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Abstract. This article mainly solves the problems that exist when using the Kernel Correlation Filter (KCF) 
for tracking in complex scenarios. To make the algorithm suitable for target tracking under complex conditions 
such as scale changes, similar interference, and occlusion, a MobileNet SSD (Single Shot Detection) target 
detection combined with an improved KCF target tracking algorithm is proposed. Firstly, the MobileNet SSD 
is used to locate the target in the initial frame, and the location is sent to KCF for training. Secondly, aiming 
at the problem of scale changes, a Binary-Tree scale search strategy is proposed. In this strategy, the scale 
value is searched in a tree shape according to the response size, which reduces the number of scale searches. 
Finally, the average peak correlation energy is used for occlusion determination, and the model update strategy 
is improved, thereby enhancing the algorithm’s ability to track occluded targets. The results of experimental 
evaluation and comparison on the OTB100 and UAV123 data sets show that when the target has complex 
conditions such as scale changes, similar interference, occlusion, etc., the proposed algorithm performs well in 
mainstream related filtering algorithms. Through the quantitative and qualitative analysis of the experimental 
results, the effectiveness of the proposed algorithm is verified.
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1  Introduction

The detection and tracking of moving targets is an important research content in the field of computer vision field 
and has important applications in civilian and military fields such as intelligent surveillance, military reconnais-
sance, and human-computer interaction [1, 2]. Target tracking technology can be divided into two categories: gen-
erative model and discriminative model [3]. Early target tracking technology mainly used the generative model. 
Target tracking relied on mathematical modeling of the target object, or extracting manual features of the target, 
and then searching for similar features in the video frame image to achieve target positioning, such as Optical 
flow Method [4], Particle filter algorithm [5], Camshift algorithm [6], etc. These generative algorithms usually 
do not fully utilize the image background information, and a single mathematical model is difficult to fully char-
acterize the constantly changing target in a complex environment. The algorithm has great limitations. Since the 
discriminative model considers both the target information and the background information, the background in-
formation is introduced into the tracking model, and the method of correlation filtering or deep learning is used to 
distinguish the target and the background, which can better realize the tracking of the target.   

  KCF tracking algorithm is a typical discriminant method [7]. It extends the features of fHOG [8] based on 
CSK and uses the diagonalization of the circulant matrix in the frequency domain to greatly reduce the computa-
tional complexity of the algorithm and improve the tracking speed. Although the target tracking algorithm based 
on kernel correlation filtering performs well in terms of speed, the effect of directly processing the video sequence 
shot under the UAV’s perspective is not satisfactory. Especially when there are complex situations such as scale 
change, deformation, occlusion, etc. of the target in the video taken by the drone, it is easy to fail to track.

  In this article, we propose a target tracking algorithm combining MobileNet SSD with the improved KCF, 
and verify the feasibility of the algorithm through experiments. The experimental results show that the algorithm 
in this paper has a better effect on target tracking from the perspective of UAVs. Finally, we summarized the tech-
nical achievements of this work as follows.

(1) A MobileNet SSD target detection algorithm is used to determine the position of the first frame of the tar-
get, and pass it to the tracking network for initialization, which improves the time loss caused by manual labeling.
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(2) A binary tree scale search strategy is proposed to select the optimal scale of the target which improves the 
scale problem in the target tracking process.

(3) A model update method named APCE (Average Peak-to-Correlation Energy) is used to determine the tem-
plate update when the target is occluded or similar background interference. 

