Air object recognition by the normalized contour descriptors
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Abstract

This paper consider research into the methods for recognizing the type of an air object on a
digital image acquired from video monitoring system. A method has been proposed that is
applied on a feature vector built on the basis of a Fourier transform for the sequence of
coordinates of its two-dimensional contour. This makes it easier to solve the classification
problem owing to a more compact arrangement of the multidimensional feature vectors for
similar air objects. The architecture of an air situation video monitoring system has been
suggested, which includes an image preprocessing module and a module of neural network.
Preprocessing makes it possible to identify an object’s contour and build a sequence of
normalized descriptors, which are partially independent of the spatial position of the object and
the contour processing technique. Proposal method is easy in realization and do not require
significant computational resources due take into consideration the specificity of recognizing
objects in 3 dimensional. This research has shown that the reported results make it easier to
train a neural network and reduce the hardware requirements for solve the task of air situation

video monitoring.
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1. Introduction

Solving tasks of detection and recognition of
air objects fast at high quality is of great
importance for civilian applications in air traffic
control, airport air situation monitoring, as well as
military activities. Currently, the list of types of
aircraft objects has been significantly expanded
through the use of unmanned aerial vehicles
(UAVs), quadcopters, cruise missiles, and
helicopters. Optical video surveillance systems
are increasingly being used to detect aerial
objects. Video monitoring reduce the dimensions
of detection systems and as well avoids problems
related to the masking of characteristics of air
objects in the radar detection area (stealth
technology, small size, etc.). Video technologies
require to solve tasks into the field of digital video
processing and automated object recognition.

Solving them is typically based on the use of
deep convolutional networks. Such a solution is
too universal and not taking into consideration
that in the area of recognition of the type of air
objects, the contours of the object yield enough
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information to solve the problem. But the issue is
that the resulting numerical characteristics of the
contour should be invariant relative to the
geometric distortion (displacement, orientation,
scale) of the object’s image. For air objects, this
is especially relevant due to the three degrees of
freedom in determining the position and is an
important area to research.

One of the most effective and commonly used
approaches to numerical description of the
geometric shape of a flat object’s contour is the
application of a Fourier transform procedure. This
approach is particularly interesting because it
generates a unique one-dimensional identification
sequence of the standard size, termed as Fourier
descriptors, for all examined objects.

The deep convolutional networks that are used
in laboratory image recognition experiments are
too heavy both at the training stage and at the
operational stage. For actual application,
including mobile devices, methods that require
fewer computing resources are in demand. This is
confirmed by works [1-2] that address the use of
object recognition methods based on feature
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vectors, including Fourier descriptors, acquired
from a contour analysis. However, known
solutions involving these methods either do not
use information about phase from vectors
complex vectors or do not parse the contours of
objects into classes corresponding to three
different projections. This suggests the relevance
of our research into recognition air objects in an
arbitrary spatial position, based on the Fourier
descriptors of the contour.

2. Problem statement

Study [3] gives a detailed overview of the
significant advances in the use of deep
convolutional neural networks to recognize
arbitrary images. However, as shown in papers [4,
5], deep learning methods require a large number
of training sets and significant computer time to
train a network.

It is shown in [6] that the use of transfer
learning may become an option to overcome the
heaviness of deep network training from scratch.
This method assumes that a pretrained universal
network additionally learns from specific images
of air objects. The application of transfer learning
makes it possible to bypass the limitations
associated with the training time. However, some
questions remain open. First, there is the issue of
the redundancy of a universal approach based on
deep neural networks when it comes to the
recognition of types of air objects. Second, there
is an issue related to the division of object classes,
each of which is represented by too different (due
to spatial orientation) images of objects on a flat
image.

It should also be taken into consideration that
explaining the recognition process in deep
networks is based on highlighting the hierarchy of
attributes in the image. This means that the
network learning process involves excessive
training the network, including for generating the
contours’ attributes, although this can be solved
more effectively by classical methods of image
processing.

