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Abstract—Kalman filtering, a recursive state estimation filter is
a robust method for tracking objects. It has been proven that
Kalman filter gives a good estimation when tested on various
tracking systems. However, unsatisfying tracking results may be
produced due to different real-time conditions. These conditions
include: inter-object occulusion and separation which are
observed when objects are being tracked in real-time. Thus, it is
challenging to handle for the classical Kalman filter. In this
paper, we proposed an idea of intelligent feature-guided tracking
using Kalman filtering. A new method is developed named
Correlation-Weighted Histogram Intersection (CWHI), in which
correlation weights are applied to Histogram Intersection (HI)
method. We focus on multi-object tracking in traffic sequences
and our aim is to achieve efficient tracking of multiple moving
objects under the confusing situations. The proposed algorithm
achieves robust tracking with 97.3% accuracy and 0.07%
covariance error in different real-time scenarios.

Index Terms—Multi-object tracking, Machine learning,

Traffic surveillance, Artificial intelligence, Applications.

I INTRODUCTION

In computer vision, tracking algorithms have been greatly
researched. This is due to the increasing interest in tracking
applications together with the development of novel
techniques aiming to answer the challenges of real-time
tracking. However, despite of the potential advancements, it is
still challenging to develop a set of standard approaches that
are appropriate for all the applications.

The general aim behind tracking is to estimate the target
objects in video sequences over an interval. However, issues
related to tracking undermine the performance and the
efficiency of tracking algorithms. The two fundamental issues
are: first, finding the spatial location of target object; second,
variations in light and noise due to camera. Further issues may
arise when real-time complexities are considered for example,
inter- object occlusion and separation. Due to these issues, the
contextual information of moving object is lost which results
in uncertainty during tracking.

In this paper, we present a new algorithm that considers the
confusing situations (i.e. inter-object occlusions and
separation) when multiple objects are being tracked. The two
approaches are integrated here: first, feature-guided tracking is
carried out by modifying the conventional HI technique [1];
whereas, in the second approach, Kalman filter is used for
tracking moving objects. An overview of general tracking
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Fig.1. Simplified overview of the tracking concept using Kalman Filter is
presented which describes the confusing situations (i.e. inter-object
occlusion and separation in the moving objects) in real-time scenario.

system is shown Fig.1.This illustration depicts the behavior of
the moving objects in real-time where the confusing situations
are observed in different intervals, such as inter-object
occlusion or separation.

The paper is organized as: section 2 presents a review of
the related state of the art techniques; Section 3 provides a
detailed description of the proposed algorithms; the logical
workflow of the our tracking system is presented in section 4
following with the experimental results in section 5; The
concluding remarks and the future directions of the work are
given in section 6.

1.  RELATED WORK

Different methods have been proposed for multi-object
tracking. However, in this paper we have reviewed the state of
the art techniques in two different domains: 1) Tracking object
using Kalman filter; and 2) Color histogram-based matching.

A. Tracking with Kalman Filters

Kalman filter recursively estimates the state of target object;
hence in tracking it is a useful technique which predicts the
states of the moving objects. In the original paper, a recursive
solution for linear optimal filtering is proposed by R.E.
Kalman [2] in 1960. Since then, an extensive research has
been done in various domains such as in navigation systems.



Thus, a wide range of literature is available on this subject.
But, here we are limiting our review to Kalman filtering for
multi-object tracking.

A comprehensive exposure to Kalman filtering can be
found in [3]; whereas, a detailed review on Kalman filter in
visual tracking is provided in [4]. Nguyen et al. [5] used
Kalman filter in distributed tracking system for tracking
multiple moving people in a room using multiple cameras.
Whereas Chang et al. [6] use both Bayesian network and
Kalman filtering to solve the correspondence problem between
multiple objects. In [7], a video surveillance system is
proposed where detection, recognition and tracking of object
is carried out. However, multiple objects are tracked by using
the c-constant velocity Kalman algorithm. The performance of
the approach is dependent on the proposed detection and
recognition algorithms. In another work [8], vector Kalman is
proposed for tracking objects. In this paper, separate methods
for occlusion and merge are applied to handle the confusing
situations. Further states of the corresponding moving objects
are searched using spiral searching prior to tracking.

More recently Czyzewski and Dalka [9] used Kalman filter
with RGB color-based approach to measure the similarity
between moving objects. A threshold is applied to measure the
similarity between the detected regions which fails in fully
occluded scenarios. Besides, the contextual information of
moving objects is lost due to occlusion and separation which
results in incorrect correlation. Also, this technique is not
suitable under the light variations, fully occluded conditions
which affect the object appearance and consequently the
histogram.

