Object Tracking Incorporating Transfer Learning
into an Unscented Kalman Filter

Omar Alotaibi and Brian L. Mark
Dept. of Electrical and Computer Engineering
George Mason University
Fairfax, Virginia, U.S.A.
oalotaib@gmu.edu, bmark @gmu.edu

Abstract—We present a novel algorithm designed to address
the challenges posed by mismatched intensity of the noise in
sensors performing object tracking. Our objective is to enhance
the accuracy of estimation in the tracking domain, particularly
in scenarios where reliable measurements are difficult to obtain
due to environmental conditions affecting a specific sensor. To
accomplish this, we propose a framework that integrates transfer
learning techniques into an unscented Kalman filter (UKF). We
introduce an additional step to model and learn the parameters of
predicted observations in a learning domain at each time step. By
incorporating the learned knowledge from the learning domain
into the filtering process of the tracking domain, our approach
demonstrates significant improvements in tracking accuracy.
Through extensive simulations, we validate the effectiveness of
our proposed algorithm in terms of tracking accuracy, comparing
its performance to that of the traditional isolated UKF.

Index Terms—Object tracking, transfer learning, Unscented
Kalman filter.

I. INTRODUCTION

It is widely assumed in the field of object tracking that all
sensors used to track an object operate under the same en-
vironmental conditions. However, in practice, this assumption
may not always be valid because each sensor may encounter
its own environmental conditions, resulting in variations in
the accuracy of estimating an object’s state across sensors.
Recent research in the field of object tracking has investigated
the use of machine learning techniques, particularly transfer
learning, which shows promise in improving estimation accu-
racy by leveraging knowledge from tasks or domains. Transfer
learning, for example, has been successfully used to address
sparsity issues in filtering, as demonstrated in [8], [4]. Transfer
learning was used in [2] to combine two Kalman filters and
improve estimation accuracy performance. Furthermore, in
[11], Bayesian models have been used in transfer learning
approaches for probabilistic graphical models, such as sharing
a Gaussian prior.

This paper proposes an algorithm that incorporates the
transfer learning technique into the unscented Kalman filter
(UKF) framework, with the objective of improving the estima-
tion accuracy of object state tracking in cases where sensors
observe measurements with mismatched noise intensity due
to technical or environmental factors among the sensors under
consideration. In order to achieve this, we perform an addi-
tional stage in which we model a predicted observation density
in a learning domain and learn the density parameters, such as
mean and covariance. The parameters that have been learned
are transferred and used in a tracking domain process. Our
simulation results show that incorporating transfer learning
into the UKF framework improves object state estimation

accuracy significantly when compared to the traditional iso-
lated UKF under the same conditions. These results indicate
that the proposed algorithm has the potential to improve the
performance accuracy of tracking object state in real-world
scenarios.

The paper is organized as follows. In Section II, we pro-
vide a brief overview of the state space representation and
traditional Bayesian filtering approach. We also describe the
problem formulation for object tracking using two sensors with
mismatched intensity levels of measurement noise. Section III
introduces the framework for incorporating transfer learning
into the Bayesian filtering approach, with an emphasis on
knowledge utilization and transfer between the learning and
tracking domains. Section IV discusses the proposed algorithm
for integrating transfer learning into the UKF in the learning
and tracking domains. Simulation results for the proposed
algorithm are presented in Section V. The paper is concluded
in Section VL.

II. SYSTEM MODEL

A. State Space Representation

A discrete-time state space representation (SSR) is a math-
ematical framework utilized for describing the dynamics of a
general dynamical system as follows:

X = fro(Xp—1) + Vi—1 )]
zp = hyp(xk) + Wi, 2

where & € N denotes the discrete time step. The vector
xy, € R™ represents the state of the system at time step k with
a dimension of ny. The function f; € R™* is the dynamic
transition function, which describes how the state evolves
over time. The vector z; € R™* represents the measurements
obtained from the system at time step k£ with a dimension
of n,. The function h; € R™= is the measurement function,
which relates the state to the measurements. The variables
vi—1 € R™ and wj € R™v correspond to the state process
noise and measurement noise with dimensions of n., and n,,
respectively, representing the uncertainties and disturbances in
the system [5]. The state and measurement noises are assumed
to be independent and identically distributed (i.i.d) zero-mean
Gaussian random vector sequences characterized by

Vi1 CN(0,Qy), Wi " N(0,Qy), 3)

respectively, where Q. and Q. denote the covariances.



