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Abstract: In recent years, the demand for small Unmanned Aerial Vehicles (UAV) in GPS-
denied environment is increasingly strong. To solve the problem of multi-target recognition, we
study the multi moving target recognition and location technology based on the platform of the
small multi-rotor UAV. We used a method to quickly locate the region of interest based on the
visual attention mechanism, and then used the machine learning algorithm to classify the region
of interest to obtain the target accurately. Our method can track the specified target in the image
and locate the target in real time, which the algorithm delay is about 50ms and the location error
is less than 15 ¢m. Our solution can effectively reduce the influence of light variation, motion
blur, the color analogue interference and complex background. The ground robot is used as the

tracking target to test and verify the algorithm, which can achieve a better tracking effect.

Key words: unmanned Aerial Vehicle;
machine learning

CLC number: TP18 Document code: A

2010 Mathematics Subject Classification: 94B15

Citation:

target

tracking; visual attention mechanism;

doi:10. 3969/5. issn. 0253-2778. 2020. 08. 017

LI Peng, ZHENG Yu, ZHANG Tangui. UAV target tracking based on visual attention mechanism

[J]. Journal of University of Science and Technology of China, 2020,50(8):1162-1169.

ML kiR B
(8):1162-1169.

T AL W R AN B AR BRER (T, b B2 R K2 2 4, 2020, 50

ETHRZBZENT AN BIRRER

Mg, A

QLA R G A R F] L AERC 10002852, L AT L 25 ] ©AT & R4 LRSS AT, b At 100076

3. H M S A 2t L RCE IS 230027)

HE. 5K I ALANELLEFREAHTHEAERIEARA. 4N 2 BFRANRA, B E—FRFLT
N EFBARANTEW 2 B ARRANEAE R GRERN —Fhhid 2 mA AR KL TALEZMN
B AN EFITE RSB EBRRERBDAFG T E. FRT X EGEPHIRE B AREAITENR, R R LR
ARG AL, EFEREENT IS5 cm BHAEAXGKRT AR TN BHEHM AEEXMUD THALLT R
ERENY 0. D EIBAMEAEIZ B ARAFLEN R E, £ BARH AN RELGHE LT, 4% X 34K

*F 69 38 B AR
KPR RAM; B AR R AL EEIHR AR FT

0 Introduction

With the rapid development of military
revolution and the UAV market, the UAV target
tracking technology has been closely related to
national security interests and citizens’ applied to
work and life. UAV can not only observe the scene
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from the human perspective, but also make use of
its flight advantages to break through the terrain
restrictions to observe the target in a large range,
and from multiple angles.

long time

Therefore, it can obtain reliable information in a

for a

large range at a lower cost. Moreover, due to its
unique perspective, it is often used in important
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reference of multi-dimensional information fusion.
At present, the target tracking technology of UAV
mainly includes the following three methods:
0.1 Based on image segmentation and feature
extraction
Image segmentation is a process of dividing an
image into different regions according to different

pixel attributes''', such as color,
brightness and so on. The thresholding method is

simple and efficient, but it is not suitable for the

texture,

slightly complex scene. Feature spatial cluster,
shift®,  can
segmentation by grouping similar pixels, without

such as mean achieve image
considering image space information. The methods
splitting and

divide the attributes together as a

of region growing and region

merging™*
segmentation region, but the time and memory
consumption of the algorithm are relatively large.
The Markov random field ( MRF) model can
synthesize the texture, context, spatial features
and prior knowledge of the image. Its main
disadvantages are the complexity of mathematical

On the

basis of image segmentation, to achieve target

expressions and high time complexity.

recognition, we need to use different feature
operators for different target types. For example,
transform

Fourier descriptorst™ and Hough

61, ete. However, this scheme is difficult

features
to deal with the target recognition problem with
geometric changes, the complex background and
partial occlusion.
0.2 Based on knowledge and model