In this paper, a new CWHI based method is employed with
Kalman filter. The implementation contains a manager
oriented logical framework which handles confusing states,
associates CWHI approach with Kalman tracker, and ensure
tracking of moving objects during the entire process.

B. Color Histogram-based Tracking

Feature-based matching requires good description of the
objects which can be used under diverse conditions. The
commonly used features are shape, color, and temporal
(motion) properties. Each of them has its advantages and
disadvantages but the color contains useful information and it
is visually perceivable as well.

A well known technique is color-based matching using
RGB color histogram [1]. In this approach, color histogram
technique is exploited to efficiently match objects through
indexing. This approach has been used for various tracking
algorithms [10],[11]. However, the robustness is affected
under the illumination variation.

Color-based tracking methods can also be combined with
other techniques. An algorithm is proposed for tracking
objects using both color histogram and particle filtering by Liu
et al [12]. Similarly, Limin [13] used color-based Kalman
particle filter algorithm for object tracking. For tracking
objects in cluttered environments, a hue-saturation histogram
with a particle filter based probabilistic technique is
implemented in [14].

Recently, a technique proposed by Jia et al. [15] for number
plate matching of vehicles where Gaussian weights are used to
develop the corresponding relationship between the distance
of two histograms and their Gaussian relationship. However,
the scope of this technique is limited to the selected
application. Also, for tracking high resolution images and
scenes which contain multiple objects, this technique is not
efficient computationally.

The proposed technique in this paper is based on HSV color
histogram where the fused color-correlation with HI technique
[1] is exploited to guide Kalman tracker under the confusions.
The motive is to propose a novel approach which ensures an
efficient and robust tracking with less computational load.

I1l.  ALGORITHM DESCRIPTION

Mathematically, Kalman filter is an estimator that predicts
and corrects the states of wide range of linear processes. It is
not only efficient practically but attractive theoretically as
well. Precisely, the optimal state is found with smallest
possible variance error, recursively. However, an accurate
model is an essential requirement.

In Kalman Filter, we consider a tracking system where x;, is
the state vector which represents the dynamic behavior of the
target, where subscript k indicates the discrete time. The
objective is to estimate x, from the measurement z.
Following is the mathematical description of Kalman Filter
[16] which for understanding we have sectioned into four
phases.

1) Process equation
Xie = AXp_q + Wi—q 1)

Where A represents the transition matrix and x; the state at
time k-1 to time k. wy_, is the Gaussian process noise N(.)
with following normal probability distribution p(w).

pw)~N(0,Q) )
2) Measurement equation
Zk = H xk + Uk (3)

Where H is the measurement matrix and z, is the
measurement observed at time k-1 to k respectively. vy, is the
Gaussian measurement noise N(.) with normal probability
distribution p(v).

p(w)~N(0,R) (4)
3) Time update equations

Equation (1) and (3) describes a linear model at time k. As
x;, is not measured directly, therefore the information provided
by measurement z, is used to update the unknown state x;.
Apriori estimate of state £, and covariance error P, estimate
is obtained for the next time step k.



= Afk—l + wy, (5)
= AP AT+ Q (6)
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4) Measurement updates equations

These equations are associated with the feedback of the
system. The objective is to estimate aposteriori estimating X,
which is a linear combination of the apriori estimate and the
new measurement z,. These equations are given below:

K, = P HT(HP;HT + R)! @)
k\k = fl: + Kk(Zk - Hf;;) (8)
Py = (I = K H)P 9)

K, is the Kalman gain which is computed by above the
measurement update equations. After that aposterior state
estimate X, and aposterior error estimate P, is computed by
the measurement z,, . The time and measurement equations are
calculated recursively with previous aposterior estimates to
predict new aprior estimate. This recursive behavior of
estimating the states is one of the highlights of the Kalman
filter.

A. Kalman Filter for Multi-object Tracking

Kalman filter used for tracking is defined in terms of its
states, motion model, and measurement equations. The
proposed system consists of a multi-tracker where each tracker
is associated with every moving object entering in the video
sequence as illustrated in Fig 1. We consider the center of
gravity of moving objects (i.e. the trajectories ¢; and t; ) at
time k and k-1 as the states for Kalman tracker, hence the state
vector is.