B. Bayesian Filter Approach

In the Bayesian filter approach, the posterior probability
density function (PDF) of the state is constructed by incor-
porating all available statistical information and the sequence
of observations. The extraction of the estimated state from
the posterior PDF provides an optimal solution for addressing
the estimation problem [9], [3]. The state and measurement
models described by (1) and (2) are Gaussian due to the
assumption of Gaussian noise sources as given by (3). This
Gaussian process assumption leads to a posterior density for
the state that is also Gaussian, characterized by its mean
and covariance. Consequently, the recursive nature of the
Bayesian filter approach primarily revolves around the update
of means and covariances of conditional densities over time
and measurements. The two main steps of the Bayesian filter
approach, namely the prediction and update steps, can be
reformulated under the assumption of a Gaussian process.

C. Tracking Model with Mismatched Noise Intensity of Sen-
sors

We consider the problem of estimating an unknown object
state xj at time step k, assuming a state transition model
defined as

xp = f (Xp—1) + Vim1 = p(Xp | Xp—1), )

where f (-) denotes the state transition function, which models
the transition of the unknown state at each time step, and
w1 1S a process noise that represents the error process in the
transition model, which is assumed to be zero-mean additive
white Gaussian noise (AWGN) with covariance Q.. At each
time step, a sensor observes measurements z; that are asso-
ciated with the desired object. The observable measurements
are modeled via

zp = h(xg) + Wi = p(z | xi), )

where h(-) provides a representation of the measurement
parameters of the unknown state parameters. The measurement
noise wj is assumed to be Gaussian with a covariance of
Qw = Iw By, where I, denotes the noise intensity.

In our tracking formulation scenario, the task involves
multiple sensors tracking the same object. However, the ob-
served measurements have mismatched intensities I, among
all sensors due to various environmental or technical factors
that affect the observable measurements, leading to a reduction
in estimation accuracy. To address this issue, we focus on a
specific case of two sensors, learning and tracking the same
moving object as illustrated in Figure 1, where both sensors
are affected by the noise intensities, denoted as Iy, and Iy,
correspondingly.

III. BAYESIAN TRANSFER LEARNING FILTER APPROACH

To enhance estimation accuracy in domains characterized
by unreliable observed information, our framework incorpo-
rates Bayesian transfer learning. Bayesian transfer learning is
employed to model the joint distribution between a learning
domain and a tracking domain [7], [11]. This approach is
particularly advantageous in scenarios where observed mea-
surements are limited due to adverse conditions, such as high
levels of noise.
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Fig. 1. A graphical illustration of knowledge transfer between two sensors
tracking the same moving object.

A. Learning Domain

The learning domain comprises an unknown state variable
set x* = {x},---,x)} and an observable measurement
variable set z* = {z],---,z}}. Unlike the conventional
Bayesian approach, the predicted observation variable set
n* = {n3, - ’n;ﬂ‘l} is required to be introduced in
Bayesian transfer learning. The overall posterior density of
the state object and predicted observation p(xj, 7y 1 | 21.4),
given the measurements set up to time step k, denoted as
Ziy = {z‘{,.z.g,...,zﬁ, can be estimated by using two
posterior densities, as follows:

P(X%, M | 210) o p(XE | M7a1,210) PNy | 200)- (6)

Since the object state xj at the current time step k is
conditionally independent of the predicted observation variable
M}, for the next time step & + 1, the conditional probability
(X3 | Miy1,2].) in (6) can be simplified to p(x} | z},;).
The posterior density of the object state p(x} | z7.,) can be
expressed as

p(x | 21) o< p(zg | x5) p(xj [ x5-1) p(XG—1 | 211), (7)

where p(z} | x}) represents the measurement likelihood
function, and p(x} | xj_,) denotes the predicted state for
the next time step, computed using the transition PDF given in
(4). Upon obtaining the estimated object state x}, from (7), the
posterior density of the predicted observation p(n;; | z1.;)
as described in (6) can be estimated by

Py [ 21) o P(Miggr | Xipn) P(XGipa | X5)
p(x | 21.1), ®)

where p(n} . | x; ) follows the measurement density model
described in (5).

