursive procedure can be easily
developed for the (T" — I)-th recursion of BIF (with [ =T —
1,7 —2,...,1). In fact, this can be formulated as a TU step
followed by a MU step; these are expressed by

f (Yasnr %) = /f (Yasnr %1 f (%1 |x0) dxg
@)

and
fer =) = f (Yasor %) fy %), ®)

respectively. Note that this procedure requires the knowledge
of the pdf f(yr|xr) for its initialization (see (7)).

Egs. (5)-(8) show that each of the FF (or BIF) recursions
involves only products of pdfs and a sum (i.e., an integration)
of products. For this reason, based on the general rules about
graphical models illustrated in [23, Sect. II], such recursions
can be interpreted as specific instances of the SPA! applied to
the cycle free FG of Fig. 1 (where the simplified notation of
[23] is employed).

More specifically, it is easy to show that eqgs. (5) and (6)
can be seen as a SPA-based algorithm for forward message
passing over the FG shown in Fig. 1 (the flow of forward
messages is indicated by red arrows in the considered figure).
In fact, if the FG is fed by the message?

T?pr (Xl) £ f(xlvylz(l—l))a (9)

the forward message emerging from the equality node and
that passed along the edge associated with x;4; are given by

M a Forney-style FG, such a rule can be formulated as follows [23]: the
message emerging from a node f along some edge x is formed as the product
of f and all the incoming messages along all the edges that enter the node f
except x, summed over all the involved variables except x.

2In the following the acronyms bp, be, fp, fe and sm are employed in the
subscripts of various messages, so that readers can easily understand their
meaning; in fact, the messages these acronyms refer to represent a form
of backward prediction, backward estimation, forward prediction, forward
estimation and smoothing, respectively.

Mye (x1) = f(x1,y1:0) and f(Xiq1,¥1:0) = Myp (Xi41), re-
spectively [21], [22]. A similar interpretation can be provided
for egs. (7) and (8), which, however, can be reformulated as a
SPA-based algorithm for backward message passing over the
considered FG. In fact, if the input message

mpe (X141) 2 f (Y(nyr [Xi1) (10)

enters the FG along the half edge associated with x;; (the
flow of backward messages is indicated by blue arrows in Fig.
1), the backward message ﬁ%bp (x;) (emerging from the node
associated with the pdf f(x;41]x;)) is given by (see (7))

My (x1) = /ﬁlbe (x1) f (xi41 [x1) dxg

= /f(yu+1):T|Xl+1)f(Xl+1 Ix1) dx;

= f (yatr %) . (11

Therefore, the backward message emerging from the equality
node can be evaluated as (see (8) and (10))

£y ) gy () = £ (yi %) £ (Yarnyr %)

= [ (yir %) = Tpe (%) (12)

and this concludes our proof.

These results easily lead to the conclusion that, once the
forward and backward message passing algorithms illustrated
above have been carried out over the entire observation inter-
val, the smoothed pdf f (x;,y1.7) can be evaluated as (see
4), (9) and (12))

F(x,y1r) = gy (30) mpe (x1) (13)

with [ = 1,2, ..., T (note that 1. (x7) = 1 and Myp (X1) =
f(x1)) or, alternatively, as

f (X, y1r) = ige (1) Ty (X7) - (14)

It is worth noting that, despite the conceptual simplicity of the
procedure illustrated above, its implementation can represent
a formidable task, mainly because of the multidimensional
integration required in (6) and (7). This has motivated the
development of the so called Rao-Blackwellization approach,
according to which the state vector x; is partitioned in a
nonlinear component xl(N) and a linear component xl(L);

(V)

moreover, from a statistical viewpoint, X, is represented

through a set of weighted particles, whereas XZ(L) through
a set of a particle-dependent Gaussian pdfs (i.e., through a
Gaussian mixture, GM). In [21] and [22] it has been shown
that Rao-Blackwellized filtering can be seen as an instance of
the SPA applied to the FG we develop for case C.2; the new
FG is based not only on that analysed for case C.1, but also
on the idea of representing a mixed linear/nonlinear SSM as
the concatenation of two interacting sub-models, one referring
to the linear component of system state, the other one to its
nonlinear component [21]. For this reason, two distinct sub-
graphs are drawn, one referring to smoothing for xl(L) (under

(V)

the assumption that x; "’ is known), the other one to smoothing

for xl(N) (under the dual assumption that xl(L) is known). The

first (second) sub-graph can be easily obtained from the FG
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shown in Fig. 1 by including the contribution of a pseudo-
measurement, denoted zlL) (le)) computed on the basis of
the knowledge of x, (M) (x )) In fact, smoothing for the linear

component xl(L) can benefit not only from the measurement
y1, but also from the vector (see (2))

Zz(L) a (N) f(N) (XZ(N)) :AZ(N) (XZ(N)) (L) _,_W(N)’
15)
which, from a statistical viewpoint, is characterized by the pdf
f(z (L)| (L) (N)) Similarly, the vector (see (1))

Al( ) (Xz(N)) Xl(L) _ fl(L) (Xl( )) +WZ(L)’
(16)
characterized by the pdf f (zl(N)|x§N)), can be exploited in
smoothing for the nonlinear component xl(N). Then, the two
sub-graphs are merged by adding five distinct equality nodes,

associated with the shared variables (namely, y;, xl(L) xl(N),

(ﬂ and x; +1) This leads to the overall FG illustrated in Fig.
2, in which the sub-graph referring to the linear (nonlinear)
state component is identified by red (blue) lines, whereas the
equality nodes added to merge them are identified by black
lines. This graphical model deserves the following important

comments:

) & (1) -

« No approximation is made in deriving it.

o Its upper (lower) sub-graph contains an additional
node representing the pseudo-measurement pdf
7P <™y (@M xN) and a specific
node not referring to a pdf factorization, but representin

the transformation from the couple (XZ(N) xg +1)) to zl(L

((Xl(L) xl(f_)l) to le)) the last peculiarity is evidenced
by the presence of an arrow on all the edges connected
to such a node.

o Unlike the FG represented in Fig. 1, it is not cycle-free.
This property is due to the fact that, generally speakm%
smoothing for xl(N) is not decouplable from that for Xz ;
in other words, uncertainty in each component of system
state needs to be accounted for in the distribution of the
other state component.

Given the FG of Fig. 2, we would like to follow the
same line of reasoning as that illustrated for the graphical
model of Fig. 1. In particular, given the 1nput backward
(marginal) messa m (L)y & (L) (L)

g g%T%AxHJ Fyav v 2050y %051)

N
and mbe(xgﬂ) = fYasnr 2 El+)1):T’ xl(+1)), we are inter-
ested in deriving a BIF algorithm? based on this FG and gener-

ating the output backward (marginal) messages F@be(xl@)) =

Fyrer, 282, x5 and g (N ;Y

A (N)

) - f(YZ:Tvzl;T )y X) ) on
the basis of the available a priori information and the noisy
measurement y;. Note that, given the FG of of Flg 2, the
evaluation of the message ﬁzbe( (L )) ( mbe(xl )) requires
marginalization with respect to xl(N) (xl( ). It is well known
that, on the one hand, in cycle-free graphical models exact
marginalization can be accomplished by means of the SPA; on
the other hand, the application of the SPA to a graphical model
containing cycles unavoidably leads to approximate solutions

3FF based on this FG has been deeply investigated in [21] and [22] and,
for this reason, is not analysed here.

Fig. 2: Factor graph for case C.2. The sub-graph referring
to the linear (nonlinear) state component is identified by
red (blue) lines, whereas the equality nodes introduced to
merge the two sub-graphs by black lines. The d1rect10n of the

messages passed over the half edges xl(L) and Xz N) (inputs)

(L) (N)

141 and X1

and over the half edges x
by green arrows.