_ [t

X = tlj{/

The measurement vector of the system adopts the following
from:

(10)

7, = [t t,f]T (11)

In the following, A is the transition matrix and H is the
measurement matrix of our tracking system along with the
Gaussian process w;, and measurement v;.. These noise values
are entirely dependent on the system that is being tracked and
adjusted empirically.

a=o b m=lo

Finally, the equations of our tracking system are:
(12)
(13)

Tracking moving object follows several phases. These
phases are explained in section IVV. When a new moving object

X = Axk_l + Wi

Zy = ka+ Vg

is detected, a new tracker is assigned to it with associated
states (x; and z;). In the next frames, normal state updating
will continue until any confusing state arises which is then
handled by the proposed CWHI based approach. Further
details related to performance are explained in section V.

B. CWHI based matching

In this paper, we have proposed a CWHI based approach to
assist Kalman tracker under the confusing situations (i.e. inter-
object occlusion and separation). The idea is adapted from HI
which is proposed by Sawin and Ballard [1]; and with a
recently propose technique by Jia et al. [15]. A technique is
proposed called fused color-correlation (i.e. weights) which
exploits the conventional HI method. The relationship
between color distance and the fused normalized correlation
weights is exploited for data association when inter-object
occlusion and separation occurs.

The color histogram of each moving object is extracted by
calculating the hue and the saturation of each pixel from the
RGB (red, green, blue) values and then these values are
binned to create a histogram. These histograms are compared
with other previously observed moving objects. For example,
the detected moving objects in frame k are compared with the
moving objects in frame k-1. This will give the distance d .
After that, both the normalized correlation hue p,,. and
saturation pg,; are calculated. These two correlations are then
fused pgyseq to obtain the fused normalized correlation; we
consider this fused correlation as similarity weight. Where
Covyy, and Covy,, are the covariance of the hue values of the
object at time k and k-1 respectively. Similar, convention is
used for saturation values (i.e. Covys and Covy,). AlSo, orpun
and orgys are the standard deviations for the hue and the
saturation of both the objects at time k and k-1.

In the proposed algorithm, we incorporate the fused
normalized correlation weights with histogram intersection.
The mathematical formulation of the proposed approach is
given below.

_ OThMh
Phue = CovrnCovin (14)
_ OTsMs
Psat = CovrsCovats (15)
Prused = Phue X Psat (16)
CWHI =
()
2
Yichisy 2j=hisp Min (Ayy (D), hr () exp\ *fused 17)

The color distance d in above is calculated using the
following difference equation:

d= \/(hM —hp)? + (sy — s7)? (18)

Where h,, represents hue of the object at time k-1 and hy
represents hue objects at time k. Similar convention is used for
saturation that is sy, and sy respectively.
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Fig. 2. Workflow of the presented research is showing the implementation
of our intelligent feature-guided Multi-object tracking framework.

V. WORKFLOW OF OUR APPROACH

The key action of our tracking algorithm is to associate
every Kalman tracker to its respective moving object coming
from moving object extraction process. For this purpose, an
intelligent CWHI based algorithm is proposed that assists
Kalman tracker during each confusion states.
In this approach, each tracker and moving object pair is
associated with manager-oriented logical framework which
verifies the status of each moving object during tracking using
conventional feature-based technique (i.e. area, boundary and
center of gravity) and with the proposed CWHI-based
technique. Each moving object can have the following
status. For example, isNew, isReachAtEnd, isOccluded/
isOccluder, and isReAppear with two integrity constraints (i.e.
isOverlap and isSplit). The “manager” as a logical controller
manages the entire tracking process and assists trackers (i.e.,
Kalman filter). More precisely, it assists Kalman tracker
during tracking even if nonlinear conditions (i.e., inter-object
occlusion and separation) occurred. Fig. 2 illustrates the
workflow of the logical-framework of the proposed research.
The “manager” is responsible for handling the two cases
(i.e. inter-object occlusion and separation) with a “normal
case” when no confusion is observed. These are:
= Normal Case: In the most ideal situation, there is no
inter-object occlusion and separation. This is the simplest
and ideal scenario in tracking, where a newly detected
moving object “isNew” is assigned a new tracker. When
the moving object is reached at “isReachAtEnd”, then
both the moving object and the tracker is removed.