Describing an image of an object by its
contour is sufficient for the task of recognizing
the types of air objects; it utilizes much less
information than when analyzed using deep
neural networks, which allows for a series of
advantages. Studies [7, 8] report various methods
for the mathematical notation of a contour; work

[9] shows the use of these methods to recognize
the types of air objects.

When recognizing 3-dimensional objects by
their 2-dimensional image, there is an issue
related to deriving a numerical descriptor
invariant relative to the orientation of the object
and its size in the image. The most interesting for
description the contour of an air object is the use
of Fourier descriptors. This method based on a
discrete Fourier transform to the function that
describes the contour of the object. As shown in
papers [7, 8], this method is based on the
representation of a closed flat curve by a sequence
of points whose coordinates are considered
complex numbers. Similar to how the spectrum of
an audio signal, derived from a its Fourier
transform, identifies this signal, the Fourier
descriptors identify the closed contour of the flat
shape.

Fourier descriptors partially resolve the issue
of invariance in relation to the rescaling and
rotation in the image plane. However, direct use
of all the information derived from a Fourier
transform is not possible as the phase component
of the descriptors depends on the choice of the
starting point of the contour. This issue requires
separate research.

The task of recognizing aircraft types based on
feature vectors derived from the Fourier
descriptors has been solved since the 1980s by
using a variety of classification methods. Work
[10] applies methods of correlational analysis,
distance assessment, support vector machine;
paper [11] explored the use of neural networks to
solve the task of categorizing objects by their
descriptors of a Fourier contour.

A review of the results of the above studies
reveals the following shortcomings in existing
approaches to solving a task of air object
recognition. Deep convolutional network
methods are excessively heavy and general-
purpose. The methods of network training do not
take into consideration the possibility to simplify
learning when dividing the training sample into
subclasses corresponding to three different
projections.

All this suggests that it is appropriate to
construct an air object recognition method that
would combine the advantages of a contour
analysis based on Fourier descriptors and the
specific training method of neural networks in
order to overcome the above shortcomings
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3. Studying the dependence of
changes in the descriptors of the
contour of air objects on the angle
of rotation

This study is assumed that the image of an air
object can be represented as an ordered sequence
of z(k)=(xx, w), k=0,..., N-1 points that
describe the contour.

The application of a Fourier discrete transform
to this sequence generates a unique one-
dimensional identification sequence of standard
size values called Fourier descriptors, which
possesses a series of interesting properties that are
studied in detail below.

3.1. Exploring the properties of
Fourier descriptors

A one-dimensional Fourier transform of the
function f{1):

Flo)= [ F(t)e ™t (1)

makes it possible to derive a continuous spectrum
of this function in the frequency domain normally
used to analyze time signals. For the case of the
discrete sequence N of points z(k) of the examined
signal (1) takes the form of a discrete Fourier
transform and leads to the calculation of the
discrete spectrum:

N1 7,,2:mk

Fn)=2 z(kje ", (2)

k

where n=-N,..,01,...N—1.
It is important that this transform allows for a

reverse operation — an inverse discrete Fourier
transform:

1 N-1 2nnk

2k =y LF(n)e . (3)

that restores the original sequence.

The sequence of Fourier descriptors possesses
a series of important properties that explain their
use in describing the contours of objects in two-
dimensional images: invariant under shift,
rotation, and scaling, as well as orderliness.

However, Fourier descriptors are sensitive to
the choice of the starting point in Fourier
transform processing. This effect makes it
difficult to directly use the phase component of
the descriptors to identify the contour.

There are also problems with arbitrary affine
transformation. Such a transformation is one of
the simplest, which roughly describes the
distortion of the shape of a flat image of a contour
when a 3-dimensional object is at an arbitrary
angle relative to the plane of the camera.

The one of important useful feature in terms of
contour identification is the orderliness of the
descriptors by the degree of their importance to
the image. This makes it possible to discard (zero)
the high-frequency components without losing
visual recognizability. In the sequence of the
Fourier descriptors for a {flat shape, the
information about the shape of the contour is
delivered by the first few elements of the
sequence.