B. Tracking Domain

The learned predicted observations 775, are simultaneously
transferred and used as prior knowledge for estimating a set
of object state variables x = {xi,...,xx} under different
conditions in the tracking domain given a set of measurement
variables z = {z1, ..., Zx }. By integrating the Bayesian trans-
fer learning into the framework, the overall posterior density
of the object state given the learned predicted observations
5., and the observed measurements z1.; up to time step k is
estimated as follows:

p(xx | lek,ng:k) o p(z | Xk,ZLk—lJ?E:k)
P(Xk | Z1:k—1,M5.3)- ©



The transfer learning framework’s state posterior density,
denoted as p(xy | z1:k—1, 5. ), is computed via Bayes’ rule
as

P(Xk | Z1:k—1,M5:) o< (M) | Xk Z1ik—1, Mp—1)

p(Xk | Xp—1)- (10)
Under the assumption that the measurement at the current time
step k is conditionally independent of all previous measure-
ments, given the current state xj, and that the measurements
z and the transferred learned predicted observations n* are
independent, conditioned on the current state xj, the overall
state posterior can be simplified and obtained by substituting
the transfer learning state posterior from (10) into (9):

P(Xk | 216, Mor) X P28 | Xk) P(M | X0) (X8 | Xp—1). (11)

The estimation of the overall posterior, as described in
(11), involves two distinct likelihood functions: the transferred
predicted observation likelihood function p(n}, | xx) and the
measurement likelihood function p(zy, | xx). By incorporating
the transferred knowledge of the predicted observation, the
overall posterior density can be estimated, which leads to
enhanced accuracy in the object state estimation process.

IV. TRANSFER LEARNING FOR UKF

The UKF [6] uses a set of sigma points to approximate a
nonlinear function, unlike the extended Kalman filter (EKF)
which relies on linearization. In situations where analytical
Jacobians of the transition and measurement model functions
are unavailable, this feature gives the UKF an advantage over
the EKF [10]. By integrating the Bayesian transfer learning
approach in Section III into the UKF framework, knowledge
can be transferred from the learning domain to the tracking
domain and used as a prior to be incorporated in the estimation
process to improve the accuracy of object state estimation.

A. Learning Domain

By applying the unscented transformation (UT) method [6],
the set of 2ny + 1 sigma points are defined as:

X(ikfl\kfl = 5‘271%71 (12)
X k1 = Xf_1jk—1 T \/(nx TAPE o (13)

X;,(Jrj,kfl\kfl = &271\1@71 - \/(”x + )‘)P;k—l\k—l’ (14)

where j = 1,...,nx and A\ = o? (nx + K) — ny is a
scaling parameter with 10™* < o < 1. The value of & is
defined by x = 3 — nx, as suggested in [6]. Additionally,
P;’ k—1lk—1 refers to the ¢th column of the covariance matrix.

The associated weights of these sigma points are obtained as:

A .1
ne+ AT on 12N

Wi, = (15)

for j =1,2,...,2n.

e Prediction Step: The mean Xz| w1 and the associated
covariance le x_1 for the predictive density can be estimated
as:

2nx

’A(Z|kf1 = Z Wj*,k f (X;kfﬂkfl)

J=0

(16)

2N

2|k—1 = Z Wj*,k {f (Xj*,k—l\k—l) - ﬁz\kq}

=0

[f (X;kfukfl) - kakflr +Qk. (17)

By applying the nonlinear transition model function to the
sigma points, the predicted sigma points Xf,k\k—l can be
obtained as

Xj*,klk—l =f (X;k—l\k—l) : (18)

e Update Step: The predicted measurement mean i;“%l and
the associated covariance P}, klk—1 can be computed as

