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Abstract − This paper presents an algorithm developed to 
provide automatic motion detection and object tracking 
embedded within intelligent CCTV systems. The algorithm 
development focuses on techniques which provide an efficient 
embedded systems implementation with the ability to target 
both FPGA and DSP devices. During algorithm development 
constraints on hardware implementation have been fully 
considered resulting in an algorithm which, when targeted at 
current FPGA devices, will take full advantage of the DSP 
resource commonly provided in such devices. The hierarchical 
structure of the proposed algorithm provides the system with a 
multi-level motion estimation process allowing low resolution 
estimation for motion detection and further higher resolution 
stages for motion estimation. An initial MATLAB prototype has 
demonstrated this algorithm capable of object motion 
estimation while compensating for camera motion, allowing a 
moving object to be tracked by a moving camera. 
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I. INTRODUCTION 

With the increasing numbers of CCTV cameras in 
everyday surveillance applications the burden on the 
surveillance operators is constantly increasing. The number 
of monitored video sources is growing beyond the effective 
capabilities of this human interface. 

This paper describes a system which has been developed 
and prototyped in MATLAB, based on a proposed 
hierarchical block-based motion estimation algorithm. This 
system allows any standard Pan Tilt Zoom camera to 
independently and automatically detect and track a moving 
object within the field of view of the camera. This includes 
the capability to both pan and tilt the camera in order to 
maintain the tracked object in the camera view. The system 
comprises a hierarchical motion estimation algorithm 
integrated with a camera control loop allowing the system to 
behave as an automatic object tracking system. The novelty 
of this algorithm exists in the hierarchical motion estimation 
approach to object tracking and its specific development 
targeted at embedded hardware/software implementation. 
The motion estimation technique is based on an existing 
researched and qualified technique called Phase Correlation 
[1-9]. The proposed algorithm takes this base motion 

estimation technique and develops it to suit the application, 
making use of multiple image resolution levels as a means of 
handling variable object size and velocity. The adoption of a 
block based approach allows for ease of implementation in 
hardware and an effective use of the dedicated DSP hardware 
resource common in current FPGA devices. 

This paper is organized as follows. Sections II and III 
describe the processes of Object Tracking and Motion 
Estimation, distinguishing the proposed application of both 
FPGA and DSP implementations. Section IV describes the 
hardware constraints relevant during algorithm development 
and the proposed solution to accommodate these constraints. 
Section V describes a MATLAB implementation of the 
proposed algorithm as a proof of concept. Sections VI and 
VII illustrate results from the prototype implementation and 
discuss conclusions from the proof of concept work carried 
out here. 

II. OBJECT TRACKING 

The ability to track an object in a scene requires a means 
of determining how much and in what direction the object 
has moved in a given time interval, commonly referred to as 
motion estimation. Object tracking subsequently involves the 
control loop around this estimation technique, updating the 
position of the tracking reference point before the next 
attempt at estimating the object’s motion. Currently there are 
a variety of methods used to perform the task of motion 
estimation. Possibly the most common utilisation of motion 
estimation techniques is in predictive video compression 
algorithms. The majority of existing object tracking 
algorithms are software based, mainly stemming from the 
field of computer vision, and these commonly use a 
centralized processing resource to determine motion in 
captured video sequences. The distinguishing factor of this 
target application is the intention to distribute the tracking 
intelligence to the camera itself at the perimeter of the CCTV 
network, allowing it to handle object tracking and camera 
control in hardware as an autonomous system.  

III. MOTION ESTIMATION 

This distinguished hardware oriented object tracking 
approach initially focuses on examining methods of utilizing 
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the information already provided by existing video 
compression algorithms as a means of feeding an object 
tracking algorithm. As a result this minimises any extra 
processing and hardware resource required for an embedded 
implementation. Current video compression algorithms such 
as MPEG4 and H.264 make use of motion estimation and 
motion compensation techniques to maximise compression 
along the time axis. These methods work on the basis that the 
overall content difference between consecutive video frames 
is usually small and a method of predicting the next frame in 
the sequence greatly reduces the amount of data which needs 
to be transmitted [2][8][10][11]. 

 

Fig.1. Block Matching technique (a) current block being matched, (b) 
constrained search area within which a best match is found. 

 
Currently the most commonly used motion estimation 

method is Block Matching, Fig.1, where each N*N block of 
pixels is compared with its corresponding and neighbouring 
pixel elements in a previous reference frame to determine the 
block position which minimises the difference function. The 
result is a block of neighbouring pixels which can then be 
coded as a motion vector and a difference value, thereby 
reducing the amount of data to be transmitted but allowing 
the decoder the ability to reproduce the original image. With 
block matching algorithms the performance of the operation 
is dependent on how constrained the search routine is for the 
current frame; the time taken to perform the block matching 
search can be greatly reduced by limiting the amount of the 
image to be searched by the current block. An obvious 
drawback with limiting this search area is that this also limits 
the amount of object displacement which can be measured 
between consecutive frames. In terms of an object tracking 
application a more significant limitation of block matching is 
the fact that it provides a best match motion estimate within 
the given search area as opposed to a measure of the actual 
motion of a given object. This actual motion measurement is 
crucial for the ability to track an object using motion 
estimation. 

