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a b s t r a c t

In this paper a novel tracking approach based on fuzzy concepts is introduced. A methodology for both
single and multiple object tracking is presented. The aim of this methodology is to use these concepts
as a tool to, while maintaining the needed accuracy, reduce the complexity usually involved in object
tracking problems. Several dynamic fuzzy sets are constructed according to both kinematic and non-kine-
matic properties that distinguish the object to be tracked. Meanwhile kinematic related fuzzy sets model
the object’s motion pattern, the non-kinematic fuzzy sets model the object’s appearance. The tracking
task is performed through the fusion of these fuzzy models by means of an inference engine. This way,
object detection and matching steps are performed exclusively using inference rules on fuzzy sets. In
the multiple object methodology, each object is associated with a confidence degree and a hierarchical
implementation is performed based on that confidence degree.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Object tracking plays an important role in computer vision.
During the last years, extensive research has been conducted in
this field and many types and applications of object tracking sys-
tems have been proposed in the literature such as automated sur-
veillance, vehicle navigation, human computer interaction, and
traffic analysis [1–7].

Tracking is essential to many applications and robust tracking
algorithms are still a huge challenge. Difficulties can arise due to
noise presence in images, quick changes in lighting conditions,
abrupt or complex object motion, changing appearance patterns
of the object and the scene, non-rigid object structures, object-
to-object and object-to-scene occlusions, camera motion and real
time processing requirements. Typically, assumptions are made
to constrain the tracking problem in the context of particular appli-
cations. For instance, almost all tracking algorithms assume that
the object motion is smooth or impose constrains on the object
motion to be constant in velocity or acceleration. Multiple view
image tracking or prior knowledge about objects, such as size,
number or shape, can also be used to simplify the process. In this

work, the word ‘‘object’’ refers to the template image pattern being
tracked (e.g. person’s hair, briefcase, etc.).

Normally, tracking is seen as a main task involving several sub-
tasks such as image segmentation for object detection, object
matching and object position estimation. A myriad of algorithms
has been developed to implement this subtasks but each one have
their strengths and weaknesses and, over the last years, extensive
research has been made in this field to find optimal tracking sys-
tems for specific applications. Many approaches of tracking tech-
niques have been proposed in the literature, however, they are
not completely accurate for all kind of scenarios and just provide
good results when a certain number of assumptions are verified.
Moreover, tracking methodologies that are not designed for partic-
ular applications, where specific and well established assumptions
or constrains can easily be imposed, tend to be very complex.
These reasons are the motivation to study and implement new
tracking approaches where the introduction of soft computing
techniques, such as fuzzy logic, is intended for:

� Reducing the tracking task complexity by endowing the meth-
odology with the capability of incorporating reasoning in the
same sense that human reasoning simplifies real tracking prob-
lems (e.g. most tracking problems are not complex for humans,
they are indeed trivial in most situations).
� Endowing the methodology with the needed scalability in order

to cope with the specific needs of different tracking problems by
easily adding, changing or adapting the used fuzzy sets while
maintaining its general framework.
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The presented methodology intents to be an ease and feasible
general framework for object tracking that can easily be adapted
to specific applications or problems.

The remainder of this paper is organized as follows. In Section 2
the definition and a review of object tracking is presented. A gen-
eral description of fuzzy set theory is presented in Section 3. The
proposed approach is presented in Section 4. A possible implemen-
tation of the proposed approach is given at Section 5. Section 6
shows the experimental results to illustrate the effectiveness of
the proposed approach and a comparative study with well known
tracking approaches is performed. Finally Section 7 presents the fi-
nal conclusions and future directions.

2. Object tracking

Object tracking can be described as the problem of estimating
the trajectory of an object as it moves around a scene. Although
this general concept is almost consensual, the specific definition
of tracking can change in the literature. Nevertheless, tracking sys-
tems must address two basic processes: figure-ground segmenta-
tion and temporal correspondences [8]. Figure-ground
segmentation is the process of extracting the objects of interest
from the video frame. Segmentation methods are applied as the
first step in many tracking systems and therefore they are a crucial
task. Object detection can be based on motion [9,10], appearance
[11–13], etc. Temporal correspondence concerns to the association
of the detected objects in the current frame with those in the pre-
vious frames defining temporal trajectories [14,15].

In [16], tracking is described as a motion problem and a match-
ing problem. In this work, the motion problem is related with the
prediction of the object location in the next frame. The second step
is similar to the explained above. However, [1,17] present a wider
description of tracking with three steps: detection of interesting
objects, tracking such objects and analysis of object tracks to recog-
nize their behavior. In [18] this behavior analysis is seen as a fur-
ther interpretation of tracking results.