According to the prior knowledge, the feature

extraction and abstract modeling of the target are

carried out, and the constraints of target
recognition are constituted by them. The
corresponding feature extraction and target

hypothesis are carried out for the actual image,
and the hypothesis is verified by the constraints of
the model, and the
obtained. For example, Kalman filter'” is applied
to real-time target tracking of UAV. It is robust to
target occlusion, but only suitable for linear
systems. Some researchers™!'" use particle filters
to realize UAV target tracking. Compared with
Kalman filter, particle filter can be used in the

recognition results are

nonlinear system and non-Gaussian random
system, but it has high complexity and large
amount of calculation. Camshift algorithm"** ca
also be used, which is simple to implement and

fast in operation. However, the obtained template

n

features are single and not suitable for a complex
background. This kind of algorithm has a small
amount of calculation and a fast processing speed,
and is widely used in the UAV platform, but its
performance needs to be improved.

0.3 Based on machine learning

The method of machine learning is to get a
classifier by learning and analyzing a large number
of target samples, so as to realize the correct
target recognition of the input image. Chang et
al"* proposes a target recognition algorithm based
on the Bayesian framework. Firstly, SIFT features
are extracted from image targets and classified by
clustering, then the targets are classified by the
Bayesian network. In recent years, the methods of
target recognition based on the convolutional
neural network have been developed rapidly™*'*,
such as R-CNN based on the proposed region'"
and the end-to-end Yolo (you only look once)™
algorithms. Their recognition effect is good, but
the time complexity of the algorithm is large, so it
is difficult to realize real-time recognition. Dalal et
all'® proposed a target recognition algorithm based
on the support vector machine.
histogram of oriented gradient (HOG) features of
the training samples, the support vector machine

By extracting

(SVM) was used to train models, achieving a good
recognition effect. The above algorithms also have
the problem of time complexity.

At present, the main problem of UAV target
tracking is how to extract the features of the target
and effective tracking in the presence of the
complex background, lighting change,
color occlusion.  The

similar
objects and classical
algorithm has the advantages of small amount of
computation and real-time performance, but it is
sensitive to noise. The recognition effect of the
method based on machine learning is good, but the
time complexity is large. In view of the above
problems, we propose a method based on the
combination of visual attention mechanism and
machine learning avoiding the problem of using the
sliding window to scan the whole image, which
takes into account the detection effect and time
cost. In addition, using the brightness and color
features of the image to establish a saliency map,
and then extract the region of interest can adapt to
the change of illumination to a certain extent.

1 Region of interest acquisition

The target tracking technology of UAV needs
to detect the target in real time under the complex
and changeable background., but the
processing algorithm which can achieve high

accuracy is time-consuming. We synthesize a

image

variety of target recognition methods, and meet
the requirements of real-time and accuracy at the
same time. Firstly, the algorithm of visual
attention mechanism with less time complexity is
used to process the whole image to obtain the

region of interest, and then machine learning is
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used to detect the region of interest to extract the
target accurately in real time.
1.1 Modeling of visual attention mechanism

The important basis of the
experimental method in this paper is the visual

theoretical

attention mechanism, which decomposes and
simplifies the

selects the necessary information in a scene and the

external complex visual scene,
areas that the human eye will be attracted to, so
that the important can be given
priority in the next processing™*’. In the process of
image analysis, it can extract a few areas of

interest from a complex scene, and prioritize the

information
107

analysis and processing of these areas., which can
greatly improve the processing efficiency. In recent
been made in the

years, great progress has

modeling and calculation of visual attention
which is
recognition, video quality assessment and other

fields.

