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Space moving target detection using time domain fea-
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The traditional space target detection methods mainly use the spatial characteristics of the star map to detect the tar-

gets, which can not make full use of the time domain information. This paper presents a new space moving target 

detection method based on time domain features. We firstly construct the time spectral data of star map, then analyze 

the time domain features of the main objects (target, stars and the background) in star maps, finally detect the mov-

ing targets using single pulse feature of the time domain signal. The real star map target detection experimental re-

sults show that the proposed method can effectively detect the trajectory of moving targets in the star map sequence, 

and the detection probability achieves 99% when the false alarm rate is about 8×10-5, which outperforms those of 

compared algorithms. 
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Space target detection is one of the important ways to 
realize spatial control. Space target mainly refers to satel-
lites, but also includes a variety of space debris[1], such as 
booster rockets and protective shields, as well as other 
kinds of comic flying objects, such as comets and aster-
oids. However, due to the point target imaging feature, it 
is unable to use the visual features, which are frequently 
employed in traditional target detection and tracking 
techniques, such as gray features, regional features, 
shapes, colors and textures, to detect the satellites from 
the stars in star maps. The state-of-art space moving tar-
get detection techniques for star maps include back-
ground difference method[2-4], optical flow segmentation 
method[5-8], track-before-detection method[9-11] and frame 
difference method[12-14]. These methods extract the mo-
tion information of targets mainly based on the spatial 
information with the time domain information as the 
auxiliary. As a result, they do not make full use of the 
time domain information. The main difference between 
satellites and stars is that satellites are moving while stars 
are stationary, so the time domain features can fully re-
flect the characteristics of the targets in star maps.  

In this paper, a new space moving target detection al-
gorithm based on the analysis of time domain signal is 
proposed, which makes full use of the time domain in-

formation to detect and extract the trajectory of space 
target. In the applicable scope, the foundation platform 
has two kinds of work modes, which are gaze modes and 
stellar modes. In gaze modes, telescopes follow the satel-
lite motion, and in the stellar mode, the telescope remains 
static with the stellar background. Therefore, different 
processing methods deal with specific work patterns. In 
this paper, our study is under the stellar model. 

The star map studied in this paper is image sequence 
captured by large field of view of ground-based optical 
telescope which is composed by space targets, stars, deep 
space background and noise, as shown in Fig.1. General-
ly, space targets and stars behave as bright spots while 
the background behaves as the dark pixels. In Fig.1, it 
can be seen that, the space targets and stars do not have 
particular geometry feature and specific position rela-
tionship. Therefore, the star map has no obvious feature 
in the space domain. 

We first construct the star map cube which is com-
posed of time series of star maps, called as “time spectral 
data”. The construction process is shown in Fig.2. Each 
frame is sorted in time order, and then merged into the 
time spectral data. In the time spectral data, the spatial 
size of the image is unchanged, but the number of bands 
is equal to the number of frames. Therefore, each pixel in 
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the image corresponds to a “time domain curve” which 
represents the brightness of the pixel in different frames. 

 

Fig.1 Star map 

 

Fig.2 Time spectral data for star maps 
 

The space target detection method proposed in this 
paper is based on the analysis of the time domain curves 
in time spectral data. The time domain signal characteris-
tics of space targets, stars and the background are as fol-
lows. 
(1) Space targets: Let  ,k k

i ix y
 

be the pixel in (xi, yi) 
of 

the frame k. Since space targets move in high speed, they 
appear at different locations for different frames which 
mean that a target only appears in a certain position of a 
frame. Assuming the target appears in the position 
 ,k k

i ix y , except for the frame k, the positions 
 , , 1,2, 1, 1j j

i ix y j k k n   
 

of the other frames are 
the background, where the total number of frames is n. 
Since the target brightness is much larger than the back-
ground, the pixel in (xi, yi) 

in the time spectral data is a 
single pulse curve, and the pulse position represents the 
frame number where the target appears, as shown in 
Fig.3. 
(2) Stars: As stars are stationary and show larger bright-
ness in all frames, they should be bright straight lines if 
noise is neglected. In real case, time spectra of stars are 
lines with large values and slight fluctuations because of 
the effect of noise, as shown in Fig.3. 

(3) Background: Since background is dark, the corre-
sponding time spectral curve is approximately straight 
line with lower brightness, as shown in Fig.3. 
 