(outputs) is indicated

[24], whatever message scheduling is adopted. Despite this, we
believe that, like in the related problem of filtering for CLG
SSMs [21], [22], this approach can lead to the development of
accurate and computationally efficient smoothing algorithms,
as shown in the following Section.

IV. PARTICLE SMOOTHING AS MESSAGE PASSING

In this Section we first illustrate some assumptions about
the statistical properties of the SSM described in Section II.
Then, we develop the SPS and RBSS techniques. Finally, we
compare the most relevant features of these techniques with
those of the other RBPS algorithms available in the technical
literature.

A. Statistical properties of the considered SSM

Even if the graphical model shown in Fig. 2 can be
employed for any mixed linear/nonlinear system described
by egs. (1)-(3), the methods derived in this Section apply,
like MPF [17] and TF [21], to the specific class of CLG
SSMs. For this reason, followmg [21] [22] we assume that:
a) the process noise {wk } ({w }) is Gaussian and all its
elements have zero mean and covarlance C( ) (Cq(UN)) for any
[; b) the measurement noise {e,C } is Gaussian having zero
mean and covariance matrix C, for any [; c) all the above men-
tioned Gaussian processes are statistically independent. Under
these assumptions, the pdfs f(yl|xl(L),xl(N) f(zl(L)|xl(L))
and f(xl(_LF)1|X§L),xl(N)) are Gaussian with mean (covari-
ance matrix) Bl(x(N))x(L) +h; (xl(N)), Al(N) (xl(N)) xl(L) and

s

fl(L) (xl(N)) + Al(L (xl(N )xl(L), respectively (C, c™ and
c, respectively). Similarly, the pdfs f(zl(N)|xl(N)) and
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f ( X1 |Xz xl(L)) are Gaussian with mean (covariance ma-

trix) fl(L)( l(N)) and fl(N) (XZ(N)) + Al(N)(Xl(N)) xl(L), respec-
tively (CSDL) and CSUN), respectively).
B. Derivation of the particle serial smoother

In developing our first particle smoothing algorithm the
following fundamental requirements have been set to limit
its computational complexity as much as possible: 1) MPF
is employed in its (single) forward pass*; 2) the statistical
information generated by the BIF technique adopted in its
(single) backward pass can be easily combined with that
provided by MPF to generate the marginal smoothed densities
of interest; c) the estimates of both the linear component
and the nonlinear component are available at the end of the
backward pass and each of them is represented by a single
trajectory.

As far as the use of MPF is concerned, the following

notation is adopted here:

e The j-th particle predicted for xl(N) in the (I — 1)-
th recursion (with [ = 2,3,...,T) of this algorithm is
denoted x(/( (w1th j = O 1,..,N, — 1, where N,
is the overall number of partlcles) moreover, the weight
assigned to this particle is denoted w;,(;_1),; (this weight
is equal to 1/N, for any j, since the use of particle
resampling in each recursion is assumed).

o The weight computed for the particle Xl(j\él)fl),j in the
following (i.e., in the [-th) recursion on the basis of

the new measurement y; is denoted wy;; ; (with j =

0,1,...,N, — D).

o The j-th particle available after particle resampling based
on the weights {w;/; ;} is denoted xl(j\l[)j (note that the

set {xl(j\l[)J} usually contains multiple copies of the most
likely particles of the set {Xz(;\(rz)—l) i

o The Gaussian model predicted for xl(L) in the (I — 1)-

th recursion and associated with xl(%l)_l)j is denoted

N(x (L), 77;2)[ ],C(fp)l J) note, however, that only a por-
tion of these Gaussian models is usually updated in the
next (i.e., [-th) recursion on the basis of y;; in fact, this
task follows particle resampling, which typically leads to
disc]n’rding a fraction of the particles collected in the set
{Xz(/(z)—l),j}-
In the forward pass of the proposed SPS method, the
statistical information generated by MPF and saved for further
processing is conveyed by the forward messages

s () 26 (" —xid ) a7
and
s () 2N (sl el ) as)

with j = 0,1,...,N, — 1. Let us now focus on the back-
ward pass of the SPS algorithm and, in particular, tackle

4Note that TF can be employed in place of MPF in the forward pass
of RBSS. However, our computer simulations have evidenced that, in the
presence of strong measurement and/or process noise (like in the scenarios
considered in Section V), this choice does not provide any performance
improvement with respect to MPE.

the problems of a) developing a recursive BIF algorithm
based on the FG of Fig. 2 and b) merging the statistical
information it generates with those computed in the forward
pass (smoothing). The recursive algorithm we propose results
from the application of the SPA to the FG shown in Fig. 2
and is based on the message scheduling illustrated in Figs.
3-(a) and 3-(b), both referring to the (T" — I)-th recursion
(with i =T —1,T —2,...,1) and the j-th particle’ xl%)_nj
(with 5 = 0,1,..., N, — 1). The processing accomplished by
the SPS algorithm within the considered recursion can be
divided in three parts, that are executed serially (and this
motivates the presence of the adjective ‘serial’ in the name
of the devised smoothing algorithms). The first part, that
involves the computation of the messages illustrated in Fig. 3-
(a), concerns the linear state component since 1t generates the
particle-dependent statistical model mbe J(xl ) (conveying a
particle-dependent backward estimate of xl( ) and combines
it with the forward model ﬁ"prJ(xl(L)) on the basis of (13);

this results in the message M.y, ;(x;”’), conveying a particle-

dependent statistical model for the smoothed pdf of xl(L).
Note that the last message is expected to provide a more
refined statistical representation of xl(L) than 17 ¢, ; (xl(L)) or
;ﬁb& j (XZ(L)) alone; consequently, it can be profitably exploited
in the evaluation of new particle weights. This task is ac-
complished in the second part (see Fig.3-(b)), which mainly
concerns the nonlinear state component; in fact, in this part
the message® mpe ; (xl(N)) = Mam,; (xl(N)), conveying a new
weight for the particle x?%l_m, is computed on the basis of
the available measurements and pseudo-measurements, and of
the message msm,j(xl(L)). After running the first two parts
for all the avallable particles, the sets of smoothed messages
{Mmsm,j (Xz )} and {mgp, j(x Z(N))} are available; in the third
(and last) part of the SPS algorithm, these messages are
fused to generate an estimate of the marginal smoothed pdf
of x;. From Figs. 3-(a) and 3-(b) it can be also inferred
that the considered recurs1on is fed not only by the forward
messages mfp](xl )) (17) and Mpp.i (Xz ) (18), but also by
the particle-independent backward messages

— N) N)
Mpe (Xl(+1) = 5( X1 xl(76 l+1>

Ebe (Xl+1) 2N (Xl+17771(7£)l+1’ Cl(;i,)lﬂ) .
These messages have been generated in the previous (i.e., the
(T — 1 — 1)-th) recursion and provide statistical information
about the backward estimates of xl(ivl) and xl(ﬂ, respectively.
More spe01fically, as explamed in detail below, the messages
mbe(xH_l) (19) and mbe(xH_l) (20) convey the backward

estimate xggl) 41 (i.e., a single particle representation) of xl( +1)

(L)
I+1°

19)

and
(20)

and a (simplified) backward statistical representation of x

SNote that, similarly to MPF, most of the processing tasks which SPS
consists of can be formulated with reference to a single particle; this explains
why the notation adopted for most of the messages appearing in Fig. 3 includes
the subscript j, that represents the index of the particle (namely, the particle

%) (N) sthi ; :
X-1), ]) representing X, * within the considered recursion.