2N
21 = Wik h (%) (19)
j=0
2Ny
P;z,k\kq = Z Wj*,k [h (Xj*,/c\kq) - iZ\kq}
§j=0

[h (Xj*vk\k—l) - 22’\k—1:|T +Q5,. (20)

The joint conditional density’s cross-covariance can be com-
puted as follows:

2N

* _ * * ok
xz,k|k—1 = E Wik [Xj,k\k—1 _Xk\k—l}
Jj=0

() - z;w_lr‘ 1)

After observing the new measurement, the posterior density

of the object state can be estimated with the mean fc;‘ , and

covariance Pz‘k, computed as follows:

Xilk = X1 + Kk (25 — Zjpp—1) (22)
e =Pl — K& Pry gt (K", (23)

where the Kalman gain Kj is computed as
=Pl ki1 (P;z,k|k71)_1' (24)

e Learning Step: As the predicted observation variable set n*
is introduced in the Bayesian transfer learning, the posterior
density of the predicted observ?iion Py | 27.5) in (8) is a
Gaussian vector ny, ; ~ N(nk+1|k7P:1n7k+1|k) with mean



Iy, +1)% and associated covariance Pr

. k1l learned using
following the procedure:

0kl = Xk (25)
Xk = X + \/m (26)
X;,(Jrj,k\k = )A(z\k - (nx ) 3klk (27)
X =f (X;Idk:) (28)
2N
Met1lk = Z Wiy, h( j*,k+1\k> ) (29)
j=0
where j = 1,2, ...,nx and
2N
P kile = Z { ( i k+1\k> - ’72+1|k}
* A% T *
[h (Xj,k+1\k) - nk+1\k} + Q4 (30)

The posterior density of the predicted observation p(n;,; |
z},,.) is Gaussian with mean and covariance estimated in (29)
and (30), respectively. The learned parameters 7}, 41, and
P:m, Jt1)); Are transferred to the tracking domain and utilized
as a prior for improving the tracking performance.

B. Tracking Domain

Equivalently to the learning domain, the set of 2nx+1 sigma
points and their associated weights in the tracking domain can
be drawn and computed as follows:

Xok—1k—1 = Xp—1|k—1 (31
Xjk—1jk—1 = Xp_1jp—1 T \/(”x + AP k—1jp—1 (32)

Xotjk—1|k—1 = Xp_1|k—1 — \/(nx + AP k_1jk—1 (33)
A
Wor=——, W=
0,k - A j.k
where j = 1,2,...n
e Prediction Step: The predictive density mean X ;_; and
covariance Py, can be estimated as follows:

2Ny + 20\’ (34

2N
Keo1 =Y Wik £ (Xje1j6-1) (395)
7=0
2N
Prjp—1 = Z Wik [f (Xjk—16-1) — Kpjp—1]
L (X k—1jk—1) — &k|k71]T + Qv. (36)

The drawn sigma points in (33) can be transitioned using the
nonlinear transition function as

X k-1 = f (X k—1k—1)

e Update Step: The predicted object state density in the
tracking domain is updated using two likelihood function by
integrating the transfer learning, as represented in (11), into the
UKEF framework. In the initial stage, the transferred predicted
observation likelihood function p(n} | xj) is employed to
update the predicted object state density. This update process

(37

incorporates the transferred learned parameters, ﬁ;‘ x—1 and
P:m Klk—1 which were learned in the previous time step k— 1
in the learning domain, into the process. The predicted mean
Ty|k—1 and covariance Py, ;-1 for the transferred learned

observation can be computed as

2nx

ﬁk\kq = Z
j=0

2Ny

Pomple—1 = Z

=0

T
[h (X kpe—1) — ﬁk\kq} + P kk—1- 39

Wik h (X kik—1) (38)

Wik [h (X ppr—1) — 7A7k-|k—1}

The cross-covariance, which characterizes the relationship
between the state and the transferred learned parameter, is
defined as

2Nx

Pyn kjp—1 = Z Wik [Xjkk—1 — Xijk—1]