The selection of the most suitable feature to track is a critical
role in tracking systems. The uniqueness of such feature provides
an easy way to distinguish the object in the scene along time. Prop-
erties as intensity, color, gradient, texture or motion are commonly
used to perform object tracking.

According to its properties, object tracking could be categorized
in three groups: point, kernel and motion based approaches.

2.1. Point based tracking

Point based tracking approaches are suitable for tracking ob-
jects that occupy small regions in an image or they can be repre-
sented by several distinctive points. These points must be
representative of the object and invariant to changes in illumina-
tion, object orientation and camera viewpoint. Points denoting sig-
nificant gradient in intensity are preferred and commonly used by
different detectors such as Harris [19], KLT [20] and SIFT [21]. To
deal with the point correspondence problem between frames,
deterministic constraints such as proximity, maximum velocity
and small velocity change could be used. An alternative is to use
statistical methods such as Kalman or particle filters. KLT and SIFT
approaches provide internal methodologies to address the corre-
spondence problem. Scale-invariant feature transform (or SIFT) is
a well-known algorithm for object recognition and tracking. Inter-
esting points are extracted from the object to provide a set of
descriptors. These descriptors must be detected on the new image
even among clutter, partial occlusion and uniform object scaling
and rotation. In order to reduce computational time consumption,
a research region in the next frame is defined according the last

known location or based in a motion model of the object. However
this method would typically not work with deformable or articu-
lated objects since the relative positions between the descriptors
differ from the original representation. To overcome this limitation
an update scheme could be used and the object descriptors are
recomputed after a predefined elapsed time.

2.2. Kernel based tracking

In this approach it is required a template or an appearance
model of the object. Template tracking consists of searching in
the current image for a region similar to the object template. The
position and, consequently, the object matching between two con-
secutive frames is achieved by computing a similarity measure
such as the cross-correlation. The cross-correlation concept is pre-
sented in [13]. Instead of templates, other object representations
can be used for matching, for instance, color, color statistics, tex-
ture or histogram based information. The mean shift tracking algo-
rithm is an efficient approach to tracking objects whose
appearance can be described using histograms [22]. This iterative
method maximizes the appearance similarity by comparing the
histograms of the object and the region around the predicted ob-
ject location. The Bhattacharya and Kullback–Leibler distances
are commonly employed to measure the similarity between the
template and the current target region. It fails in the case of occlu-
sions and quick appearance changes.

2.3. Motion based tracking

This group of approaches perform tracking based on displace-
ment or optical flow of image pixels. The optical flow of a pixel
is a motion vector represented by the translation between a pixel
in one frame and its corresponding pixel in the following frame.
This computation has been proved to be difficult to achieve due
to issues such as the brightness constancy assumption and the
aperture problem. The classic tracking algorithm Kanade–Lucas–
Tomasi (KLT) was firstly proposed by Lucas and Kanade in 1981,
being perfected by Tomasi and Kanade in 1991 and explained in
detail by Shi and Tomasi in 1994 [20]. The method proposed by Lu-
cas and Kanade computes the optical flow for each pixel of an im-
age, while the method proposed by Tomasi and Kanade known as
KLT, extracts optimal points in the image and then computes the
optical flow on the subsequent images to only this subset of points.
The KLT is a complete method that provides a solution for two
problems in computer vision: the problem of optimal selection of
suitable points in an image and the problem of determining the
correspondence between points in consecutive frames. It has little
tolerance in image brightness variation and difficulty in detecting
rapid object movements. Tracking moving objects can also be
achieved by constructing a reference representation of the envi-
ronment called background model and then finding deviations be-
tween this model and each incoming frame. A significant change
between the background model and an image region denotes a
moving object. This process is referred as background subtraction
and represents a popular method especially under those situations
with a relatively static background. An alternative approach to de-
tect changes and, consequently the movement, between two con-
secutive intensity image frames I(x,y, t) and I(x,y, t � 1) taken at
times t and t � 1, respectively, is to perform a pixelwise difference
operation. Frame differencing is very adaptive to dynamic environ-
ments, but generally does a poor job of extracting all the relevant
pixels, i.e., there may be holes left inside slowly moving objects.

Since the arise of fuzzy logic theory, it has been successfully ap-
plied in a large range of areas such as process control systems,
automotive navigation systems, information retrieval systems
and image processing. As presented beforehand, a tracking system
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