6The backward and the smoothed estimates coincide in this case since all
the message {mfp ;(x;" ')} convey a unit weight (see (17)).
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respectively. Consequently, in the (7' — [)-th recursion of
the SPS algorithm, the messages r%be(xl(m) and e (x (L))
must be also computed (see Fig. 3-(b)), so that they become
available to the next backward recursion; in practice, they are
generated rnergrng the statistical 1nf0rmat10n conveyed by the
sets {mbe](xl )} and {mbe](xl )} respectively.

Let us analyse now the three processing steps accomplished
in the first part of the SPS technique (see Fig. 3-(a)). The first
step aims at evaluating the Gaussian message

A (L))

L L L
g (xi) = NPt ch)), @1

representing a one-step backward prediction of the pdf of X(L)
evaluated on the basis of 7, (X, xN )) (17) and mbe(xl(f_)l)

(20). Note that, given xl(N () the random variable

= X-1),5
(L) . A(L) (L)

X,, 1 is generated by adding the output x,’ of a matrix

multiplication to the random vector f(f) + wl(L) (see (1)),
(L) a A(L) (N) (L) a (L) (N)

where A} A7 (x X} /(0-1).4 )adf £ (x X))/ 1)j).

Consequently, the precision matrix VV1 1,; and the transformed

(L)

mean vector wj g associated with the covariance matrix

CELZ) and the mean vector 77§ l)], respectively, can be easily

computed by applying eqgs. (IV6) (IV.8) of [23, Table 4,
p.1304] in their backward form (with A — Ip,, X —

Al(? (L) Z — xl(JLr)1 and ¥ — f(L) + wlL)) and, then,

egs. (111.5) (IIL6) of [23, Table 3, p.l304] (with A — AP

l,j
X — xl( )and Y — A( ) )); this results in

L o\ 7T L L
Wi, = (Al(,j)) P Wi AL 22)
and
L L T L L I
wih) = (Al{j)) [Plﬂwée,)“rl W, H WP )J ’
(23)
L L
where Wl(ve)l+1 (Cl(ve )l+1) P éLIDL *Wl(;i)z+1Hl+1,
Hyy, = (W( )+ Wbe)l+1) Lwik 2 (CSU)) and
@) s WD (D)

Wie 141 bed+1Mpei+1- The second step can be seen
as a MU for the linear state component. In fact, it aims
at generating the backward estlmate Mpe J(xl( )) by merging

the backward prediction m1 ](xl ) (21) with the Gaussian

messages 11 j(xl( )) and m4,] (xl(L)), that convey the avail-

able statistical information about the measurement y; and

the pseudo-measurement Zl(L), respectively, given XI(N) =

N N N .
Xl(/(l)—l),j and Xl(+1) = xl()e l)+1 Since

- L (L N L
mj( z( )) —f( )‘ 1/(1 1),5’ gel)—‘,—l) :5(21( _Zz(,j)>
(24)
where
L N N
O 2, 1 @

and fl(ij) = fl(N) (xl(;\él) 1),;)» the message M J(XI(L)) can be

easily evaluated as

)= [
(zl ) Mfp. (x(N)> dx(N)dzl(L)

:N( (1), A () C<N>>

l]’

<L) ’Xlu) Xl(N))

(26)
Moreover, this message can be put in the equivalent Gaussian
form

e (L) _ (L), (L) ~(L)

ma,j (Xz ) —N(Zz,j ’"2,l,jvcz,l,j>v

and the transformed mean

- associated with Cng3 and 77; z) , Tespectively, are

27)

where the precision matrix VV2 1
(L)

vector wy 1j
given by

Wi, = (A) WM, 28)
and

wi, = (A} ))TW“V 7", (29)

(N) (N) &
Xl/(l 1)j) and Wy’ £

(CSUN)) !, Similarly, the message m4’j (Xl(L ) is given by

) = [ (o e ) g ()

=N(yl;Bl,jx§ 'y, (30)

respectively; here, A(N) 2 AN

m477

where By; £ Bi(x{); , ;) and hy; £ hu(x(j) ) )); this

message can be also put in the equivalent Gaussian form

— L L), (L L
mq,j (Xz( )) *N< ( )7774(1 l)yCé(l,l?j)’

)

€2y

where the precision matrix W( . and the transformed mean

vector Wfl l)j associated with Cfl l) ; and 77[(1 l)], respectively, are

evaluated as

Wi = (Bi)" W.By, (32)
and
wi, = (Buy)" We (v~ huy), (33)
respectively, and W, £ C;! Given my J(xl )y @,
ma J(xl ) (27) and m47J( (L) ) (31), the message
’f%be,j (xl(L)) =N (XEL);néi;,j, Cgf’)l)j) (34)

can be computed by applying twice eqs. (Il.2) and (I1.4) of
[23, Table 2, p.1303] (referring to the computation of the
backward messages emerging from an equality node). This
produces the precision matrix

wi, = wiY

g 1,05

(L)
+ Wi+ Wi

L L
= (Al(,j)) PH‘lWI(Je,)H-l

(L)
Apj
T
+(Bi;)” WeBy;

T
+(af)) wiMay (35)
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(L) (1)
XX

—z{"

i (") i, (x7)

(L) (L) ()
XX 22y

(b)

Fig. 3: Representation of the message scheduling employed in the first part (a) and in the second part (b) of the (T' — {)-th
recursion of SPS backward processing. Blue, green and red arrows are employed to identify the input forward messages, the
input/output backward messages and the remaining messages, respectively.

and the transformed mean vector

L) & (D) (L)

(L)
be,l,j Wi T Way,

T Wa;

o\ 7" L
(Al(,j)) [Pl+1wl(76,)l+1

L L
_Wl(ye,)l+1Hl+1W7(vL)fl(,j)

M\ T L)
+ (Al,j)> WSUN)ZI(J
+(B;)" We (1 — i), (36)

associated with Cl()f)l j and 77155); i respectively. In the third

(and last) step, the messages 1 fp ; (xl(L)) and TTLbe’j (XI(L)) are
merged (see eq. (13)) to generate the Gaussian message

L L L L
o (42) = X (), 02, )

that conveys the smoothed information for the linear compo-
nent associated with the j-th particle. In this case, applying
again eqs. (I1.2) and (I1.4) of [23, Table 2, p.1303] produces
the precision matrix’

(37

ngr;z),l,j = (Cgfrg,l,j)_l = W;ﬁ?z,j + Wl(;?zj» (38)
and the transformed mean vector

W;Ln),l,j < Wifn),l,jngj;:z,l,j = W;I;,)l,j + ngg)l_] (39)
associated with Cg;) ,,; and nifn) 1,;» Tespectively (here,
Wiy 2 (Cl)y )7t and wip) s £ Wi ), ). Finally,

the message msm,j(xl(L)) (37) is passed to the second part of
the SPS algorithm, since it represents the final estimate of the

pdf of xl(L associated with the j-th particle.
TNote that mgm ;(x\7) = fnpe;(x2) and mgm;(x$)) =

Mp i (x;L)) should be assumed, since at the instant [ = 1 (! = T') only a

backward estimate (a forward prediction) is available for xl(L).