T

[ (% k151) = ] (40)
Given the transferred learned parameter 772\ 4_1» the poste-
rior density of the state in the transfer learning framework,
denoted as p(xy | Z1:k—1,M5.;) ~ ./\[(Xklk 17Pk|k 1), s

estimated with a mean Xkl b1 and a covariance P7 Klk—1 38
] _ 3 N (o* .
X1 = Xnje—1 + K (M1 — Mg (41)
n _ n T
Pri—1 = Prik—1 — Ky P g1 (Ki)" (42)

where the Kalman gain of the transfer learning framework K}
is given by

KZ - Pxn,k|k—1 (Pnn,k’|k—1)_1

Based on the estimated mean and covariance of the transfer
learning state posterior density computed in (41) and (42)
respectively, the set of 2n, + 1 sigma points will be redrawn
as:

(43)

Xokle—1 = Xijro1 (44)
Xﬁk\kq = ’A‘Z\kﬂ + \/(nx + )‘)P;’,klk—1 (45)
X ik =X — \/(”x + NPT (46)
where j = 1,2, ...,nx. The estimated measurement mean and
covariance can be calculated as follows:
2Ny
Zk\k: 1 —Z Wik h( j.k|k— 1) 47)
7=0
215
Pookik—1 = Z Wi k {h (ka\kq) - ik\k—l}
§=0
" . T
n (X)) = 21| +Que @)



The cross-covariance matrix, which expresses the relationship
between state and measurement in the joint density, is com-
puted as follows:

2nx

_ . n _on
Puzpjk—1 = E Wik {Xj,k\kq Xklkfl}
=0

n A T
|:h (Xj,k:\k—l) —Zk‘k,1i| .
Similarly to the learning domain, upon observing the mea-

surement zj, the estimated mean and covariance of the poste-
rior density are computed as

(49)

Xk = X,y + Ko (2 — Zgjp—1) (50)
Py = PZ|1<:71 — Kk Pog i1 (Ki)”, (51)

where K, denotes the Kalman gain defined by
Ki =Py sjp-1 Pozppp—1)"" (52)

The posterior density of the state, conditioned on the observed
measurement and the transferred learned parameters, denoted
as p(xx | Z1k,M5) = N(Xpk, Prjp), given in (11), is
modeled as a Gaussian density. The mean and covariance
of this posterior density are estimated via (50) and (51),
respectively.

V. SIMULATION RESULTS

We consider the problem of estimating the unknown state
vector Xy = [T, Tk, Yk, Ur, |7 associated with a single ob-
ject undergoing constant velocity motion in a two-dimensional
trajectory. The state vector comprises the Cartesian coordinates
(zk, yx ), the object’s velocity (i, yx), and the turn rate Q.
Our approach adopts a state transition model based on a
nonlinear process model employed in [1], which is given by

sin(Qr—1T%) 1—cos(Qr_1T%)
e G ) B
0 cos(Q-1Ts) O —sin(Qp—1T%) 0
Xk = |0 % 1 sm(g:%lﬁ) 0| Xk—1
0 sin(Qr_17s) 0 cos(Qg—1T5s) 0
0 0 0 0 1
+ Vi1, (53)
where the process noise vi_; ~ N (0,Qy) with
o a% 0 0 o
T3 2
G5 Ty 0 \ 0 , 0
Qv=1| o 0 quzfe, a0 (54)
0 0 g% aT? 0

0 0 0 0 q2 Ts

In order to ensure a fair comparison, we make the assumption
that both the learning and tracking domains possess identical
error process noise covariances, i.e., Q} = Qy.

The measurement vector at time step k, denoted by zg, con-
sists of the object’s range r and angle (. The measurements
obtained from the sensors in both the learning and tracking
domains are affected by Gaussian noise, which are modeled
by the following equations:

zi = h(xx) + wy;,
zr = h (Xk) + Wk,

wi ~N(0,Q3),
Wi NN(07 QW))

(55)
(56)

where NV (0, Q%) and N(0, Q) denote zero-mean Gaussian
noise with covariance matrices for the learning and track-
ing domains defined by Qf and Q.,, respectively. Their
corresponding intensities are represented by I, and Iy. In
both the learning and tracking domains, a common matrix
B, = diag[o?,07] is used to ensure a fair comparison.
The only differing parameters between the two domains are
the noise intensities. For the simulations in this section, the
object follows the nonlinear transition model for a duration
of K = 100 time steps. The initial parameters of the object
are set as xg = [1000 m, 300 m/s, 1000 m, 0 m/s, —3°/s]7.
The obtained results in this section are based on averaging
10, 000 iterations of Monte Carlo (MC) simulations, utilizing
the parameter settings outlined in Table I.