2. Related Work
                                                                                                                                                      
Nowadays, the related filtering target tracking technology is a hot research direction in the target tracking field. 
Most of the initial frame target location is still manually selected by the program executor. The operation of the 
tracking algorithm needs to rely on the pre-provided initial target position. In response to this problem, Ding [9] 
et al. proposed to use the SSD target detection algorithm to initialize the target to be tracked in the initial frame; 
Kwan [10] et al. used the YOLO framework during the tracking. The target detection technology using the deep 
learning method can accurately locate the initial frame target, but the complex network structure will slow down 
the computer processing information, and waste too much time in the process of generating the initial frame tar-
get. Secondly, when the target has a scale change in the process of being tracked, Martin [11] proposed the DSST 
algorithm, based on the two-dimensional position filter, the scale filter is introduced to collect 33 scales at the 
center of the target for similarity comparison, and the maximum response is selected as the best matching scale. 
The algorithm realizes the self-adaptation to the target scale, but it needs to calculate the response value 33 times 
for each frame target, which requires a large amount of calculation. Aiming at the occlusion problem in target 
tracking, Jia-Jia and others [12] combined the mean shift algorithm with the Kalman filter algorithm to effectively 
predict the target position in the presence of occlusion. Z. Y. Chen et al. [13] built a deep context model to reveal 
the spatial correlation between the expected surrounding areas of the target to improve the algorithm’s ability to 
track occluded targets. The above algorithms solve the occlusion problem to a certain extent, but they all need to 
introduce some new modules, which increases the complexity of the network structure.

  Inspired by the above, for target tracking in complex background, we propose a target tracking algorithm: 
the MobileNet SSD combined with the improved KCF(MS-KCF). The main work of this paper includes: 1) Use 
a lightweight SSD target detection algorithm to determine the initial position of the target in the first frame; 2) 
Proposes a scaled Binary Tree. The scale search strategy uses the binary tree structure to select the best scale of 
the target to improve the scale problem in the target tracking process; 3) For the occlusion problem in the target 
tracking, the tracking result is first determined by the multi-peak value. When there are multiple peaks, using 
APCE (Average Peak-to-Correlation Energy) to determine the template update when the target is occluded or 
similar background interference, which improves the tracking accuracy of the algorithm when the target is oc-
cluded.

3  An Improved KCF Combined with Mobilenet SSD Tracking Algorithm

In this section, we first introduce the overall framework of the algorithm, and then, based on the whole tracking 
process, divide it into target detection part, scale change part, and occlusion repeat detection part to describe re-
spectively.

3.1 An Improved KCF Combined with Mobilenet SSD Tracking Framework

Based on the original KCF algorithm, the MS-KCF algorithm adds the target detection initialization module, the 
scale prediction part, and the occlusion re-detection mechanism. The overall network framework is shown in Fig. 
1. The algorithm is composed of two parts. The first part is the target detection module. The initial frame is input 
into the mobilenet SSD network for feature extraction, and the initial position of target ( , , , )x y w h  is passed to KCF 
for initialization operation. The initialization operation mainly includes adding a cosine window to reduce the 
image smoothness caused by the boundary effect and adding padding to the target window. Then constructing the 
circulant matrix and using position filter to forecast the best location of the target. The scale filter is used near the 
location to select the optimal scale. Finally, through the mechanism of the model, judge whether meet the update 
condition. If not, the target detection is initialized again till the end of the tracking.
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Fig. 1. MS-KCF algorithm fl ow chart

3.2  Mobilenet SSD Target Detection

Aiming at the problem of obtaining the initial target frame of the related fi ltering algorithm, consider using the 
target detection algorithm to detect the initial video frame object, and input the coordinate information into the 
KCF as the initial frame training sample. In order to be eff ectively combined with the KCF algorithm framework, 
we select the MobileNet SSD [14] as the target detection framework. The MobileNet SSD simplifi es the structure 
of SSD [15] to reduce the number of training parameters.

3.2.1  SSD Object Detection

The SSD target detection algorithm is based on the VGG16 [16]. The last three fully connected layers are re-
placed by the convolutional layers. The candidate frame mechanism of the Faster R-CNN [17] target detection 
algorithm is used for reference. SSD carries out predictive regression by using candidate boxes with diff erent 
aspect ratios on diff erent feature maps to ensure the features that participate in the fi nal classifi cation come from 
the feature maps of multiple scales. The algorithm can eff ectively predict targets at diff erent scales. Assume that 
feature maps from m convolutional layers are used for prediction, then the size of the k-th feature graph is:

                                      max min
min ( 1)

1k
s ss s k

m
−

= + −
−

{1,2,..., }.k m∈                 (1)

In the formula, mins , maxs  represent the minimum and maximum proportions of candidate boxes in the feature 
map. The height and width of each candidate frame are:

                                    ,a
k k tw s a=                                   (2)

        / ,a
k k th s a=                                          (3)

where, ks  represents the size of the kth feature map, ta represents the aspect ratio of candidate frame, 

1 1{1,2, ,3, }
2 3ta ∈ . Subsequently, the SSD selects six feature layer images of conv4_3, conv7, conv8_2, conv9_2, 

conv10_2, and conv11_2 for the fi nal detection and classifi cation. However, the SSD algorithm using the VGG16 
has a large amount of data calculation, and it is more diffi  cult to apply it to the target tracking algorithm.
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3.2.2  MobileNet SSD

Andrew et al. used mobilenet as the basic network architecture to replace the VGG16 in the traditional SSD net-
work. This paper uses this lightweight target detection network to detect and provide more accurate initial target 
information for KCF initialization training.