To determine the suitable model, we analyze

mechanism, widely used in target

the principle of several commonly used calculation
models of the saliency map and compare them with
experiments. As shown in Fig. 1, from top to
bottom, there are four original pictures, as well as
saliency maps calculated by the Itti model, SR
model, FT model, CA model, SLIC model and
GBVS model. In the saliency map, the brightness
of the color corresponds to the magnitude of the
saliency. The Itti model® is simple and fast to
implement the model, but the effect of the saliency
map is not good, and there is a situation of missing
judgment for some salient areas. SR (spectral
residual saliency detection) model"*" has made full
use of the features of the image in the frequency
domain, paying boundary
information of the salient region, but the global
information of the image is lost seriously, and the
whole marked evenly. FT
( frequency-tuned region  detection )
model”?! has used the method of global comparison
However, the
proportion of misjudgment in the salient area is
high. CA ( context-aware
model™? synthetically extracts the visual features
of color and location, retains the contour of the
more complete salient regions, but loses the
information in the salient region. It does not
highlight the significant part, and the
calculation process is complex and
consuming. The SLIC (superpixel-based saliency
detection) model™*
the salient region clearly, and the effect is the

best, but the algorithm is too complex. The GBVS
1£253

attention to the

target cannot be

salient
to calculate the saliency map.

saliency detection )

most
time-

can extract the boundary of

(graph-based visual saliency) mode weakens

the extraction of the object contour, and the model

is relatively simple. At the same time, through the

extraction of color, brightness and direction
features, we can accurately obtain salient areas,
and the contrast between the salient area and the

background is very obvious. So we use the GBVS

Fig. 1 Comparison of saliency maps calculated by different models

1.2 Graph-based visual saliency model

GBVS model is based on the traditional Itti
model, and then simulates the visual resource
allocation characteristics of human vision system in
scene search scanning to generate a saliency map.
The core idea is to use the ergodic probability
distribution of Markov Random Chain, the
principle of the model is shown in Fig. 2. The first
step is to obtain the color, direction and brightness
of the original image at different scales. Then, the
Markov stationary distribution of each visual
feature in different scales is calculated, and the
results are superposed in each feature channel and
normalized. Finally, the saliency map is obtained
by linear superposition of these three kinds of
graphs.

Firstly, the input image is preprocessed with
1/2 down-sampling and Gaussian low-pass filter to
generate nine scale pyramids, each layer of which

is actually a two-dimensional low-pass filter,
that is
R
G(I,y,o‘)zznazexp(*T) (D

In formula (1), the coordinates of each pixel
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Input Image Q

| Extracting visual features of different scales
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— — —
= = P

! = | = |

Calculation of Markov equilibrium with different scales and features

| Normalization and merging of different scales

= =

Linear superposition of different features

Saliency Map i

Fig.2 The schematic diagram of GBVS model

in the image are represented by (x,y) , and the
The larger theo ,
the smoother the image. The results of filtering,

scale factor is represented by o .

and down-sampling in the previous layer will be
output to the next layer.

Before extracting primary visual features on
different scales of the original image, the color in
the input image transformed into
biologically appropriate and brightness
information. Then the Gabor filter is used to
obtain the information of the image direction
feature, which generally includes four directions: 0
°, 45 °, 90 and 145
represented as one brightness channel, four color

must be
color

Visual features are

channels and four direction channels. Therefore,
nine feature pyramids are formed, expressed as
F={I.G,R,B,Y,0,,0,.0,,0,} , each feature
pyramid in the set has nine layers, that is, nine
scales.

The Markov stationary
calculated for the filtering results of each scale in 9
channels. The specific method is to find out the
difference value between any two pixels in the

distribution is

image, and assign the corresponding weight value
to the two points by the distance between the two
points and the difference of the gray level, so as to
get a full connection graph (Fig. 3). Next,
according to the principle of Random Walk, we can
find the nodes with less probability of being
visited, and then assign a larger salience value to
the corresponding pixel points. The process of
finding the stationary state is actually the process
of finding the eigenvector corresponding to the
maximum eigenvalue in the corresponding weight
matrix of the graph.