The processing accomplished in the second part of the SPS
technique can be divided in two steps (see Fig. 3-(b)). In
the first step, a new weight is computed for the j-th particle
on the basis of the following information: a) the backward
estimate xggl) 4y of xl(j_vl) (see Mbe (Xl(ivl)) (19); b) the pseudo-
measurement Zz( ); c) the measurement y;. For this reason,
the new overall weight W, ; for the j-th particle is expressed
as a product of three factors (see the lower part of the FG
shown in Fig. 3-(b)), i.e. as

(40)

Wi =wii; - w25 - Wau;,

where the weights wy;;, wa;; and w4 ; are related to
(N) () and respectively, and represent the mes-
Xpe,i+10 2 Y, respecuvely, p
“— — — .
sages ml,j(xl(N)), Mo, (Xl(N)) and my ; (xl(N)), respectively.
In practice, the weight wy ; ; is evaluated as

_ (N) | (L) ()
w1l —// f(xl_H X, ,xl/(lil)yj)
. T?Lbe (Xl(f1)> Msm,j (Xl(L)) Xm(L)Xm(fl)

(N) . (N) (N)\ _
:N(Xbe,l+1’771,l,j7cl,l,j) =

1
= Kl,l,j exp (—221,1’j> (41)
where Ky ; = (deet(Cgf\l]’)j))—DN/z, VAR, Hxl()]e\fl)+1
-0,
lwi,

N N) (N N
ng,l,)j = Al(,j )ngm?l,j + fl(,j )a 42)

T
el 2 aflel), (al) +c @)

and HXH%\, £ xTWx denotes the square of the norm of the
vector x with respect to the positive definite matrix W.
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The computation of the weight ws; ; requires the knowl-
edge of the Gaussian message
(N)
Cotl)

T?Lj (ZZ(N)) :N( l(N)aniAl[)Jv
(N)

that expresses the statistical knowledge acquired about z,
(16) on the basis of the messages mbe(xl +1) (20) and
M, (x4
of the message mJ( )
egs. (35)-(36)])

(44)

) (37) the mean vector and the covariance matrix
) (44) are evaluated as (see [21, p. 4,

N L L) (L
nil)g = l()e,)l+1 _Al(,j) im),z,ja (45)
and
o) & 0t - AWe, (aB)',  ao

respectively. Given the message mj(zl ) (44), wo, ; is

computed by correlating it with the pdf f(z N)|xl( /(l) 1 j)
(expressing our prior knowledge about zl( ) for the considered
particle), i.e. as

Woj = /%J (zl(N)> f (zl( )

Then, substituting r(w_lj(zl(N)) (44) in (47) yields, after some
manipulation,

«V)

(V)
X001 j) dz (47)

Wy = Koy exp (—;Zu,]) , (48)
where
22,1, £ ’n;l\z[)]HWg)J ‘ l(j)Hdi(uL) - H772 ! JHW(N) (49)
Koy = (2mdet(CLY), + CUY))~Pr/2,
wi =wi +wb), (50)
sy = Wo; + WP, (51)
W £ (000 and wll) 2 Wil

Finally, the welght wy,;,; s evaluated as

Wy,1,5 = /f YI‘XZ/U 1)J7Xl ))msm,j( (L)> Xm( )

1
=N (YIJ]M], C4Al])j) = Ky, exp <—2Z4,z,j

(52)

where Ky ; £ (ZWdet(Cg’)j))—P/{ Zy1j 2 i
)

s,
Yy 2Bl g, (53)
CiY) £ Bi;Cl) (Biy)" +Ce (54)

and WY 2 (C{))~1. Substituting the right-hand side
(RHS) of (41), (48) and (52) in (40) yields®

1
Wi = K jexp (QZl,j) , (55)
where
Kij = K- Kopj-Kapj (56)
and
Ziy & Ziig+ Zoag+ Z4 L=
_ (N) (N) (N)
= bee 1~ g W + HYZ M1, W
(L)
8 g, + 85 e = 52 -
(57)

It worth noting that: a) for a given SSM and under specific
operating conditions, the three weights wq;;, wo;; and
wy,; may not have the same importance; b) the weight
wy,;,; can be seen as the backward counterpart of the weight
w5 evaluated in FF. For these reasons, in some cases,
the computational load due to the evaluation of the overall
weight I¥; ; (40) might be substantially reduced by discarding
one of the weigths {wy;;,p = 1,2,4} and/or adopting
the approximation wy;; ~ wj/ ; with a limited impact on
estimation accuracy.

Once the whole set of weights {W ; } is available, its
normalization must be accomplished; this produces the final
(normalised) weight

Np—1

SEW Y Wi,

=0

Wsm,lﬂ' (58)

which is conveyed by the messages (see Fig. 3-(b))

N N N N
e () = e (367) = Woms 8 (5™ =i
9
for j=0,1,,...,N, — L.
In the second step the input messages
ﬁ@be (xl(N)) =4 (XZ(N) - xéf?) (60)
and - ; ; B
Mbe (Xl( )) :N( ( )777bel’Cl(7€l> (61)

for the next recursion are generated on the basis of the par-
ticle weights {Ws,,.1,; } (see (58)) and the particle-dependent
Gaussian messages {;?Lbe j(xl ) } (see (34)-(36)). The vector
xl()]evl) , appearing in the RHS of (60), represents the /-th element
of the estimated nonlinear state trajectory and is evaluated as

a weighted sum of the particles {x}j\él)_lm}, ie. as

Np—1

A (N)
AICD ST (I
7=0

(62)

80ur numerical results have evidenced that ignoring the factor K 1, in the
evaluation of the weights {W; ; } has a negligible impact on the performance
of the SPS algorithm for the SSMs considered in Section V. For, this reason,
this factor has been always set to one in our computer simulations.

)
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The evaluation of the mean vector 771%)1 and Cl(m)l’ appearing

in the RHS of (61), is based on the observation that: a) the
statistical presentation of XI(L) based on the sets {Wy, 1 }
(see (58)) and {ﬁzbeyj (xl(L)) } (see (34)) is expressed by a N,-
component order GM; b) any GM can be easily condensed in
a single Gaussian pdf by means of a simple transformation
preserving both the mean and the covariance matrix of the
GM itself (e.g., see [28, Sect. 4]). Adopting this transformation
leads us to evaluating néf)l (which represents the [-the element

of the estimated linear state trajectory) and Cgf)l as

(L)
é Z Wem.,5 e,

(63)

and

bel_ 2 :Wbmlﬁ belj

T
(L) (L) (L) (L)
+ Z Wam,i,j (nbelj ~ Tpe l) (”be,l,j - nbe,l) )
(64)

respectively.

The third (and final) part of the SPS algorithm aims at
generating its output, i.e. at computing an approximation of the
marginal smoothed pdfs of x;; this approximation is expressed
by

>) Msm.j (xl(L)) . (65)

Xl|Y1

Z Mesm,j (
(L)

where mp, j(x;”’) and mst(Xl )) are given by (37) and
(59), respectively; note that this formula has the typical

structure of Rao-Blackwellized approximations (e.g., see eq.
(11) in [20, p. 355, second column]).
After completing the evaluation of f (x;|y1.n) (65), the

(T' — I)-th recursion of the SPS technique is over. Then,
the recursion index [ is decreased by one; if it equals zero,
the backward pass is over, otherwise a new recursion starts.
It is important to point out that the first recursion of the
backward pass requires the knowledge of the input messages
Ebe(xg{v)) and TTLbe(x(TL)). Like in any particle smoothing
method employing BIF, the evaluation of these messages
is based on the statistical information generated in the last
recursion of FF. In particular, the above mentioned messages
are still expressed by (60) and (61) (with [ = T'). However,
in this case, we have that Xz()]eV)T is computed according to
(62) (with | = T), but using the FF weights {wg/7;}
in place of the smoothed weights {W,, ; ;}; similarly, the
parameters 77( ). and Clge)T appearing in (61) are evaluated
on the basis of formulas (63) and (64) but employing, in
place of the Gaussian messages {mbe ](xl )} (see (40)), the
messages {N (X(TL),n;?T 7,C(fi)T ;)} generated by the MU
for the linear state compbnent in the last (i.e., in the T-th)
recursion of FF.