The depth separable convolution block is used for feature extraction, and the process is shown as Fig. 2.

Fig. 2. Depth-wise separable convolutions

The input image is first extracted with a 3*3 filter, and the information between different channels is merged 
through 1*1 convolution on the feature map generated after extraction. Standard convolutions have the computa-
tional cost of:

        K K F FD D M N D D× × × × × ，                  (4)

where the computational cost depends multiplicatively on the number of input channels M, the output channels 
N, the kernel size Dk × Dk and the feature map size DF × DF. Depthwise convolution has a computational cost of:

                                              .K K F F F FD D M D D M N D D× × × × + × × ×          (5)

The ratio of calculation amount is:

                        2

1 1= .K K F F F F

K K F F K

D D M D D M N D D
D D M N D D N D

× × × × + × × ×
+

× × × × ×
       (6)

When the 3*3 convolution kernel is used, the calculation amount of the depth separable convolution is about 
11.1% of the standard convolution. Through the classification and regression of the effective feature layer infor-
mation, the position of the target in the first frame of the KCF algorithm is determined. 

3.3 Binary Tree Scale Search Strategy

3.3.1  KCF Object Tracking Algorithm

The KCF algorithm trains the classifier in the process of tracking the target and uses the classifier to identify 
the specific position of the target in the next frame. The algorithm introduces multi-channel HOG features that 
are more robust to illumination changes based on CSK. KCF uses the kernel function to map the linear space 
ridge regression problem to the nonlinear space, which solves the dual problem in the nonlinear space and some 
Common constraints. KCF utilizes the diagonalization property of the circulant matrix in Fourier space, trans-
forms the matrix operation into the point multiplication operation of the elements. It reduces the amount of calcu-
lation and improves the real-time performance of the algorithm. The working principle of the KCF algorithm is as 
follows.

 Let the training set be {(xi, xy), i = 1, 2, ..., n}, the corresponding linear regression function is 
( ) T

i if x w x= , w  represents the weight, solved by the least square method and expressed as a matrix form:
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                                                                     2 2min ,Xw y wλ− +                   (7)

1 2[ , ,..., ]T
nX x x x= , each row is represented as a sample vector, y  is the label vector, the minimizer has a 

closed-form:

                                                                     1( ) .H Hw X X I X yλ −= +                            (8)

Since the corresponding solution formula of Equation (8) includes inverse matrix operation, to simplify the op-
eration process, KCF adopts a circulant matrix for sample collection. The circulant matrix C(X) is shown as Fig. 
3.

base sample
Shifted by 1 element

Shifted by 2 elements

....

Shifted by n- 1 elements

Fig. 3. Circulant matrix

All circulant matrices can be diagonalized in Fourier space:

                         ˆ( ) ,HX Fdiag x F=                           (9)

x̂  denotes the DFT of the generating vector, ˆ= ( )x F x nFx= , F  is the constant matrix.
Then the formula (8) could be:

                                       (10)

Taking the Fourier transform on both sides, the result is:

                                                                                                (11)

For non-linear situations, KCF introduces a kernel function to perform ridge regression on the sample in 
high-dimensional kernel space and solves the following objective function:

                                       1=( ) .K I yα λ −+          (12)
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Defined = ( ) ( )TK X Xφ φ as the kernel matrix of the kernel space, ( )Xφ denotes non-linear mapping function. 
Using the properties of the circulant matrix, the equation (12) can be solved to obtain:

                                                                        *

ˆ
,ˆ( )xx

y
K

α
λ

=
+

                      (13)

where ˆ xxK denotes the first row of the kernel matrix = ( ) ( )TK X Xφ φ . The optimal position of the target is 
shown by the following formula:

    

                                                               ˆ ˆ( ) ( ) .XZf z K α
∧

= •     (14)

KCF algorithm introduces circulant matrix and Gaussian kernel function, it optimizes the calculation problem 
in target tracking, transforms matrix inversion operation into numerical multiplication, and uses multi-channel 
HOG feature as tracking feature for the first time, which performs well in tracking. However, the KCF algorithm 
does not have a good solution to the problem of scale change in the target tracking process.

