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Abstract. The paper addresses the state estimation in the factorized form. The target application area is the urban
traffic control, where the main controlled variables (queues) are not directly observable and have to be estimated.
Additional problem is that some state variables are of a discrete-valued nature. Thus, estimation of mixed-type data
(continuous and discrete valued) models is highly desirable. Factorized state estimation is a potential solution of this
problem. The underlying methodology is Bayesian filtering. Factorized version of the filter is obtained by applying
the chain rule to the state-space model. The general solution represents the recursive entry-wise performance of
data updating and time updating steps. Application of the solution to linear Gaussian state-space models gives the
factorized Kalman filter.

1 INTRODUCTION

The urban traffic systems are overloaded almost everywhere: modern, powerful cars move slowly and inefficiently
through towns within permanently extending peak hours. Adequate extension of traffic network is expensive and
often impossible, especially in historical towns. It calls for exploiting all available means starting from economical
pressure, various regulative measures up to exploitation of modern, ideally adaptive, feedback control. One of the
main controlled variables in traffic systems is a queue length, which expresses the optimality of a traffic network
most adequately. It is directly unobserved and, therefore, has to be estimated. At the same time, other state variables
are of a discrete-valued nature. Thus, estimation of mixed-type data (continuous and discrete valued) models is
highly desirable. A potential solution to this problem calls for a factorized version of the state estimator (filter),
which allows to model the entries of the state individually. In this way, the haskto obtain the estimates of the
individual time-varying state factois addressed in the paper.

In Bayesian methodology, adopted in the paper, the factorized version of the filter is obtained by applying chain
rule to the state-space model. The problem was already solved for a degenerate case of time-invariant state, which
coincides with parameter estimation [1]. The obtained results indicated a chance to update posterior probability
density functions in the entry-wise manner.

The state of the art of the problem includes a series of research in the field. Most works found are devoted to
factorization of well-known Kalman filter [2]. Despite the variety of the research at this area, the global aim of
majority of these works is reduction of the computational complexity with the help of lesser rank of the covariance
matrix, but not the obtaining of the estimates of the individual state entries, which is the aim of the present work. For
example, the work [3] deals with factorization of the covariance matrix in Kalman filter, where the covariance matrix
was decomposed with the help of square root factorization. (JRefactorized filter and smoother algorithms for
use on linear time-varying discrete-time problems, that can handle the general case of a singular state transition
matrix, are discussed in [4]. THeE D-factorization of Kalman filter for the multi-sensor data fusion is presented
in [5]. Another work, devoted to th& D-factorized covariance filter application, is concerned with development
of a connected element interferometer [6]. The method for particle filtering, which factorizes the likelihood, was
proposed in [7]. It considers the problem, when the state space can be partitioned in groups of random variables,
whose likelihood can be independently evaluated.

As regards the nonlinear estimation, the following research works should be noted here. The square root form
of unscented Kalman filter (UKF) for the state and parameter estimation, which, in its turn, was proposed as an
alternative to the extended Kalman filter, used for nonlinear estimation, is described in [8]. This square-root UKF
has better numerical properties and guarantees positive semi-definiteness of the underlying state covariance.

The factorization of the covariance matrices is also used in problems of systems classification, dealing with
multivariate Gaussian random field [9].

The problem of filtering with Gaussian models can be also considered with the help of dynamic Bayesian networks
[10]. Within this framework the problem of joint state-parameter estimation is often met.
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The work [11] was directed exactly at the estimation of the individual state factors, and it proposed the recursive
algorithm of factorized filtering, requiring a special, reduced, form of the state-space model. The present paper
offers the solution without such a restriction.

Moreover, the overview of the problem showed the results mostly with Gaussian models. The general solution,
based on the Bayesian framework, can be potentially helpful in the case of other models.

The layout of the paper includes the following sections. The basic facts of the dynamic Bayesian decision making
[1] are given in Section 2. It provides the probabilistic formulation of the model used and basic equations of the
Bayesian filtering. Section 3 describes the general solution to the factorized filtering, which represents the recursive
entry-wise performance of data-updating and time-updating steps. The example with Gaussian model is provided
in Section 4. It demonstrates application of solution to the simple single output system. The remarks in Section 5
close the paper.