The complete SPS technique is given in Algorithm 1.

Algorithm 1: Serial particle smoothing

1 Forward ﬁltering: Run the MPF algorithm for time
l=1,2,...,T. For each [, store

L L) N
{xl/(l 11 J(cp?l’j, C;p)l j}] 1; for I =T store

(L) Ny
{wT/TJ?nfe,T,j? fe,T,j}jzl' N

2 Initialisation of backward filtering: compute xée },
nsL ) and Ci-). according to (62), (63) and (64) (with

L
Wem,,j = wr/Tj, ?7!56 )T,_] = TI;e)Tj and

Céi)T ;=C fe’)T’ ; for any j), respectively.
3 Backward filtering and smoothing: For [ =

a- For j =1 to Np:

- Backward filter prediction (linear component only):
compute Wg l) ; and ngl) according to (22) and (23),
respectively;

- Backward measurement update (linear component
only): compute nge)l j and wéf)l ; according to (35)
and (36), respectlvely,

- Smoothing (linear state component only): compute

T—1to 1:

Wg;l)lj and ngn/l)’l’j according to (38) and (39),
respectively;

- Computation of particle weights (MU for the nonlinear
component only):

i) compute 77%7)] and ng\l[)] according to (42) and
(43), respectively;

ii) compute ngj
(51), respectively;

iii) compute 774(1];])] and Cg)] according to (53) and
(54), respectively;

iv) compute the j-th weight W, ; according to
(55)-(57) and store it.

b- Normalisation of particle weights: compute the
normalised weights {W,,; ;} according to (58) and
store them;

¢- Condensation of backward estimation messages:
compute Xz(;]evl) 7]155)[ and Cég_)l according to (62), (63)
and (64).

d- Generation of marginal smoothed densities: generate
an estimate of f (x;, |y1.n) according to (65).

(V)

and w, ;. according to (50) and

The SPS algorithm illustrated above deserves some addi-
tional comments, that are listed below:

1) The condensation of the sets of messages {1npe g (XZ(L))}
(see (34)) and {mb(, j (xl )} (see (59)) in the messages
mb@(xl ) (60) and mbe(xl(L)) (61), respectively, is
necessary to significantly mitigate the computational
requirements of BIF. In fact, merging the complete
statistical 1nformat10n provided by sets {mbe J(XZL))}
and {mm3 ](Xl )} with the forward messages repre-
sentmg xl 1 (namely, the messages {1, ](xl "))} and
{m p, j(xl 1)} respectively) would entail a computa-
tional load proportional to NN, 2

2) Given (65), the (pprox1mat10ns for the marginal
smoothed pdfs of x;”"” and x;™ are expressed by the
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particle-based model

F (3 yan) 2 Z mang () (66)
and the N,-component GM
f (Xl(”lyl:zv) Zl Wem.1.j Msm.j (Xl@)) ., (67)

respectively, and are both suitable to represent multi-
modal pdfs. From these formulas it is easily inferred

that the smoothed estimate of Xl(N) is given by xglevl)
(L) (L) ha

(62), whereas the smoothed estimate x_, ', of x; has
to be evaluated as
Np—1
(L) _ (L)
Xsm,l - Z WS"L’ZJ nsm,l,j’ (68)
=0

(L)

where the mean vector Nsm.l,j

of (38) and (39).

Our final comment concerns the smoothing of the linear
state component and has been inspired by the considerations
illustrated in [20, Par. IV-D], where it is stressed that in
Rao-Blackwellized methods the statistics for the linear state
component need to be computed conditionally on the consid-
ered nonlinear state trajectory. As a matter of fact, our SPS
algorithm generates a single estimate of the nonlinear state
trajectory in its backward pass; however, the statistical models
for the linear state components associated with this trajectory
(see Mipe (xl(L)) (61) and f(ng)|y1;N) (67)) do not satisfy the
above mentioned condition (since they do not really refer to a
specific nonlinear state trajectory). This suggests that, once the
SPS algorithm has been carried out, more refined statistics for
the linear state component can be computed by accomplishing
Kalman smoothing (KS) on the linear state component, under
the assumption that the nonlinear state component is known
over the entire observation interval. In practice, this requires:

is computed on the basis

1) Carrying out a new forward pass followed by a new
backward pass; the first (second) pass produces a single
Gaussian message T?pr(xl(L)) = N(x (L),n;p)l,cgflz;)l)

(mpe(x;")) —N( () 7771(75);’01,6 ) forl=2,..,T (I=
T-1,T-2,.,1).

2) Merging n‘ifp(xl(L)) and ;7_11)8( Z(L)) in the mes-
sage mon(x) = NP G, wit
I = 21,7 — 1 (man(x?) = fape(x?) and
msm(ng)) = ﬁ'zfp(xgpL)) are assumed) on the basis of

(L)

sl 1S available

(38)-(39), so that a new final estimate 7

for xl(L).

We believe that, even if this procedure is conceptually
appealing, the improvement it may provide in the estimation
accuracy for the linear state component is influenced by a)
the number of modes of the density of xl(L) (since the adopted
unimodal model for this state component might provide a poor
statistical representation of it) and b) the presence of large
errors, at specific instants, in the estimated nonlinear state
trajectory. As a matter of fact, in our computer simulations no

improvement has been found in the estimation accuracy for
the specific SSMs considered in Section V.

C. Derivation of the Rao-Blackwellized serial smoother

The backward processing in the SPS algorithm has been
explicitly devised for estimating the marginal smoothing den-
sities {f(x;|y1.7)}; however, the structure of its recursion
can be easily modified to generate, like in the RBPS method
proposed in [20], M (equally likely) nonlinear state trajec-
tories, that jointly provide a point mass approximation of
the joint smoothing pdf f (x%{p|y1;T). In practice, this result
can be achieved accomplishing: 1) a single forward pass
(MPF); 2) M distinct backward passes, each generating a
new trajectory for the nonlinear state component; 3) KS for
each of the M nonlinear state trajectories, in order to estimate
the associated linear state trajectories. As far as the second
point is concerned, the recursive filtering algorithm we adopt
in each backward pass is obtained by incorporating a particle
sampling mechanism in the BIF of the SPS technique; this
modification is due to the fact that the nonlinear state trajectory
{xlgjevl),l = 1,2,...,T} generated in the backward pass of
the new particle smoother (called RBSS in the following)
consists entirely of particles generated in the forward pass
and not of a linear combination of them, like in the SPS
algorithm (see (62)). Consequently, the first change we make
in the SPS algorithm concerns the algorithm initialization
(see step 2) of Algorithm 1); in fact, in the RBSS tech-

nique the input messages feeding the first backward recursion
(N) (N)

are expressed by mp.(x\V)) 2 5(x{V) — Xp)(r-1).4,) and
(L) (L), (L) (L) (N)
e (x0)) 2 N (x4 iNpetir Crerjp)> Where Xy o

denotes the particle drawn from the particle set {x(TA/T(Til)’j}
on the basis of the associated weights {w7,7 ;} (generated
by the MPF MU for the nonlinear state component in its
final recursion), whereas ﬁzbe(x%)) represents the Gaussian
model associated with this particle (and generated by the MPF
MU for the linear state component in its final recursion). The
other modifications refer to step 3)-c) of Algorithm 1, which is
replaced by the following two tasks: 1) drawmg a new sample,
denoted xl(;\él) 1),;+ from the particle set {Xz J-1), ;1 on the
basis of the partlcle weights {W,,1.; } (see (58)) 2) setting
x{20) = x{), and (10, CL) = (), CLE) )
The backwardj pass is followed by KS; this aims at com-
puting the statistics for the linear state component only and
involves a new forward pass, which is carried out under
the assumption that the nonlinear state component is known;

this generates a new couple (nﬁ)l, Cﬁp)l) for any . Finally,

similarly to [20], the smoothed covariance Cian)l and the
(L) ’

sm, are evaluated on the basis of (38) and

(39), respectively (note also that the final estimate of xl(L) is

smoothed mean 7

expressed by 7722 -

The complete RBSS technique is given in Algorithm 2,
where, for simplicity, the generation of a single trajectory is
considered.