3.3.2  Scale Binary- Tree

Aiming at the scale problem of the kernel-related filtering tracking algorithm, this paper uses the sample response 
value as the criterion to classify the scale in a tree, as shown in Fig. 4. It can be seen from the figure that the scale 
is scaled at the locked target position in the previous frame, and the target in the next frame is cropped according 
to the specified scale ratio. The scale of the child node with a larger Gaussian response is selected as the scale to 
be selected, and the scale is selected layer by layer. And finally, select the node with the largest response as the 
best scale.

......

......

1st layer 2nd layer

Best Match
initial    
position

Fig. 4. Scale Binary-Tree

Assuming that the initial size of the tracking target in the t-1 frame is S, the maximum value of the target re-
sponse ˆmax ( )tf z  in the t-th frame is calculated by the formula (14); then, select ,t i jS Sσ= • , where i represents 

the i-th level of the scale tree, { , }j a b∈ ,where a and b respectively represent the two sub-branches of the i-th 
level of the scale tree. The selected scale values meet the following conditions:

                                               ,
ˆmax ( )i j Sf zσ = {1,2,3,4,5}; { , }.i j a b= =        (15)
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When expanding (shrinking) the candidate area, the maximum target response value is greater than the original 
response value, and the larger-scale branch is selected; if the maximum target response value is less than the orig-
inal response value, the smaller-scale branch is selected until the best scale is selected. Through the binary tree of 
scales, the comparison can be performed at most 5 times, which reduces the number of operations and improves 
the efficiency of the algorithm.

3.4  Occlusion Re-detection Based on High Confidence

During the target tracking process, when the target is occluded, the position filter is susceptible to interference 
from similar backgrounds and thus learns the wrong target information. At this time, updating the template will 
lead to the failure of tracking. The algorithm in this paper does not use the conventional template update strategy 
per frame but adds a model update mechanism.

Fig. 5 is a schematic diagram of Gaussian response with multiple peaks. It can be seen from Fig 5(a) that when 
the target is successfully tracked, the Gaussian response graph shows a single peak; when the target has interfer-
ence, it can be seen from Fig 5(b) As a result, the Gaussian response graph will have multiple peaks.

(a) Without occlusion

  (b) Under occlusion
Fig. 5. Schematic diagram of Gaussian response peak

To ensure that the template is updated under the premise of successful tracking, this paper adopts the high-con-
fidence update-index APCE as the judgment condition, and the template is updated only when the high-confi-
dence is satisfied. This indicator can reflect the peak level and fluctuation degree of the response graph. The spe-
cific calculation method is:

                                                        ( )

2
max min

2
, min,

,
W HW H

F F
APCE

mean F F

−
=

 −
 ∑

                   (16)

where, maxF , minF  respectively indicate the maximum and minimum values on the response graph, ,W HF  de-

notes the response value at the position ( , )W H , [ ]mean • denotes an average value operation. It can be seen that 
when the peak is sharper and the response fluctuation is smaller, the APCE is larger.When interference or occlu-
sion occurs, the APCE value will decrease sharply. To improve the accuracy of the template, the following update 
methods are used:

                                                                (17)
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where , 1ˆtα −  denotes the filter model in time t-1 , η  is the model update rate, θ  is the discriminant factor, and 
the value of θ  is as follows:

                                       1 max 2 max1        >=
0                           

APCE APCE F F
else

λ λ
θ

 >



，
,               (18)

where APCE denotes the historical average of the average peak energy ratio, maxF is the historical average of 

the maximum value of the response, 1λ , 2λ denotes the preset ratio factor.