An inverse Fourier transform makes it possible
to assess the degree of recognition of the shape at
zeroed high-frequency components. The image
contour shown in Figure 1, a contains about 2,000
points. Accordingly, a Fourier discrete transform
would result in the same number of descriptors.
The inverse transform would result in an accurate
contour restoration.

a b c d
Figure 1: lllustration of the image contour
filtering effect involving a Fourier transform

The zeroing of the descriptors above some of
the filter’s chosen boundary frequency results in
a decrease in the details in the image at inverse
transform while the object’s recognition is
retained. Figure 1, b, ¢ shows the contour restored
after zeroing all but 64 and 32 low-frequency
descriptors, respectively. Figure 1, d shows an
image obtained for the same original contour by
discarding all descriptors except 32 for the rapid
derivation of only 32 points of the restored image
with linear interpolation between them.
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3.2. Choosing a feature vector

In a general case, the Fourier descriptors F(n)
can accept different values for different images of
the flat contour even of the same object. Their
magnitudes depend on the scale r, the rotation
angle o, and the choice of the contour starting
point ko, as considered above.

Assuming that some reference value of the
descriptors F*(n) has been selected, the calculated
F(n) sequence) for the recognized object can be
represented as follows:

2k

F(n)=re®e " .F (n). (4)

One can convert the Fourier descriptors to a
form that lacks the influence of these factors.
Consider the normalized descriptors according to

[12]:
()= 2R 5)

It is then possible to show that:
N(n)=
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where N*(n) are the normalized coefficients,
corresponding to the reference set of the Fourier
descriptors F*(n).

It is easy to see that the normalized descriptors
N(n) (5), unlike Fourier descriptors, are
independent of the above factors and can serve as
an adequate sequence to describe the reference
image of the contour.

3.3. Computational experiment

We have investigated the dependence of
Fourier descriptors (2) and the normalized
descriptors (5) on the angles of spatial position for
four different types of aerial objects: aircraft,
unmanned aerial vehicle, helicopter, quadcopter.
In accordance with the filtering properties of a
Fourier transform shown in Figure 1, it was
determined that the first 32 descriptors would
suffice to represent the shape of the air objects
being examined to solve a classification problem.

One can see (Figure 2) that even similar
profiles of the aircraft and helicopter have

different «patterns» in terms of the amplitude
component for their Fourier descriptors. The
phase component, as discussed above, is not
representative  because of the uncertainty of
choosing the starting point of the contour.
However, this difference is especially noticeable
for normalized descriptors where both the
amplitude and the phase component are
important.

Figure 2. Difference in the shape of the objects
represented by their Fourier descriptors and
normalized descriptors: a — a binary image of
the A380 aircraft profile; b — the same for the

Apache helicopter; ¢ — amplitude characteristics
of Fourier descriptors (solid line — for A380,

dotted line — for Apache); d, e —the amplitude
and phase characteristics of the normalized
descriptors for A380; f, g —the same for the

normalized descriptors for Apache

When recognizing the type of any three-
dimensional object in a two-dimensional image,
there is an issue of the mutual location of the
object and the video camera. Regardless of the
classification method the proximity of the view of
the contour of the real object and some pattern
remains important. This is a particularly
important issue for aerial objects that have the
freedom to rotate around any of the 3 axes in
threedimensional space.

There are a series of simplifications. Specific
terms are typically used for aircraft rotation
angles (roll, yaw, pitch). One can assume that the
video plane is parallel to the XY plane of the
system of coordinates of the aircraft Figure 3). At
the same time, the aircraft can be simplified to
present as a model in the form of flat surfaces
(Figure 3, ). Then it is obvious that the roll of the
aircraft would result in an easy computed change
in the contour of the wing projection in the image.
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In this case, for each point of this contour relative
to the contour at a zero roll, the y-th coordinate
would change proportionally to the cosine of the
roll angle.