TABLE I
SIMULATION PARAMETERS SETTINGS
Parameter Value

Nx 5

Nz 2

Ts 1s

K 100
MC 10,000

e 1

K —2

q1 0.1 m?/s*

a2 1.75 x 1072 rad?/s3
or 10 m

o¢ V10 x 1073 rad
I, 1

I 05— 6

We investigate the performance of the proposed transfer
learning-unscented Kalman filter (TL-UKF) algorithm in a
scenario involving a single object with relatively high maneu-
verability. The object’s trajectory is depicted in Figure 2. The
algorithm is evaluated by computing the Root Mean-Squared
Error (RMSE) in the tracking domain under different noise
intensity values, denoted as Iy, = {0.5,1.5,4}, while keeping
the noise intensity in the learning domain fixed at I = 1.
The performance results in terms of RMSE for the proposed
algorithm compared to the isolated UKF are presented in
Figure 3. For instance, under I, = 4 and at k£ = 30, the
proposed algorithm achieves an RMSE of 16.3 m, whereas the
isolated UKF achieves an RMSE of 18.53 m. These results
indicate that the proposed algorithm improves the accuracy
of object tracking compared to the isolated UKF. However,
it is worth noting that the proposed algorithm exhibits poorer
performance at certain time steps, specifically k = {8, 45, 62}.
This can be attributed to the use of the suggested choice of
Kk = 3 — nx, which in this scenario is a negative value. The
proposed algorithm has less stability compared to the isolated
UKF due to the reliance on transfer learning, particularly
in the context of predicted observations. The choice of the
negative value of x can lead to inaccurate approximations
when applying the UT via (25)-(30) in the learning step,
further reducing stability.

The overall RMSE results under varying values of noise
intensity in the tracking domain are plotted in Figure 4,
with the shaded areas representing the interquartile range of
10,000 MC iterations. Despite the limitations faced by the TL-
UKF algorithm in tracking high maneuverability scenarios, the
overall performance demonstrates a significant improvement
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Fig. 3. RMSE curves of TL-UKF and isolated UKF high maneuverability
trajectory scenario.

in the accuracy of estimation compared to the isolated UKF.
For instance, under a noise intensity of I, = 6, the proposed
algorithm achieves an RMSE of 20.62 m, while the isolated
UKF achieves a similar RMSE of 20.53 m with a lower
noise intensity of I, = 4.5. This indicates that the proposed
algorithm is capable of tracking the object with comparable
accuracy, even when faced with higher noise intensity that is
approximately 1.5 greater.

VI. CONCLUSION

We proposed a tracking algorithm that incorporated transfer
learning with an unscented Kalman filter. Our simulation re-
sults using a relatively high maneuverability trajectory showed
the significant improvement in overall tracking accuracy that
can be achieved compared to an isolated UKF. However, in

Learning Domain Intensity at I}, = 1
T T T T T T

N
3

- N N N
© 15} N kN
T T T T

I

Tracking Domian Position RMSE (m)
>

8 —o— Isolated UKF |

b
<@ TL-UKF
6 L L L L L L L L L L
0.5 1 1.5 2 25 3 35 4 4.5 5 55 6

Tracking Domian Intensity I,

Fig. 4. Overall performance comparison of TL-UKF and isolated UKF
algorithms for high maneuverability trajectory, with shaded areas representing
the interquartile range.

this scenario where the proposed algorithm faces less numeri-
cal stability, inaccurately learned predicted observations in the
learning domain can adversely affect the performance of the
proposed algorithm at certain time steps. We are investigating
this issue further in ongoing work.
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