An alternative technique to the Block Matching system 
which provides this actual motion measurement involves a 
frequency domain technique known as Phase Correlation [1]. 

This technique can provide a number of motion vector 
candidates which represent actual motion content between 
two images. With phase correlation, translational changes in 
the image in terms of motion can be measured as a phase 
shift in the frequency domain.  

Let  and  be the two images which differ by a 
displacement of , the two images are related as 
follows: 
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Their Fourier transform is then related as follows: 
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The inverse Fourier transform of the phase correlation 

equation shown here:  
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produces a phase correlation surface (Fig.2). If the two 
images are identical but shifted the result will be an impulse 
at  which represents the translational displacement 
between the two images. 
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Fig.2. Phase Correlation measures translational shifts between images with 
individual peaks representing separate motion vectors. 

 
In terms of an object tracking application, phase 

correlation provides a true match for an object between 
frames unlike the limited best match case of block matching. 
There are, however, limitations with the phase correlation 
method when used for object tracking. The size of the tracked 
object in terms of the overall area of the image has a direct 
impact on how well its motion can be detected. If the 



background area is greater than that of the tracked object then 
the background will have a dominating effect on the 
correlation process resulting in a suppressed correlation peak 
for the moving object and a dominating peak for the 
background. This would represent a real problem for the 
target application where the background may appear to be 
moving due to ego-motion introduced by camera motion 
during object tracking. 

The use of shape adaptive phase correlation (SAPC) for 
motion estimation, where the algorithm is adapted to suit the 
size and expected velocity of the object being tracked, has 
previously been proposed [3]. This approach overcomes the 
identified problems associated with background dominance 
during phase correlation and as a result it can handle objects 
of any size with a greater motion between frames.  

This paper proposes an alternative solution tailored 
towards hardware implementation. The following section 
describes the development of the proposed hierarchical 
block-based phase correlation technique (HBBPC). This 
technique overcomes the identified limitations of phase 
correlation, due to its dependence on object size, and also 
addresses hardware implementation concerns identified for 
the alternative SAPC technique. 

 

Fig. 3. Phase correlation measures a relative motion between images and is 
dependent on object size. 

IV. HARDWARE IMPLEMENTATION CONSTRAINTS DURING 
ALGORITHM DEVELOPMENT 

A number of hardware considerations have shaped the 
development of the tracking algorithm based on the phase 
correlation technique. Initial experimentation and prior 
literature indicate that the phase correlation technique 
provides a robust and very accurate means of determining the 
relative motion between two images. Initially developed for 
image registration it can handle changes in orientation and 

illumination and is capable of producing sub-pixel motion 
estimation measurements [1][2]. In terms of object tracking, 
the spatial presence of the object within the scene is a major 
factor in whether the dominating correlation peaks are 
representative of an object’s motion or that of the 
background, Fig.3. 

In the SAPC technique the foreground object is initially 
segmented from the background; the remaining background 
pixels are replaced with an average luminance value and the 
phase correlation is performed using the segmented object 
image. This technique requires the implementation of an 
adaptive phase correlation algorithm based on the size of the 
segmented object. Considering Fig.5’s illustration of a 
possible hardware implementation of the phase correlation 
block diagram in Fig.4, the requirement for fixed size FFT 
resource and memory allocation make implementing a 
dynamic sized phase correlation difficult. The proposed 
HBBPC algorithm accommodates this hardware resource 
allocation consideration by using a fixed block size 
implementation of the phase correlation process thus 
providing a deterministic system where each block takes a 
preset time to process. 
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Fig.4. Phase Correlation Block Diagram. 
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Fig.5. Phase Correlation Hardware Implementation. 

 
As already established there are drawbacks with this 

block-based approach, smaller blocks require less hardware 
resource but limit the measurable displacement of the object 
between frames. However larger blocks risk the problem of 
the background dominating the correlation peak and giving 
motion vectors relating to the background motion rather than 
the foreground object motion, so tracking the object becomes 
impossible. Also with a typical 16*16 pixel block-based 
technique new information introduced at the block edges due 
to motion can introduce noise in the output of the phase 
correlation process. To handle this noise a raised cosine 
window is applied to the block, this window attenuates the 



V. MATLAB PROTOTYPE signal frequencies at the perimeter of the block reducing the 
effects of new edge information. While this improves the 
results of the phase correlation it limits the effective area 
being tracked and the measurable velocity of the tracked 
object. Fig.6 illustrates how the use of a larger block size of 
32*32 pixel elements gives a larger overlapping area for 
correlation and by applying the windowing function to this 
larger area it can be assumed that the attenuated frequencies 
have a negligible impact on the area inside the central 16*16 
block. To compensate for the information suppressed due to 
attenuation at the edges the blocks are overlapped in each 
direction. This overlapping process quadruples the number of 
blocks to be processed but gives a better coverage while still 
providing good immunity to errors introduced by edge 
information.  