3.5 The MS-KCF Algorithm

Algorithm 1. Target tracking algorithm based on MS-KCF
Step 1.   Input the first image of the sequence to be tracked and initialize the parameters;
Step 2.  Use the Mobiletnet SSD target detection algorithm to perform target detection on the 

input image, and pass the detected image location information ( , , , )x y w h to the KCF algorithm for 
filter training;

Step 3.  Extract HOG features, train position filter;
Step 4.  Select the best-matched scale at the position of the maximum response in the next frame;

,
ˆmax ( )i j Sf zσ = {1,2,3,4,5}; { , }i j a b= = .

Step 5.  Calculate the APCE value of the target response curve, and save the APCE value and 
maximum response value of the response;

    
( )

2
max min

2
, min, W HW H

F F
APCE

mean F F

−
=

 −
 ∑

.

Step 6.  Determine whether the current frame response APCE value sum and maxF  is greater than 

its historical average in the ratio of 1=0.45λ , 2 =0.35λ , if it is greater than the historical average 
value, the template will be updated;

Step 7.  If the template is not updated for 5 consecutive frames, return to Step1 to re-detect and 
initialize the target;

Step 8.  Repeat Step 2~Step 7 until the trace is all over.

4  Experimental Results and Analysis

In order to effectively verify the performance of the algorithm proposed in this paper, the algorithm is simulated 
and verified. The comparison algorithms selected in the experiment all come from the codes published by the cor-
responding authors. The experiment was completed on Intel(R)Core(TM)i5-9400F CPU@2.9GHZ, 6GB memo-
ry, NVIDIA GeForce GTX 1660 desktop computer, and the algorithm was implemented by Pycharm, CUDA9.0, 
CUDNN7.0. The experiment is described from three aspects: tracking effect evaluation, center position error, and 
overall tracking performance verification of the algorithm.

4.1 Experimental Parameters

The data sets used in this experiment are all from OTB100 and UAV123, and the algorithm initialization parame-
ter configuration is shown in Table 1.
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Table 1.  Algorithm initialization parameter configuration

Parameter Value

Regularization factor λ 0.01

Minimum ratio of candidate frames mins 0.2

 Maximum ratio of candidate frames maxs 0.9

Model update rate η 0.01

Scale step

Area expansion factor padding

0.01

1.5

4.2 Related Trackers Comparison

The proposed tracker algorithm was compared with some state-of-the-art approaches:
DSST. This approach proposed a tracking method that accurately measures the target scale in tracking. This 

precise scale estimation method can be combined with any other tracking algorithm without scale estimation. 
KCF. This approach introduced the kernel matrix and multi-channel feature processing. It speeded up the algo-

rithm operation speed and the robustness of extracting features.
SAMF. This approach used the fusion of HOG, CN, and Gray features, and utilized multi-scale technology.
LMCF. This approach proposed a structured SVM with stronger judgment ability as the classifier and intro-

duced the multi-peak forward detection technology to solve the situation of similar object interference during the 
tracking process.

Fig. 6. shows the tracking block diagram results of the algorithm in this paper, MS-KCF, KCF, DSST, SAMF, 
and LMCF. Different color image boxes represent different algorithms. We will compare and analyze the algo-
rithm from four aspects: target scale change, target occlusion, in-plane rotation, and small target.

                  (a) CarScale         (b) SUV  (c) MountainBike  (d) Car14

Proposed KCF SAMF LMCF DSST

Fig. 6. Tracking contrast diagram
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(1) Change of target scale. In the CARSCALE sequence in Fig. 6(a), the scale of the target in the image 
gradually increases from the far to the near of the black SUV car. The KCF algorithm does not include the scale 
change part, and the tracking box size remains unchanged, so the tracking effect is poor. The algorithm in this pa-
per can adapt to the scale change well.

(2) Target occlusion. In the SUV sequence in Fig. 6(b), the target appears occlusion phenomenon. Due to the 
short occlusion time, all algorithms can track the target, but the target positioning is not completely accurate. The 
positioning range of the algorithm in this paper includes the white roof around frame 900, while the other algo-
rithms do not.

(3) Target rotation and similar background jamming. In Fig. 6(c) MountainBike data set, the target appears 
in the air rotation action, and there is similar background interference, KCF, LMCF, DSST, SAMF all appear 
within a certain range of tracking fluctuations, the algorithm in this paper for the target location including the 
wheel and other details.