D. Comparison of the SPS and RBSS algorithms with other
RBPS methods

In this Paragraph the SPS and the RBSS techniques devised

in the previous two Paragraphs are compared with the other
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Algorithm 2: Rao-Blackwellized serial smoothing

1 Forward filtering: Run step 1) of Algorithm 1.

2 Initialisation of backward filtering: draw a particle,

denoted XEF /ET .jr , from the particle set {XT /(T—1), J}

on the basis of the partlcle weights {wp,7 ;}; then, set

(L) (L) (L) (L)
Mye,r = Nferr,jp N Cplp = Cplip s

3 Backward filtering and smoothing: For [ =
a- For j =1 to Ny:
- Backward information filtering and smoothing: Run all
the steps listed at points 3)-a) and 3)-b) of Algorithm 1.
b- Computation of backward estimation messages: draw
a particle denoted x}j\él) 1,500 from the particle set

and store them.
T—1to1:

{Xz J(1-1),) -} on the basis of the particle weights
L L
{V(I/E;n,ld},@tl)len, set nl(,(,)l = née)l j, and
Coer = Cc, v
4 Linear state smoothing: For [ =1 to T
a- Run a Kalman filter for the linear state component,
conditionally on the nonlinear trajectory selected in step
3) and store the (predlcted mean and covariance, i.e. the
L
couple ( n;p)l, fpl
b- Compute the smoothed covariance Cgﬁf , and the

smoothed mean n(m) , on the basis of (38) and (39),
respectively.

RBPS algorithms available in the literature, namely with the
particle smoothers proposed by Briers et al. in [13, Sec. 4, p.
75], by Fong et al. [14] and by Lindsten et al. [20] (these al-
gorithms are denoted Alg-B, Alg-F and Alg-L, respectively, to
ease reading of the remaining part of this manuscript). Despite
their substantially different structures, the last three algorithms
share the following relevant features: 1) the computation of an
estimate of the joint smoothing density f(x1.7|y1.7); 2) the
reuse of the FF particles and weights; 3) the use of resampling
in the generation of backward trajectories; 4) the exploitation
of Kalman techniques for the linear state component. In the
following we provide some details about these features, so that
some important differences between such techniques and the
SPS/RBSS algorithms can be easily identified.

The first feature refers to the fact that these techniques aim
at generating realizations from the complete joint smoothing
pdf f(x1.7|y1.7). Each realization consists of a) a trajectory
(i.e., a set of T particles, one for each observation instant)
for the nonlinear state component and a set of 7' Gaussian
pdfs (one for each observation instant) in Alg-B and Alg-
L, or b) a trajectory for the entire state in Alg-F (since a
particle-based representation is adopted for the linear state
component too). This approach provides the following relevant
advantage: any marginal smoothing density (like those we are
interested in) can be easily obtained from the joint density
by marginalization (i.e., by discarding the particle sets and
the associated Gaussian densities that refer to the instants
we are not interested in). This benefit, however, is obtained
at the price of a substantial computational complexity in all
cases. In fact, backward filtering and smoothing in Alg-F and

Alg-L require to be re-run M times, if M realizations of
f(x1.7|y1.7) are needed; luckily, the processing accomplished
in each run reuses all the particles and the weights computed
in the forward pass. On the contrary, a single backward pass is
accomplished in the algorithm derived in Alg-B ; in this pass,
however, the generation of a new set of weighted particles and
Gaussian densities (representing the nonlinear state component
and the linear state component, respectively) is carried out.

The second feature concerns the fact that the particles
and the associated weights generated in the forward pass are
reused in the backward pass, even if in different ways. More
specifically, in the backward pass of the RPBS techniques of
Alg-F and Alg-L, particles are re-weighted; moreover, each
new weight is evaluated as the product of the weight computed
in the forward pass for the considered particle with a new
weight generated on the basis of backward statistics (see, in
particular, the particle smoothing task of Algorithm 4 in [14,
p. 443] and step 3)-b)-ii) of Algorithm 1 in [20, p. 357]). On
the one hand, the reuse, in the backward pass, of the particles
generated in the forward pass greatly simplifies BIF. On the
other hand, it places a strong constraint on the support of
each of the pdfs computed for nonlinear state component;
in fact, such a support is restricted to that identified for
the predicted/filtered pdfs in the forward pass’. This is the
reason why Alg-B includes an algorithm for generating, in
its backward pass, new particles, which are independent of
those computed in the forward pass. The price to be paid for
this, however, is represented by the additional computational
load due to 1) particle generation in the backward pass and 2)
the complexity of the processing required for fusing forward
and backward particles (and their associated weights) in the
computation of smoothed densities (see, in particular, [13, Par.
4.1.2, p. 80)).

As far as the third feature is concerned, it is worth men-
tioning that the use of resampling in Alg-F and Alg-L is
substantially different from that of Alg-B. In fact, in the first
case, resampling is applied to the particle set produced in the
TU of each recursion of the forward pass when generating a
new trajectory in a backward pass; this is motivated by the
fact that the mechanism of particle selection can benefit from
more refined statistical information, since the new weights
generated in the backward pass for the available particle set
are expected to be more reliable than those computed in the
forward pass. On the contrary, in the second case, resampling
is applied to the new particle set generated in each recursion
of the backward pass, exactly like in the forward pass.

Finally, the fourth feature concerns the exploitation of
Kalman techniques and, in particular, of KS for the linear
state component in the considered RBPS algorithms. Note,
however, that a different use of these standard tools is made
in the considered manuscripts. In fact, on the one hand, in
Alg-B and Alg-F, smoothing for linear state component is
accomplished within the backward pass and exploits the statis-
tical information about the linear state component generated
by Rao-Blackwellized filtering in the forward pass. On the
other hand, in Alg-L the backward pass aims at generating

9Note that this occurs in the SPS and in the RBSS techniques too.
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a trajectory for the nonlinear state component only. For this
reason, in this case, an additional forward pass for the linear
state component only is accomplished, under the assumption
that the nonlinear state trajectory is known, after that the
backward pass has been completed; finally, KS is carried out
to merge forward and backward information, as illustrated at
the end of the previous Paragraph.

Let us now focus on the similarity of the proposed SPS
technique with Alg-B, Alg-F and Alg-L in terms of the four
features illustrated above. The SPS algorithm shares feature
4) and part of feature 2) with the other RBPS techniques; in
fact, it reuses the FF particles, but not their weights (unless
the weight wy ; ; (52) is replaced by the MPF weight wy; ;,
as suggested in Paragraph IV-B). It does not share, however,
features 1) and 3); this makes it much faster than Alg-B, Alg-F
and Alg-L in the computation of marginal smoothed densities,
since both resampling and the generation of multiple trajecto-
ries or new particles in the backward pass are time consuming
tasks. In fact, the computational complexity associated with
the computation of marginal smoothed densities is of order
O(N,TM) for Alg-F and Alg-L, of order O(NT') for Alg-
B'?; on the contrary, the computational complexity for the SPS
technique is of order O(N,T) only.