The proposed HBBPC algorithm has been implemented 
using MATLAB as a means of proving the performance of 
the tracking algorithm in a real environment. A control loop 
has been developed which determines where the tracked 
object is within the scene based on the position of a tracker 
box. From this coordinate position and the preset dimensions 
of the tracking box the control algorithm can determine in 
which direction to move the camera to maintain the object in 
the centre of the scene. The system processes a selected 
region of each video frame to determine the motion content at 
the multiple levels of the hierarchical algorithm. The best 
motion vector results are determined based on the confidence 
in the peak measured at the output of the phase correlation. 
This confidence measure is decided on by identifying the 
amplitude difference between the best peak and the second 
best peak. A large difference between these peaks indicates a 
higher confidence that the larger peak represents the best 
measure of motion in the block. For the three-level hierarchy 
a set of motion vectors are then produced and an average 
motion vector is determined which provides feedback to the 
tracker location function updating the tracker position for the 
next iteration. Once the tracker has been updated a separate 
function determines the current position of the tracker and 
decides in which direction the camera needs to move to 
maintain the object in its field of view.  
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Fig.6. Correlation area using (a) 16*16 and (b) 32*32 blocks.  
 
A means of providing a hierarchical range of process 

levels feeding into the block-based motion estimation 
algorithm is also proposed, allowing the motion estimation to 
be targeted at specific areas of the scene at the next level of 
the hierarchy. This system also provides an improved means 
of coping with larger displacements and can handle tracking 
of objects of different sizes. A quad tree reduction which 
systematically divides the segments into quadrants and 
performs phase correlation on each segment would provide 
this dynamic range [12]. However going back to hardware 
implementation considerations this technique would require 
the ability to process different sized blocks at each level of 
the quad tree hierarchy. Here the proposed solution to this, 
illustrated in Fig.7, utilises a wavelet decomposition of each 
image to provide multiple resolution levels feeding into a 
fixed block size phase correlation. This proposed technique 
provides a dynamic range for tracking variable sized objects 
and at different velocities but also allows the hardware 
implementation to use the same fixed size block based phase 
correlation at each level. Using this HBBPC algorithm 
different resolution levels can be exploited to approximate 
motion in given areas and adaptively concentrate higher 
resolution motion estimation in specific regions as required. 

Frame(N-1) Frame(N)

Motion Vectors

Discrete
Wavelet

Transform

Discrete
Wavelet

Transform

Block Based
Phase

Correlation

Discrete
Wavelet

Transform

Block Based
Phase

Correlation

Block Based
Phase

Correlation

Discrete
Wavelet

Transform

.

.

.

.

. .

. .
.

. .

. .

Hierarchical Block Based Phase Correlation

Motion Estimation Model

Fig.7. Hierarchical Block Based Phase Correlation. 



VII. CONCLUSIONS 
VI. RESULTS A novel adaptive hierarchical algorithm has been 

developed specifically for embedded hardware 
implementation of a distributed object tracking algorithm 
which is both robust and flexible enough to handle real 
world applications. The algorithm takes an existing 
method for motion estimation and builds upon the obvious 
advantages it provides over other established techniques. 
The proposed hierarchical motion estimation technique 
overcomes the restrictions which have been identified due 
to the use of a block based approach for motion vector 
generation. The result is a dynamic model which can 
estimate motion in larger areas at lower resolutions and, 
based on this initial measurement, the effort at higher 
detail stages can be targeted to areas where motion is 
present. Using sub-pixel measurements in the phase 
correlation output of low resolution approximations it is 
possible to gain an accurate measurement of larger 
displacements which would have been beyond the limits of 
the basic block based approach. This multi-level 
approximation allows for tracking of varying sized objects 
and objects with a larger displacement between frames.  

The following image sequence is taken from the 
MATLAB prototype demonstrating the tracking of a 
person with a moving PTZ CCTV camera. 

 

 

The operation of the proposed algorithm has been 
proven in software using MATLAB but limitations on 
processing performance mean object tracking is typically 
limited to a rate of one frame per second. 

As a result of this initial MATLAB implementation 
further development will concentrate on an FPGA based 
pipelined hardware implementation of the algorithm with 
the goal of increasing the frame rate of the object tracking 
to full rate at 25fps. 
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