= Inter-object Occlusion: When moving object (i.e. cars)
are overlapped (i.e. temporarily behind another object),
the “isOverlap” state is activated. The occluded moving
object is tagged as “isOccluded” whereas carrier moving
object is tagged as “isOccluder”. When “isOverlap” is
observed, the multiple trackers refer a group of
overlapped moving objects. Thus, for each of the
overlapped moving object, tracker associated with it is
updated with the parameter measurements of the occluder.

= Inter-object Separation: The last case represents inter-
object separation where “isSplit” is active. After
separation the normal tracking starts as described in
normal case. ldeally, trackers (i.e. one for each separated
moving object) should be able to follow their
corresponding moving object.

In case 2 and case 3, our CWHI based algorithm is used to
associate the respective moving objects in the sequence by
calculating the “measure of similarity”. Based on the
“measure of similarity”, a tracker is assigned to its respective
moving object under confusions. Fig. 3 and Fig. 4 show the
result of our CWHI based matching algorithm.

No prior threshold is set which proves the efficiency of the
proposed technique. The result proves that tracking of multiple
objects is possible even if non-feasible situation appeared
using the proposed intelligent feature-based approach.

V. EXPERIMENTAL RESULTS

The experimental results are presented which shows the
good tracking of moving objects under confusions. The
performance is satisfactory particularly when the number of
moving objects (i.e. cars) is not large and size of the moving
object is not too small. The results are presented in Fig. 3(a) in
which a synthetic video illustrates the sample situation where
three cars are moving separately.
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Fig. 3(a). Results of moving cars with motion trajectories are presented
(trajectories are associated with Index Numbers). The motion trajectories are
represents the tracking of moving objects even if the moving objects occlude
each other. The tracking is possible after the separation, as well. (b). Graph
shows the result of matched object (i.e. moving object 1, 2, and 3). Moving
object with maximum CWHI values is traced object during the confusion. This
information is sent to its associated tracker to continue tracking under
confusion.



Fig. 4. A. shows the tracking results in normal case whereas B. shows the results of the moving cars with motion trajectories (trajectories are associated with
Index Numbers of Moving objects). The cars are tracked through the indexes where the tracking is possible after occlusion and separation, successfully.

It is observed that the paths are continuous when no confusion
arises. However, errors are noticed in the trajectories when
inter-object occlusion and separation is initially observed. It is
shown that the inter-object occlusion and separation is
occurred during irregular interval of time. Each trajectory of
moving object is represented by a different color. The graph in
Fig. 3(b) shows the result of our proposed algorithm CWHI
based approach which represents the data association under
confusion, where the matched moving object have the
maximum CWHI-weights.

Fig. 4 shows two situations. The first normal tracking is
shown with ideal conditions (i.e. no confusion is observed).
Whereas, in the second situation, presents a scenario when two
cars crossed each other. It is observed that the trajectories
follow the correct cars even after occlusion and separation
(*The samples recording are taken from IESK video analysis
repository). The plots in Fig. 5 show that the matched moving
object has maximum CWHI weight which proves the
efficiency of our CWHI based algorithm. In this experiment,
we use the center of gravity of moving object as state of the
Kalman tracker. However, the selection of state vectors and
motion model depends on the characteristics of the scene that
is being analyzed.

The presented work is based on our initial research analysis
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on multi-object tracking using stochastic tracking algorithm
and feature-based matching techniques. These results motivate
us to further investigate histogram-based matching techniques
together with stochastic tacking algorithms. In particular, more
distinctive techniques will be exploited such as fuzzy logic or
AdaBoost classifier with histogram to handle more complex
real-time scenarios. However, the proposed algorithm
performs very well on tested videos achieving robust tracking
with 97.3% accuracy and 0.07% covariance error.

VI. CONCLUSION AND FUTURE WORK

In this work, a new approach is proposed for tracking
multiple moving object in confusing states (i.e. inter-object
occlusion and separation) using Kalman filter and CWHI
based algorithm. We exploited Kalman filter with proposed
CWHI based algorithm. Each moving object is assigned an
individual Kalman tracker which is assisted by “manager”
during the entire tracking process. The proposed approach has
shown good performance when applied on several videos
under confusing situations. The future work will be focused in
two directions. First, histogram methods will be investigated
further; second more advanced tracking techniques such as
Extended Kalman Filter and Particle Filters will be exploited
to handle more complex real-time scenarios.
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Fig. 5. The graphs show the matched results of the moving cars (moving
object 0 and 1). Moving object with maximum CWHI is the matched object
under confusion and this information is given to it respective tracker to
continue tracking under occlusion and separation.
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