2 PRELIMINARIES

The following notations and notions are used in the paper:
= means the equality by definition.

f(]) is the letter reserved for conditional probability density functions (pdf). The meaning of the p(d)f is given
through the name of its argument. When the argumeobincides with realization of the corresponding
random variable then it is made bold, ife(x).

z* denotes the range of © € z*.

2 denotes the number of members in the countable’set the number of entries in the vector

x, is a quantityz at the discrete time instant labelled by t* = {1,...,t}.

{ < o is called (decision, learning, prediction, control, advising) horizon.

xi is anith entry of the array: at timet. The subscript symbol is a time index.

¥ denotes the sequeneg, . . ., z;. 2/*F is an empty sequence and reflects just the prior informatibrcif.

The following adopted simplifications are also used: integrals used are always definite ones. The integration
domain coincides with support of the pdf in its argument.

Within the considered Bayesian framewottte most complete descriptiafi the behavior of the closed control
loop system is the joint pdf (z;, d*t|x(), wherexz, is the system state, datd’ = (y;,u;) include the measured
outputsy; and the optional inputs;. Using the chain rule for pdfs, the joint pdf can be decomposed into product of
the following models.
The model of observation

f (yt|ut7d1:t717$t) ) te t*a (1)

which relates outputg, to the current inputs,, the past datd'**~!, and current state,.
The model of evolution

f (wt|utadl:tilaxt71) ) te t*v (2)

which describes time evolution of the state
The model of strategy

f (Uf| dlttil,xt) 5 t S t*, (3)

which describes, generally randomized, generating of inpubased oni**~1, z,.
By definition, admissible strategies cannot exploit directly unobserved state, i.e., they have to meet so called
natural conditions of contrgl12]

f (ut’dl:t_lyxt) _ f (ut|d1:t—1) , te t*. (4)

Proposition 2.1 (Bayesian prediction and filtering) Under natural conditions of control, the predictor
f (ye|u, d¥=1) is given by the formula

f(yt|ut»d1:t_l) = /f(ytyutadl:t_lth)f($t|ut7d1:t_l) dry. (5)

The pdff (xt\ Uy, d”‘l), estimating the state;, evolves according the following coupled formulas.
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Data updating

. f(yt|ut,d1:t*1,1’t)f(il't|ut,d1’t*1)
Lty _
[ d"t) = F loe e 1) 7

f (yt’utadl:t_17xt) f (xt|ut7d1:t_1)7 (6)

that incorporates the experience contained in the diteonsisting of the output, and the input,.
Time updating

I

f (l’t+1 | Ut+1, dl:t) X /f (xt+1 | Ut+1, dl:t, LL't) f (.’L‘t‘ dl:t) dl’t. (7)

The recursions start from the prior pdf(z1| 1), that expresses the subjective prior knowledge on the initial
statex;.

The application to Gaussian state-space model with Gaussian prioy and Gaussian observations provides
Kalman filter [2].

3 GENERAL SOLUTION OF FACTORIZED FILTERING

The factorized version of the filter is obtained by applying chain rule to the time evolution and observation models,
so that individual entries of state are modelled individually. It should be noted, that the proposed factorization can
be made even more extensive by full factorizing the observation model; in this case the output entries are modelled
individually too. Here, to simplify the presentation, this line will not be followed. But practical algorithms should
deal with such a factorization too.

Proposition 3.1 (Factorized prediction and filtering) The factorized prediction, under natural conditions of con-
trol and according to (5), is performed in the following way

f (yt|ut7d1:t—17xi+1:i) — /f (yt|ut7d1:t—l7xi:i) f (Ii’ut’dlzt—l’xi-&-l:i’) d$;, (8)

where the predictoyf (yt| Ug, d”*l) is the last pdf of the sequence of the partially conditioned predictors.