Fig.3 Full connection graph'*’

Next, the results of each channel are
superposed and normalized. The small-scale image
is expanded and then overlapped with the large-
scale image in the same channel. For example, the
direction channel can obtain 4 sub direction maps,
and then merge them into a saliency map. Finally,
three saliency images are added linearly, and a
saliency image of the same size as the original
image can be generated by normalization.
1.3 Region of interest description

HOG™ is a gradient eigenvector descriptor,
which can effectively the density
distribution of the edge direction of the target.
Define the gradient of pixel (x,y) in the image as

G.(x,y)=H((x +1,y)—Hx—1,y) 2

G,(xsy)=H(x,y+1) —H(x,y — 1D
where G, (x,y) » G,(x,y), H(x,y) are the
gradient in the horizontal direction, the gradient in

the vertical direction and the pixel value at the

represent

point (x,y) in the input image respectively. The
gradient amplitude and direction at the point (x,
y) are

G(x,y) =G, (x,y)"+G,(x,y)°
, Gy
0(x,y) =tan (Gl (I,y)) (3

The extraction and calculation of HOG feature
are mainly divided into the following steps:

(I ) Adjust the sample image size to 64 X 64
pixels.

(Il ) The image is divided into 8 X8 cells, the
gradient direction range [ —x/2 /2] is divided
into 9 intervals evenly, and the gradient values of
the pixel points in each interval are counted to the
gradient histogram, each interval represents one
dimension, and each cell is represented by a 9-
dimensional feature vector.

(IT) A block is composed of four adjacent
cells, so that a block can be described by a 36-
dimensional feature vector.

(IV) The whole image is scanned in blocks,
and the scanning step is one cell.

(V) All 36-dimensional block eigenvectors
HOG

are combined into a 1764-dimensional

eigenvector.

2 Build classifier

We can use the saliency map modeling to
extract multi-target rough, and then use classifier
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based on machine learning to identify target fine,
improve the speed of the
algorithm. In this paper, we use SVMP to build
the target classifier. SVM is based on the principle
of maximizing the geometric interval, that is, the
hyper plane with the largest
geometric interval is the optimal classification

which can greatly

classification

surface.

There are countless hyperplanes to classify a
linearly separable dataset, but only one with the
The purpose of
maximizing the interval is to classify the training
data with credibility.  Suppose x
represents the data points of an n-dimensional

largest geometric interval.

sufficient

vector, y represents two different types of each
data point, usually -1 and 1. The SVM classifier is
trained by using N data point test sets to get the
optimal hyperplane, which can be expressed as

wlx +b=0 4)
where x is the point on the hyperplane and w is the
vector perpendicular to the hyperplane. Taking the
two-dimensional space shown in Fig. 4 as an
example, circle and cross are used to represent
positive and negative training samples, H :w x +6b
=0,H,:w'x+b=1,H,:w'x +b =—1, which
are parallel to each other. These sample points on
H, and H, together form the support vector, and
the distance from these points to the optimal
interface H is the same and the closest to the
interface H .

X -~

Margin=2/w'w

X

whxtb=1"
wix+b=0 S
wix+b=+1" o

Fig. 4 Schematic diagram of two-dimensional
linear separable optimal interface

The distance between the two hyperplanes can
be solved by mathematical geometry. The distance
2

is — .
[ w |l

is, the greater the distance between them. In

it can be seen that the smaller || w ||

addition, it is necessary to ensure that all sample

points cannot be within the interval between two

hyperplanes, so the following conditions should be
met for all sample points, we have

y(wTe+b) =1 (&)

It can be seen that the problem of finding the

hyperplane by SVM is an

optimal actual

optimization problem, that is, finding the
minimum | w | under the condition of Eq. (5).
By solving the quadratic programming problem,
we can find the maximum interval classifier. For
kernel

the linear non separable problem, the

function can be transformed into the linear
classification problem, and the kernel function is
the Gaussian kernel function™’, that is
o 2
K(x,z) =¢(x) « o(2) =exp(—M)
20°
(6
where = = ¢(x) is the mapping from the input
1
Let -— = 0.09, and
20

finally get the classification decision function as

space to the feature space.