(4) Small target tracking. In the sequence of Fig. 6(d) CAR14, targets shot from the perspective of UAV 
account for a small proportion of the overall image, and the KCF and DSST algorithms learn less information, 
which is prone to tracking failure. The improved algorithm in this paper is able to locate targets more accurately.

To further analyze and explain the tracking effect, the center position error curve is drawn for the tracking ef-
fect in Fig. 6(a), Fig. 6(b), and Fig. 6(c). The center position error can reflect the error value between the predict-
ed target position and the real target position, as shown in Fig. 7.

Predict

GroundTruth

（𝑥’,𝑦’）

Fig. 7. Diagram of center position error

The center position error is defined as follows:

                                                            2 2( ') ( ') .error x x y y= − + −        (19)

Fig. 8 shows the comparison of center position errors of KCF, DSST, LMCF, SAMF, and MS-KCF algorithms. 
It can be seen from the figure that when the scale of the target changes greatly in the middle and late CARSCALE 
sequence, the algorithm in this paper can track the target well and its error is relatively low. For the SUV data set 
and CAR14 data set, the overall central error of the algorithm in this paper is relatively low, always below 20, 
which is more stable than other algorithms. On the MountainBike data set, the center position error of the pro-
posed algorithm is significantly lower than that of other algorithms, which indicates that the proposed algorithm 
can achieve more accurate positioning of the target with tracking, and the algorithm has better performance.
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                                            (a) CarScale  (b) SUV

  

                                                 (c) MountainBike                                                    (d) Car14
Fig. 8. Center position error comparison

4.3 Verification of Overall Tracking Performance of MS-KCF in Complex Scenarios

To fully explain the tracking performance of the algorithm proposed in this paper, the accuracy curve and success 
rate curve of the OTB platform were used as evaluation indexes to carry out quantitative analysis of the algorithm 
proposed in this paper. The accuracy curve is the percentage of video frames that are more than a given threshold. 
Different thresholds allow different accuracy to be achieved to plot a curve. The Success rate curve reflects that 
the crossover ratio between the tracking box and the truth box obtained by the algorithm in the tracking process 
is greater than the percentage of the part of the set threshold value. Different Success rates can be obtained under 
different thresholds to draw a curve.

      

                                        (a) Success           (b) Precision 
Fig. 9. The success and precision curves of the algorithm 

In addition, in different situations, the tracking accuracy and success rate statistics of different algorithms are 
shown in Table 2 and Table 3 respectively.
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Table 2. Precison of the performace

Trackers Background-cluster Scale variation Fast motion Occlusion
Proposed 0.718 0.683 0.653 0.705
LMCF 0.679 0.678 0.631 0.679
SAMF 0.686 0.701 0.626 0.704
KCF 0.611 0.634 0.579 0.626
DSST 0.629 0.605 0.538 0.609

Table 3.  Success of the performace
Trackers Background-cluster Scale variation Fast motion Occlusion
Proposed 0.616 0.627 0.614 0.656
LMCF 0.605 0.612 0.614 0.659
SAMF 0.597 0.546 0.586 0.592
KCF 0.483 0.519 0.530 0.496
DSST 0.556 0.448 0.533 0.567

As can be seen from Table 2 and Table 3, when there are situations such as occlusion and scale changes in the 
tracking process, the precision and success rate of the algorithm in this paper are relatively excellent. The pro-
posed algorithm can meet the needs of target tracking.

5  Conclusion

This paper presents a target tracking algorithm based on the Mobile-Net SSD combined with improved KCF. 
Firstly, the Mobile-Net SSD target detection algorithm is used to detect the image target, and the results are trans-
mitted to the tracking algorithm for initialization. Secondly, a scale filter based on binary tree search strategy is 
added to the traditional position filter to estimate the target scale optimally. Finally, the APCE update strategy is 
adopted when the model is updated, and the target model is updated only when the maximum response peak val-
ue and APCE value are greater than their historical mean value in a certain proportion respectively. By comparing 
the proposed algorithm with some mainstream algorithms in the field of correlation filtering, the feasibility and 
effectiveness of the proposed algorithm are proved. In future work, the program can combine some hardware de-
vices to perform some target detection tasks in the context of drones.
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