Figure 3 Change in the aircraft projection when
its position changes

One can more accurately describe the change
in the coordinates of a rotating object. Since of
interest is a change in the x and y coordinates,
one can record:

[jJ ) [—Q?jgosﬁ OQC;CJ [;J = (7)

where x’ and y’ are the coordinates of the new
position of the arbitrary point of the object at
coordinates x and y.

It is easy to show that due to the linearity of a
Fourier transform, the proposed normalized
descriptors (5) do not depend not only on such a
change of angles but, in general, on an arbitrary
affine transformation.

Studying the dependence of Fourier
descriptors (2) and normalized descriptors (5) on
the spatial angles for the examined air objects has
shown that when the angle of the roll increases
from 0 to 90 degrees, the side image smoothly
transitions into the image from below (Figure 4),
while the Fourier descriptors and the normalized
descriptors are smoothly transformed into the
horizontal projection descriptors.

Figure 4 Change in the shape of the A380
aircraft’s projection when the angle of the roll
changes from 0° to 90°

However, in practice, the representation of an
aircraft in the form of flat surfaces is too rough;
the descriptors of different frequencies perform
differently during this transformation. Figure 5
gives the results of a change in the amplitude of
the first few normalized descriptors. Similar
studies have been conducted for other types of
aircraft (helicopter, UAV, and quadcopter).

/ oy v "..5 s
Figure 5 Change in the amplitude of the

normalized contour descriptors when the angle

of the A380 aircraft roll changes from 0° to 90°

2
L=

It is generally accepted that the sequence of
Fourier descriptors is invariant not only to the
change in scale and displacement and only the roll
and pitch influence the change in the two-
dimensional projection of the three-dimensional
silhouette of an aircraft.

Our analysis revealed that in the case when the
shooting point is not directly under the plane, even
yaw is not a pure image rotation, which can be
compensated for when processing the descriptors.
Thus, even in the trivial case, if one studies the
contour of a cube or parallelepiped, at a yaw
rotation the quadrangle contour can change to
hexagonal.

The result of studying the contours of 4 types
of objects: passenger plane, helicopter, unmanned
aerial vehicle, quadcopter has established that the
normalized descriptors N(n) (5) even for low
frequencies are sensitive to changes in the
position of the object in space. That necessitates
the use of separately normalized descriptors for
each of the three orthogonal projections of the
object as class references.

Therefore, three orthogonal projections as
separate classes are used when solving a
classification task and building a training set in
this study, although this increases the number of
classes to 11 for the 4 selected types of objects
(the quadcopter has two projections that match).

4. Discussion of results of studying

Our results of the convergence of the training
procedure indicate that the proposed approach to
the selection of normalized contour descriptors as
the vectors of object attributes in order to solve
the task of recognizing the types of air objects
using a neural network makes it possible to build
an effective recognition subsystem for the
complex of moving air object detection

The application of the proposed method is
associated with a series of limitations in terms of
its practical use. For example, solving the task
implies, first, that an air object is large enough to
detect a contour that can be used to calculate 15
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normalized descriptors. Second, it is assumed that
the image of the object is not distorted by fog or
partially closed by clouds. The removal of these
restrictions could be partially implemented by the
pre-processing of the image and is the subject of
further research.

5. Conclusions

A computational experiment involving model
images was performed to investigate the
dependence of change in Fourier descriptors and
the normalized contour descriptors of images of 4
types of air objects on the angle of the object’s
rotation relative to 3 axes. It is shown that the use
of normalized descriptors has a series of
advantages over the Fourier descriptors. It has
been established that to simplify the recognition
task, one needs to parse the training set for each
type of object into 3 classes corresponding to 3
orthogonal projections. This makes it easier to
solve the classification problem owing to a more
compact arrangement of multidimensional
feature vectors for shapes with similar images.

Algorithmic maintenance for an air situation
video monitoring system has been developed. The
task of recognizing the type of an air object is
tackled by a pre-trained neural network. The
validation detection accuracy is as high as 99 %.
This confirms that the proposed method of
building a system for recognizing the types of air
objects could simplify the requirements for the
implementation of hardware while improving the
accuracy when solving a task of air situation
recognition.
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