N
JAED) :sign(Za,”y,-exp(—0.09 lz—=z 15 +0")

i=1
D)
We use the support vector mechanism to build
target classifier. Firstly, the kernel function is
selected according to the data characteristics, and
the penalty factor C and the insensitive parameter
Y are selected. We selected 1000 positive samples
(target) and 1000 negative samples (non-target),
with the ratio of training and testing samples was
4. 1. Each sample is represented by a 1764-
dimensional HOG feature vector, with positive
samples labeled 1 and negative samples labeled -1.
We normalize the sample data and save it in a
unified format. Input the training data to train the
SVM model, and the classifier is used to classify
the region of interest. After getting the model,
test the model with test data. Fig. 5 is a
relationship block diagram of the classifier design

and recognition.

regions of
interest

HOG feature
description

extract
feature vector

Support vector build
machine classifier

v

target

Build sample
library

Fig.5 Classifier training and recognition block diagram

3 Target localization

Firstly, we need to obtain the region of the
target in the image, and then the location of the
target is realized by using the imaging principle of
the camera. simplify the
camera model to the pinhole model. Considering
the problem of distortion, using the pinhole model
to calculate the target position will cause large

Generally, we will
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errors. Fig. 6 is a single camera imaging model
considering the first-order radial distortion, in
which O XY . Z,
system, P(X.,Y.,Z.,) is any point in the world
coordinate system, p(u,v) is the ideal imaging
point, p” is the actual imaging point.

Let the camera optical axis be perpendicular to

is the world coordinate

the ground without considering the distortion
temporarily, Take the intersection of the camera
optical axis extension line and the ground as the
origin of the world coordinate system, as shown in
Fig. 6. If the pixel value of the target in the image
is p(u,v) » and the p(u,v) 5 pCusv) » plu,v) ,
p(usv) of the camera is known, and the height of
the camera from the ground is p (u,v) G.e. » p(u,
©v) ), then according to the geometric principle,
p(u,v).

information of the target relative to the camera is
obtained.

we can get: Finally, the position

/1 P(Xw,Yw,Zw)
1

p(%//

0

l Xw
Yw

Fig. 6 A single camera pinhole imaging diagram
considering radial distortion

u

Let the camera optical axis be perpendicular to
the ground without the distortion
temporarily. Take the intersection of the camera
optical axis extension line and the ground as the

considering

origin of the world coordinate system, as shown in
Fig. 7. If the pixel value of the target in the image
is p(usv) » and the ., f,, c.+ ¢, of the camera
is known, and the height of the camera from the
ground is H (i. e., 2, ), then according to the

. .. u—Cc, x
geometric principle, we can get: - = —,
. H
v—c, Yy . L. .
7 = 0 Finally, the position information of

the target relative to the camera is obtained.

To obtain the position of the target relative to
the UAV, the camera’s internal parameters are
obtained by checkerboard plane
method™’. Since the wide-angle camera is used,
distortion needs to be considered. The parameters
obtained by model
parameters a, sa,su, vy, and nonlinear distortion

calibration

calibration are: linear

parameters k£, ,k,. The rotation matrix R of camera

image

Zy
g
Y,
ground

Fig.7 Target position calculation of monocular camera

the
attitude angle given by IMU, and the translation

g
target @

.
o0

external parameters can be calculated by
vector t isB, the aircraft height =, is obtained by
the ultrasonic sensor.