The RBSS technique deserves different comments, since it
is structurally very similar to Alg-F and, consequently, its
complexity is also of order O(N,TM). In fact, the main
difference between these two algorithms is related to the
computation of particle weights in the backward pass. More
specifically, in Alg-F, the evaluation of the weight for the j-th
particle is not based on (40) (and, consequently, on (55)-(57)),
but on the formula (see step b)-ii) of Algorithm 1 in [20, p.
357])

i 7\ Y2 1
Wi =w) Z] det (At) exp (=gl ). (©69)

Here, wZ corresponds to wy; ; (i.e., it represents the j-th
particle weight computed in the MPF MU for the nonlinear
state component and, consequently, depends on y;), whereas
the remaining factors appearing in the RHS of the last equation
are related to the statistical information about xl(L) generated
in both the forward pass and the backward pass, and to the
pseudo-measurements. More specifically, it can be shown that
(analytical details are omitted here for space limitations):
o The product det(A?)~/2 exp(—n! /2) appearing in the
RHS of (69) quantifies the correlation between the Gaus-

sian pdfs representing xl(L), conditioned on xl(N) =
(N)

X1/(1-1),5°
pass (] is expressed by the sum of three terms, a
scalar product and two squared non Euclidean norms;
see eq. (21a) of [20, p. 357]). Note, however, that these
Gaussian pdfs are not expressed by n"ifp,j(xl(L)) (18)

and sze(xl@)) (61). In fact, on the hand, the Gaussian

in the forward pass and in the backward

10The dependence on Ng is due to the fact that the particles generated in
the backward pass are different from those of the forward pass; this makes the
evaluation of the marginal densities, that requires merging all the statistical
information emerging from both passes (see [13, Par. 4.1.2, p. 80]) for further
details), computationally intensive.

pdf referring to the [-th recursion of the forward pass
(represented by N(ZZ;ZZJ/Z,PZJ/I); see eq. (11) of [20, p.
355])) is not that predicted in the previous recursion for
the j-th particle, but is that generated in the MU of
the I-th recursion on the basis of 7is, ; (xl(L)) and y;;
on the other end, the Gaussian pdf referring to the [-th
recursion of the backward pass is not influenced, unlike
A (L) . . )
mbe(Xl ), by the measurement y; (the precision matrix
and transformed mean vector for this Gaussian pdf are
denoted €2; and )\;, respectively; see eqgs. (33b) and (33c)
0&)[20, p- 358]), but only by the pseudo-measurement
zZ
. Ifl the notation of the algorithms developed in this
manuscript is adopted, the factor Z] appearing in the
RHS of (69) can be expressed as'! (see eq. (33a) of [20,
p. 358])

) —1/2
76 = (a0t [WiB + W) e () |

(70)
where
I XL W L
2 (wil) D~ [wib,
Wil k) ‘Q[Wéf.,l+1+w£%>}“ (71)

Consequently, the quantity Zf (70) depends on both the
pseudo-measurement Zz(,I;) (24) and on the statistics of the

backward estimate for the linear state component x\D

1+1
(namely, on Wéﬁ)lﬂand Wl()f)lJrl)’ but it is not influenced
by the statistics computed in the forward pass for that

component.

Finally, it is worth stressing that Alg-B and Alg-F apply
to a mixed linear/nonlinear SSM whose state equation for the
nonlinear component (see (1)) does contain the nonlinear term
£ (x)) (see [13, Sec. 4, p. 75] and [14, Sec. 4, p. 441]);
consequently, the only alternative method applicable to the
SSM described by (1)-(3) in its complete form is represented
by Alg-L.

V. NUMERICAL RESULTS

In this Section the SPS and RBSS algorithms are compared,
in terms of accuracy and computational load, for two specific
SSMs with a) the RBPS developed in [20] (i.e., Alg-L) and b)
MPF. As far as our comparison with MPF is concerned, it is
worth remembering that, in principle, SMC filtering algorithms
should be able to generate a point mass approximation of the
joint smoothing pdf f (x(lf\;)|y1:T) (and, consequently, of all
its marginals); this would make backward filtering useless.
Unluckily, SMC filtering techniques suffer from the so called
degeneracy problem (e.g., see [13, Par. 1.3] and [29, Sec. 4]),

Particle-independent factors are omitted in the following formula for
simplicity.
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so that their approximation of the above mentioned pdf is
extremely poor for large T

The first SSM (denoted SSM #1 in the following) we con-
sider in our simulations refers to an agent node (represented
as a rigid body) that randomly moves on a plane and whose
state x; in the [-th observation interval is defined as

x = v}, pi ", (72)

where v; £ [Vg.1, vy,l]T and p; £ [px,l,pyl]T represent the
target velocity and its position, respectively (their components
are expressed in m/s and in m, respectively). As far as the state
update equations are concerned, we assume that the target ve-
locity is approximately constant within each sampling interval
and its evolution is described by the first-order autoregressive
model

vigr =pvi+ (1 —p)ny,,, (73)

where p is a real parameter (with 0 < p < 1), n,; is an
additive Gaussian noise (AGN) vector characterized by the
covariance matrix I>. Consequently, the dynamic model

=p+v;-Ts+ny (74)

Pi+1

can be employed for target position; here, T is the sampling
interval, and n,; is an AGN vector characterized by the
covariance matrix 0512 and accounting for model inaccuracy.
We also assume that noisy and unbiased measurements are
available for both velocity and position; therefore, the mea-
surement vector y; can be expressed as

Y =X+ e, (75)

where ¢, = [e Zl, ZI]T and e, (ep,) is an AGN vector
characterized by the covariance matrix O’ w12 (0 Ig) As it
can be easily inferred from (73)-(75), the first model we
are considering is linear and Gaussian. Our interest in it is
motivated by the fact that an optimal algorithm, namely KS
[1], can be employed in this case and that its mean square error
(MSE) performance represents a lower bound for any particle
smoother applied to SSM #1. In our work, the state vector
x; (72) has been artificially partitioned, setting XI(L) = v
and x( ) = p; (this choice is made for our second SSM
t00). Consequently, the state equation (73) ((74)) can been
interpreted as an instance of (1) ((2)), with Al(L) (xl(N)) =1,

f(L)( (N ) = 027 and Wl(L) = n,; (with Al(N)(xl(N)) =
T.I,, f(N)( (N)) = (N) and WZ(N) = n,;); moreover,

comparing the measurement equation (75) with (3) leads easily
to the conclusion that h; (XZ(N)) = 04,1 and Bl(xl(N)) =1
for the considered SSM.

The second SSM (denoted SSM #2 in the following) is
obtained from the first one by simply introducing in its
dynamic model the contribution of the acceleration

a (p1) = —ao : )

IPall 1+ (|[pel /do)?
exhibiting a nonlinear dependence on p;, and representing the
effect of a force applied to the target and pointing towards
the origin of our reference system; here, ag is a scale factor
(expressed in m/s2), whereas d is a (small) reference distance
that prevents the magnitude of acceleration from diverging

(76)

if the target approaches the origin of our reference system
(note that the magnitude of a; (p;) (76) is approximately
proportional to le|\_2). Consequently, the new state update
equations are obtained by adding the new nonlinear terms
Ta;(p;) and (T7?/2)a;(p;)) to the RHSs of (73) and (74),
respectively. This entails that, as far as eqs. (1) and (2) are
concerned, the only changes with respect to SSM #1 are

represented by the functions fl(L)( Z(N)) and f(N)( l(N)) re-

spectively; in fact, now we have that f| (L)( (N ) Tsay(x (N))
and fl(N) (xl(N)) = xl(N) — (T?/2)a(x, (v )) On the contrary,
no change is required for the measurement model.