The pdfsf (z}| u, d¥* =1, 2it5%), i = 1,..., &, determining the state estimate, are factorized through the chain
rule as

f (xt|ut7d1:t*1) - Hf (xi’ut’dl:tfl’xi_irl:i.) ' -
i=1

They evolve according the following coupled formulas.
Factorized data updating

f (yt|ut7 dl:tflvl,é::i’) f (fEHUt; dl:t71’xi+1:i)
f (yt|ut7 drit=1, xi+1:§;)

o f (yt|ut7 dl:t717xizi’) f (.’E;|Uf, dl:tfl,xi—i-l::iﬁ) , (10)

)

f (xﬂdl:t, mi+1:i) _

that incorporates the experience contained in the dataonsisting of the output: and the input,.
Factorized time updating

The pdff (xtH | Ugy1, d“) is the last member of the sequence of the partially conditioned state estimates indexed
byj=1,...,z

f (xt-i-l‘ut-l-h dl:t7xg+1:§f) x /f ($t+1‘ut+1a dl:t7xg:§:) f (Z‘g‘dlzt,xi—i_l:i) dmi (ll)

The recursions start from the prior pdfs(z1|u1), that expresses the subjective prior knowledge on the initial
sequence of internal quantities.

The factorized version of the state estimate after time-updating is obtained by straightforward application of the
chain rule for pdfs.

Proof: See [13].
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4 APPLICATION TO GAUSSIAN MODELS

Here, Proposition 3.1 is applied to linear Gaussian state space model with Gaussian prior on initial state. This
state estimation is known to be described by Kalman filter [14].

Straightforward proofs of the recursions, that will be offered below, are based on the use of operations of square
completion and integration of non-normalized Gaussian pdf. Because of the limitation of the place, the proofs will
not be given at the present paper, but they can be found in [13]. The proposition of completion of squares follows.

Proposition 4.1 (Square completion and integration of Gaussian pdffor real scalarsx, «, 3,7 and positive
scalarsr, p, it holds

_ (B—7y2)* (z-a)®) _ (x—2)* A\,
h(z) = exp{ 5 o = exp 5R 5 with (12)
2
R = " @:O‘Nrﬂ]p, s 8 0427) ’
r+92p r+9%p r+9%p

/h(x)dx = \/ﬁexp{—;}.

Proof: See [13].
The state estimate is assumed in the form

f(h]ue, dV 1 2T = Nyi (ﬂﬂt—l;i + Z gt|t—1;ikxt;k7pt|t—l;i> ) (13)

k=i+1

whereji, ;1 is the term, depending on the data d“t=1 only, gejt—1;ik are coefficients, which are data and state
independent similarly as the variangg, _,; > 0.

For presentation simplicity, the system with single outgut- 1, is considered. This helps us to avoid conse-
guences of the incomplete factorization, mentioned in Section 3. Thus, we assume

&
f (yt|ut,d1:t7171’t) =Ny, (Pt + th;kit;k,ﬁ> ) (14)
k=1
where the offsep;, coefficientse,., k = 1,. .., 2, and variance; are assumed to be known functionsugfd':*~*.

Proposition 4.2 (Partially conditioned Gaussian observation models)or the Gaussian factors of the state esti-
mate (13) and the observation model (14), it holds

&
f (yt‘ut, d“fl,xi:i) =N, (pt;i + th;ikl't;ka'rt;i> ) (15)
k=i

where the state independent offsets, coefficients; ;, k = i, ..., Z, evolve according to the following recursions,
fori=1,...,z

Pitl = Pri T Coiiflyi—1;i (16)

C(ivDk = Ctik T CiiiGt|t—15ik, fOrk >
Thitl = Te+ pt\tfl;icf;ii'

The recursions start fromy.; = py, ¢k = cp @ndryy = 4.

Proof: See [13].
The recursions contain no numerically dangerous operation.

Proposition 4.3 (Factorized data updating) The functional form of the state estimate (13) preserves in data up-
dating. Specifically, after data updating it is obtained

T
f (xi’dl:t,$i+1zz) = N:Et;i (ﬂﬂt;i + Z gt|t;ik$t;k>pt|t;i> ) (17)

k=i+1
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with
_ CeiPy
Kt\t;i = (18)
Tti+1
fajei = Bepe—1: + Koo (Ye — prii — Cryiifleje—1:0)
Gijtik = Geji—viik — Kyjei(Crin + criigeje—15n) fOr k>
o Ttsi
Ptjt;i = Ptjt—1;i
Tti41