 

Fig.3 Time domain curves for targets, stars and 
background 

 
From the above analyses, it can be seen, in order to 

detect the target in star maps, it is just needed to detect 
the time domain curve with single pulse. Based on the 
statistics of a large number of star maps, we have the 
following knowledge: ①the average brightness of the 
deep space background is less than 75, generally around 
50, and the variance is less than 10; the general ②

brightness of stars is greater than 200, with an average of 
around 240; ③the brightness of the most space targets is 
100 or more, up to 250, with an average of around 160. 
As a result, we determine the time domain signal as 
space targets using following rules: ①the maximum val-
ue of the curve is greater than 100; ②the average bright-
ness of the curve is less than 80 except for the maximum 
value; ③the variance of the curve is less than 20 except 
for the maximum value. The above parameters are effec-
tive to the image with gray range of [0, 255]. The range 
of gray can be linearly transformed to [0, 255] for other 
images. 

The real star maps used in this experiment are acquired 
by the large field (4.8°) 600 mm aperture optical tele-
scope of the Chinese Academy of Sciences. The software 
platform is Matlab 2010, and the hardware configuration 
is Intel dual-core 2.4 G CPU and 1 G memory. The as-
tronomical positioning computer is portable industrial 
computer equipped with P4 3.0 CPU. Leveling and 
north-seeking operations have been done to the equip-
ment before acquiring the star maps. The data used in this 
experiment contains 60 frames of CCD images, with spa-
tial size of 512 pixel×512 pixel. We choose a set of im-
ages as an example, which contains two moving targets. 
The target trajectories are shown in Fig.4 by the lines. 
This paper uses the improved frame difference method[12] 
and the cross projection method[15] as comparison. To be 
fair, we first preprocess the star maps[15].
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Fig.4 Real trajectory of the moving targets 
 

The detection results for moving targets using our 
method, improved frame difference method and cross 
projection method are shown in Fig.5. As can be seen 
from Fig.5, these three methods can basically get the 
linear trajectory of the target. Our method can extract the 
target trajectory accurately and completely with very few 
false alarm points. The improved inter-frame difference 
method has a high false alarm rate. If the appropriate 
threshold is chosen to reduce the false alarm rate, the 
detection probability will be reduced. The cross projec-
tion method can extract the target trajectory with lower 
false alarm rate, but has discontinuous trajectories, im-
plying that it missed some targets. The conclusion is ba-
sically consistent with that in Ref.[15]. 

 

 

Fig.5 Trajectory extraction results of three methods 
 
Because all the above methods require a certain 

threshold in the segmentation, we use the receiver oper-
ating characteristic (ROC) curve to evaluate each method 
to avoid the deviation caused by the threshold selection 
to the results. ROC uses the false alarm rate and detec-
tion probability of detection results as the horizontal and 
vertical axes, respectively. The detection probability is 
the ratio of detection targets in the actual target trajectory, 
and false alarm rate is the ratio of the number of 
non-target pixels in detection result and that of the full 
star map. The larger the area below the ROC curve, the 
better the target detection result of the corresponding 
method. We get multiple groups of detection results by 
setting a series of thresholds, and the ROC curve of these 
three methods shown in Fig.6. 

As can be seen from the ROC curves in Fig.6, the de-
tection probability of each method increases monoto-
nously with the improvement of false alarm rate, which is 
the basic characteristic of ROC curve. It can be seen that 

the ROC curve of our method is higher than the other 
two methods, demonstrating that the overall result of the 
new method is the best. Generally speaking, the detection 
probability no less than 95% while false alarm no more 
than 10-3 can meet the requirement of trajectory detection. 
For these three methods, false alarm rates for detection 
probability more than 95% are 6×10-5, 7×10-4 and 
1.5×10-4, respectively. It means that the numbers of the 
error detection pixels are 15,184 and 40, respectively, 
which are all generally acceptable. However, in some of 
cases with higher requirements, the detection probability 
should be no less than 99%, while false alarm rate below 
1×10-4. In this case, only our method can meet the re-
quirement. The false alarm rates of these methods with 
99% detection probability are 8×10-5, 5×10-3 and 6×10-4, 
respectively. 

In addition, the inflection point of the upper left corner 
of ROC curve is the best detection point of the method, 
in which the detection probability and false alarm proba-
bility are optimally balanced. The detection probability 
and false alarm probability of three methods on the best 
detection points are (0.99, 8×10-5), (0.95, 7.95×10-4) and 
(0.98, 4×10-4), respectively. 

 
Fig.6 ROC curves of three methods 

This paper presents a new detection method of moving 
targets for star maps based on time domain signal analy-
sis. This method constructs the time spectral data of star 
maps, and uses the single pulse feature in time domain to 
detect space targets. The experimental results show that 
the proposed method can effectively detect the trajectory 
of the space targets while keeping the low false alarm 
rate. This method needs to set some thresholds, and this 
paper gives the reference threshold on the statistics of a 
large number of star maps. Experimental results show 
that the threshold can adapt to most images, but how to 
adjust the threshold automatically is our future research 
direction. 
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