In our computer simulations, our assessment of state esti-
mation accuracy is based on the evaluation of two root MSEs
(RMSEs), one (denoted RM SEy(alg), where ‘alg’ denotes
the algorithm this parameter refers to) referring to the nonlin-
ear state component, the other one (denoted RM SE (alg)) to
the linear state component; note that each of these parameters
represents the square root of the average MSE evaluated for the
elements of the state component it refers to. Our assessment
of computational requirements is based, instead, on assessing
the average computation time required for processing a single
block of measurements (this quantity is denoted CTB in the
following). In all the simulations the following choices have
been always made: a) 7' = 200 has been selected for the
length of the observation interval; b) unless differently stated,
M = 100 has been chosen for the number of trajectories gen-
erated by the RBSS algorithm and Alg-L (note that M < IV,
is recommended in [15]).

In our computer simulations, unless differently stated, the
following values have been selected for the parameters of the
considered SSMs: SSM #1 - T, = 1072 s, p = 0.99, op =
1072 m, 0, = 1072 m/s, 0ep, = 0.1 mJs, Oep = 0.1 m,

= [1072 m/s, 1072 m/s], pg = [0, 0]; SSM #2 - T' = 102
s, p=20.995, 0,=10"2?m, 0, =5-1073 m/s Oep = 5-1072
m/s, agp—510 2m, vy = [1072 m/s, 1072 m/s], pg = [1072
m, 1072m], ag = 0.5 m/s% and dy = 1072 m

Given the parameters listed above, RMSEL(KF) =
0.02898 and RM SE(KS) = 0.0222 have been obtained for
Kalman filtering (KF) and KS, respectively; this means that
KS roughly provides a 25% improvement in state estimation
accuracy with respect to KF. Moreover, it has been found
that, on the one hand, even for small values of N, (say,
N, > 10), the accuracy of considered particle-based filtering
(smoothing) algorithms is very close to that of KF (KS) in
terms of RM SEL; on the other hand, a significant number of
particles is required to closely approach the performance of
Kalman algorithms in terms of RM SEy. The last conclusion
is easily inferred from Fig. 4, that shows!? the dependence of
RMSEN on the number of particles (IN,) for MPF and for
the three considered smoothing algorithms (the two horizontal
lines represent the RMSEs achieved by KF and KS); note that
two RMSEN curves are shown for Alg-L, one referring to
the case M = 100, the other one to the case M = N,,. These
results also lead to the conclusion that:

21n these and in the following figures simulation results are identified by
markers, whereas continuous lines are drawn to ease reading.
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1) A small improvement in the estimation accuracy of all
the considered algorithms is achieved for IV, > 200.

2) The MPF and the SPS algorithm closely approach KF
and KS accuracy, respectively, as IV, increases.

3) Even if the RBSS algorithm and Alg-L provide by far
richer statistical information than the SPS algorithm,
they achieve slightly better accuracy in state estimation
for N, < 300, despite their substantially larger computa-
tional load. Moreover, for N, > 300 the SPS algorithm
performs slightly better than the RBSS algorithm and
Alg-L if M = 100 is set; this is due to the fact the
overall number of trajectories generated by the last two
algorithms is not allowed to increase with INV,,. In fact, a
further improvement in their accuracy can be achieved
by increasing M proportionally to NV,; this is evidenced
by the trend of the RMSEN curve provided for Alg-
L with M = N,. Unluckily, this result is achieved at
the price of a substantial increase in the computational
load. For instance, the CTB of the Alg-L with M = N,,
is roughly 2, 3, 4 and 5 times larger than that of the
Alg-L with M = 100 for N, = 200, 300, 400 and 500,
respectively.

Further numerical results (not shown here for space limita-
tions) have also evidenced that: a) as [V, increases, the particle-
based representation f (pily1.nv) (see (66)) of the pdf of xl(N)
closely approaches the Gaussian pdf computed by KF; b) the
RMSE improvement provided by the considered smoothing
algorithms over MPF is mainly related to its ‘peak shaving’
effect in state estimation error (in other words, the amplitude
of the spikes appearing in the state estimation error at the end
of the forward pass are substantially reduced by smoothing; c)
a minor degradation in the estimation accuracy of the SPS and
RBSS algorithms is found if wy;; = wy; and we; = 1
are set in formula (40) to reduce the computational effort!?
required by the evaluation of the particle weights {W; ;}
(consequently, only the weight w; ; ; (41) has to be computed
in BIF; note that this requires computing the inverse of the
matrix CEA{)] (43) only). As far the last point is concerned, it is
also worth stressing that the little relevance of the weight wo ; ;
is due to the fact that the correlation appearing in the RHS of
(47) exhibits a weak dependence on the selected particle in the
presence of strong process noise for the linear state component
(i.e., when o, is large in this case).

All the conclusions illustrated above are also supported by
the performance results in Fig. 5, that shows the dependence of
RMSFEy (blue lines) and RM SFEy, (red lines) on the number
of particles (N,) for SSM #2. In particular, it is interesting to
note that, even in this case, all the RM SE, curves are flat,
whereas the RMSE N curves achieve a floor as [V, increases.
Moreover, the accuracy gap between the SPS algorithm and the
RBSS algorithm (or Alg-L) is really small, despite the fact they
have substantially different computational requirements. This
can be easily inferred from Fig. 6, that shows the dependence
of the CTB on the number of particles (/V,) for all the
considered algorithms. In particular, these results show that:

13This approximation can be adopted in the RBSS algorithm too; the
resulting technique is called simplified RBSS (SBRSS) in the following.
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Fig. 41 RMSEN performance versus N, for SSM #1; MPF,
SPS, RBSS and Alg-L are considered.
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Fig. 5: RMSE performance versus [V, for the linear state
component (RMSFEy) and the nonlinear state component
(RMSEy) for SSM #2; MPF, SPS, RBSS and Alg-L are
considered.

1) The accuracy improvement of SPS over MPF is obtained
at the price of a limited increase in computational com-
plexity (the SPS and the MPF algorithms have similar

computational requirements); )
2) The CTB gap between Alg-L (or the RBSS algorithm)

and the SPS algorithm is significant (for instance, the
computation time of Alg-L is about 50 times larger than
that of SPS for IV,, = 100).

3) The RBSS and its simplified version (SRBSS) have
larger computational requirements than Alg-L for the
considered SSM, despite the fact that the evaluation
of the weights for SRBSS is based on a substantially
simpler formula than that employed for Alg-L. This
gap can be related to the slightly different processing
accomplished for the linear state component (see the
last part of Paragraph IV-D).

In our work the dependence of RMSE;, and RMSEN on
the intensity of the measurement noise has been also analysed.
Our results (not illustrated here for space limitations) show
that the performance gap between MPF and all the considered
smoothing gets larger as o, increases; this is due to the fact
that a stronger measurement noise results in a poorer quality
of the statistical information generated in the forward pass,
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Fig. 6: CTB versus N, for SSM #2; MPF, SPS, RBSS, SRBSS
and Alg-L are considered.

and this impairs more and more the estimation process in the
backward pass.

VI. CONCLUSIONS

In this manuscript the smoothing problem for SSMs has
been analysed from a FG perspective. This has allowed us
to devise two new particle smoothing algorithms for CLG
SSMs. The first algorithm, dubbed SPS, generates estimates
of the marginal smoothing densities at a limited computational
cost. Moreover, as evidenced by our computer simulations
for specific SSMs, its accuracy is similar to that achieved by
the second algorithm, dubbed RBSS. The RBSS technique,
however, generates an estimate of the joint smoothing pdf for
the entire observation interval; in addition, its accuracy in state
estimation and computational costs are comparable with those
of the RBPS algorithm recently proposed by Lindsten et al.
in [20].

Our future work concerns the application of FG methods to
the problems of filtering and smoothing for other classes of
SSMs.
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