Proof: See [13].
For time updating, we have to evaluate partially conditioned linear Gaussian time evolution model. The chain
rule implies, that the fully conditioned model can be always given by the form

xr
f ($t+1|ut+1,d1:t,$t) = Hf (xiﬂyxiﬂ:zvutﬂadl:t,%) (19)
i=1
HJ\/ i (CtJrl it Z Qe 1;ikTt+15ik T Z B 1;ikTtsk, Ry, z) )
k=i+1
where for alli € {1,...,z} the offset(, ., coefficientsa; 1., Withk =i+ 1,..., %, By Withk =1,... .2

and variances?, ,; are assumed to be known functionsugf ;, drit,

The scalar variable{ to be integrated out occurs now in all factors in (19). Thus, for proofs of the recursions of
the factorized time updating the modified version of Proposition 4.1 is to be used.

Proposition 4.4 (Integration of a product of Gaussian pdfs)For real scalarz, vectorsg = [y, ... ,ﬂ[;]’, N =
[v1,--- ,’yé]’ and diagonal precision matrix = diag [rfl, T } it holds
o (Bi —vix)? AL
/h(ac) de = /exp - ; BT dx o exp {—2} with (20)
/ 6-1 Zz Uh/@z
A = g/<w_w7w)ﬁz (£hivis) , where
ywy =1
the upper tnangular(ﬁ ) matrix U with unit diagonal is found vi&/’ DU decomposition
. — _ w w
U'diag [pll,...,pél]U:w— TY . (21)
YWy

The relation is obtained by completion of squares with respect to the scatat integration of univariate Gaussian
pdf. The mentioned matrix decomposition can be performed similarly to the algorithm REFIL [12].
Proof: See [13].

Proposition 4.5 (Partially conditioned Gaussian time-evolution models, Factorized time-updatingfor  the
Gaussian factors of the state estimate (17) and the time evolution model (19), it holds

f ($t+1 NEARRITRI j+1z) (22)
T
Nxﬂ_l;i ﬂt+1\t;ij =+ Z Gt+1|t;ikj Tt+1;k T Z 5ikjmt;k;pt+1|t;ij ,
k=i+1 k=j+1
where fori € {1,..., 2} offsetsji;y)s,;, coefficientsy, 1|y Withk =i +1,...,2, By Withk = j+1,...,2
and variance9;_1)¢,;; > 0 are the state independent. The following recursions gverl, ..., hold
P1itiG+1) = Batijeig + Z Uithier1ie5 — Ui +1) et (23)
1=i+1
Gt1jtik(G+1) =  Getl|tiky T Z Uitge1)tiks — Z Ui
l=i—1 l=i+1
&
BikGi+1) = Bikj + Z UiBikj — Uite41)9t|t:5%, £ > J- (24)

l=i+1
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The upper triangulalz, 2 4-1) matrix U with unit diagonal as well as the positive scalgs. 1|4i(j+1) are obtained
via the decomposition

wyy'w
w—

= : -1 —1 .
oy = Uldisg P ey o Prsseny | U With (25)
’Y/ = [513']‘, s aﬁijjv 1]
- d; —1 —1 —1
w = Adag D1y Peasag P |

The recursions start from,  1);;i1 = G415, ANAPy 1)1 = Rit1sis Gear1jesikr = Qey1ik AN Bigr = Begvsi -
The result, obtained after the stépprovides parameters of the time-updated factors.

Proof: See [13].

5 CONCLUSION

The paper proposes solution to the factorized filtering, obtained by applying the chain rule to the state-space
models. Factorized filter provides the update of posterior probability density functions for the individual state
entries, that can be helpful for solution to the task of the joint modelling of the mixed-type data. The recursions for
calculating the factorized data updating and time updating are offered. The application of the solution is shown at the
example of the linear Gaussian single output system, which gives the factorized Kalman filtering. For the factorized
Kalman filtering the operations of completion of square and integration of non-normalized Gaussian probability
density functions are used.

Among the advantages of the proposed approach one may note, unlike the previous solution of the factorized
filtering, offered in [11], the present work does not require any restrictions for the state-space models. It should be
also noted, that the proposed recursions do not contain any numerically dangerous operations.
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