The corresponding relationship between the
points in the image and the points in the three-
dimensional coordinate system is as

u 1/dx s uol [f 0 0 0 R4 Te
v|= 0 1/dy wv,| |0 f 0 0 {:OT . i’g
1 0 0 1 0O 0 1 0 - 1”
x, X, [z,
ay, S Uy R '
0 a, Vo [T } yg’ :MZMI yg :M y#
0 1 1] | =, 2, 2,
1 1 L1
(8)

Taking the midpoint of each target area as the
coordinates (u ,v) of the target in the image, the
coordinates of the target in the world coordinate
system can be obtained by Eq. (8), that is, the
relative position of the target and the aircraft.

4 Experimental results and discussion

The UAV used in our project is DJI M100.
The processing system is the DJI Manifold system,
which is an embedded high-performance airborne
computer specially designed for flight platform.
Target tracking is carried out by using Zenmuse X3
camera.

When the UAV and the target are stationary,
the target can be located in the visible range at
different altitudes. The relative position measured
by the hand-held laser rangefinder is taken as the
reference value and compared with the positioning
result. Fig. 8 shows the positioning results of our
method. The data in Tab. 1 is the comparison
between the calculated results of positioning algorithm
and the measured data of the rangefinder.
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Fig. 1() Canny s edge image

Tab.1 Comparison between the calculation results of
location algorithm and the measured data

measured  calculated  measured  calculated

number data:x/cm  data:x/cm  data:y/cm  data:y/cm
1# —20 —21.527 4 —6.132
2% 27 29. 214 —45 —49.528
3% 25 28.716 50 51.914

To test the positioning error when the target
moves, we use the positioning data of the motion
capture system OptiTrack as the benchmark to
measure the accuracy of the algorithm in this
paper. The Figs. 10-12 show the comparison
results of the positioning obtained by the algorithm
and the motion capture system. It can be seen that
our algorithm has a delay of about 50ms and a
positioning error of about 14cm, which meets the
flight requirements of small UAV in the indoor
environment.

The sources of errors may be: (D the small
change of aircraft attitude angles will affect the
camera angle and cause errors. @ Camera
calibration errors. @ A long time use of camera
makes internal parameters change.

Positioning results in X direction

2.0| T T
ETS Shas A
g10 7 ]
= 0.5 f 1 1
8- 0 b= Il bl A — -1
-0.5¢t 1 I 1 I I i
0 20 40 60 80 100 120
time/s
Positioning error in X direction
0-2l T T T T T T
0.1 7
g . 0{\ M A\ . At A
S0 N f
_03 1 i 1 I

L ’ ! I
0 20 40 60 80 100 120
time/s

Fig. 11 X-direction positioning results and errors

Positioning results in X direction
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Fig. 12 Y-direction positioning results and errors

Positioning results in X direction
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Fig. 13 Z-direction positioning results and errors

Compared with the ground robot, target
tracking based on UAV platform has the following
challenges:

(1) UAV can move in a three-dimensional
environment, and the captured images are complex
and noisy.

(II) UAV is a relatively unstable platform,
which requires fast update frequency of data and a
higher speed of image processing.

(Il ) The target information identified will
directly affect the control of UAV, so the
algorithm should have higher robustness and
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accuracy.

Our approach is applicable to systems with
these problems, not just the UAV platform. The
target detection algorithm in this paper improves
the accuracy on the premise of ensuring the
detection speed.

At present, the condition of the UAV flight
experiment is ideal, but in the actual flight of
UAV, there will be more complex situations.
Therefore, we will design more target tracking
experiments in different scenarios to verify and
improve it.

5 Conclusion

In view of the high requirement of real-time
and robustness of UAV target recognition and
tracking algorithm, as well as the noise caused by
the change of illumination and camera motion, our
proposed method is to extract the region of interest
roughly based on the visual attention mechanism.,
and then obtain the target by the fine identifying of
the region of interest. We use the HOG feature to
describe the extracted region of interest. Finally,
we use SVM to train the target classifier, use the
machine learning method to identify the target
from the region of interest, and then carry out the
target location calculation. The experimental
results show that our algorithm is of great
significance to the target tracking of small UAV in
the indoor environment.
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