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Abstract  
In this paper, we construct a filter dynamics 
using bearing angle and time-to-go 
measurements obtained from sequential image 
frames of a passive seeker. Typically, estimation 
filter with bearing-only measurement is used for 
missile guidance. However, seeker images 
include much more information such as target 
size and its expansion rate. Time-to-go 
measurements can be calculated by target size 
in image and its expansion rate. Therefore, we 
construct a guidance filter with additional time-
to-go information. Time-to-go measurements 
are calculated by several image process. The 
process are illustrated in detail.  As shown in 
the numerical results, the state estimation errors 
are reduced by using time-to-go measurement. 
The performances of filters using bearing-only 
measurement and using bearing and time-to-go 
measurement are compared by Monte-Carlo 
simulation.  

1 Introduction  
Over the past few decades, many optimal 

guidance laws have been developed to satisfy 
some terminal constraints. These optimal 
guidance laws are formulated with time-to-go 
information [1]-[3]. If the time-to-go estimation 
is incorrect, the performance of these guidance 
laws will be severely degraded and terminal 

constraints could not be also satisfied. Therefore, 
estimating relative distance, velocity and actual 
time-to-go information is very significant 
problem of missile’s guidance filter. To 
guarantee performance of the guidance law, 
estimation results of time-to-go and relative 
motion should be accurate. 

For missiles with passive seekers, the 
bearing-only measurement is typically used for 
estimating missile’s state. However, seeker 
images include much more information such as 
target size and its expansion rate. If we can use 
this additional information, we can estimate 
missile’s states more accurately. Furthermore, 
bearing-only measurement does not guarantee 
observability of the guidance filter. The 
observability is closely related to the bearing 
angle rate or LOS rate. If the angle rate is nearly 
zero, the system loses its observability. Typical 
terminal guidance usually has less LOS rate as a 
missile close to the target. Therefore, alternative 
measurement is required to tackle this critical 
problem to implement optimal guidance laws 
for missiles with passive seeker.  

In this paper, filter dynamics with bearing 
angle and time-to-go measurement for missile 
with passive image sensor are simulated to 
intercept ground stationary target. The bearing 
measurement and time-to-go measurement are 
obtained from image frames. The second 
measurement, time-to-go, is closely related to 
target size and target expansion rate in the 
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image frames. Target size and its features are 
getting larger and obvious as the target getting 
close while LOS rate and bearing rate are 
decreasing. Therefore, the loss of observability 
at the last terminal guidance can be covered. 

In section 2, time-to-go measurement has 
been derived from sequential image processing. 
The guidance filter dynamics are illustrated in 
section 3. Finally, numerical simulation results 
are shown in section 4.  

2 Time-to-go Measurement  
From EO/IR seeker, we can get sequential 

image frames including target feature. By some 
image processes, such as morphological 
filtering and CAM-Shift algorithm, we can track 
a target continuously. The target size and its 
expansion rate can be obtained from tracking 
results. The overall Sequential image processing 
are illustrated in Figure 1. 
 

  
Figure 1 Image processing sequence for  

time-to-go measurement 

2.1 Morphological Filtering  
To extract target’s feature from clutter and 

noise of image frames, preprocessing is required. 
In this study, we assume that a target could be 
distinguished from background due to the 
difference between target’s intensity and the 
background intensity. At the first step, the 
morphological filter [4] is applied to extract 
target’s feature.  We use close morphological 
filtering. After the morphological process, the 
gray-scale image frames are filtered into binary 
images by given threshold. Therefore, pixels 
only containing the target are assigned 1 and 
background pixels are assigned 0. Figure 2 
illustrates original input image frame and 
preprocessed binary image. The background 
feature has been removed by the filter. 
 

  
(a) (b) 
Figure 2. Sample images:  

(a) Gray-scale image,  
(b) Preprocessed binary image 

 

2.2 Tracking Algorithm 
Continuously adaptive mean shift (CAM-

Shift) algorithms are applied for tracking target 
in the preprocessed image sequences. CAM-
Shift is a fundamental tracking algorithm for 
vision based target tracking. We assumed that 
target detection is already declared at actual 
target’s location. CAM-shift algorithm only 
tracks the detected target using following steps 
[5]. 
 
CAM-Shift Algorithm 

1. Determine a size of region of interest 
(ROI) 

2. Determine the initial location of the ROI 
3. Calculate the mean location of the ROI 
4. Set the center of ROI at the mean location 

calculated in Step 3. 
5. Repeat Step 3 and 4 until the mean 

location converges within a given 
threshold 

6. Calculate a size of ROI from the zeroth 
moment 

Repeat Step 2~6 continuously for each frame 
 

The mean location of a ROI is determined 
by computing zeroth, and first order moment of 
a given image fame. 
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where ( , )preI x y  is the preprocessed image 
frame. Here, the zeroth moment means size of 
the target in image frames. Then the mean ROI 
location is given by 
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The size of ROI is determined larger than 

target’s size which is given by 
 

00 00width 2 ; heightM M= =  
 
Therefore, ROI can always include the 

entire target feature. 
 

2.3 Calculation of Time-to-go Measurement  
The target size in the each image frame is 

determined by zeroth order moment of the 
preprocessed image frame.  
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Target expansion rates are defined as size 

difference between two consecutive frames, 
which is given by 
 

target target
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where DT is sampling time interval for image 
sensor. 
If the actual target size is invariant, target size in 
image frames, targetS , and range-to-go, r , are 
satisfying a following relationship; 
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where C is a constant. By derivative of eq. 

(7) , we can get following relationship between 
range-to-go , target size, and target expansion 
rate. 
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On the other hands, time-to-go can be expressed 
by range-to-go and its derivatives.  
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By substituting eq. (9) into eq. (10), we can 
construct a relationship between time-to-go, 
target size, and target expansion rate as follows 
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2.4 Low-pass Filtering 

Target size is proportional to 2r-  term. 
Target appears very small size in the image 
frame during most initial frames when relative 
range is large. On the other hands, target 
expansion rate is nearly zero for initial guidance, 
and it rapidly increases at the last final period. 
Therefore, just one pixel size error at initial 
period makes large estimation errors. To reduce 
the target size error effect, target size and target 
expansion rates are calculated by low-pass 
filtering. The iterative form of backward low-
pass filter is given by 
 

target target target
1( ) (( 1) ) ( )

1 1
aS k S k S k

a a
DT

DT = - DT + DT
+ DT + DT

% %

(12) 
where a  is a design parameter for cut-off 
frequency of low-pass filter. 

After low-pass filtering, estimated target 
size are rounded off to the nearest integer. It 
means that sub-pixel sized target differences are 
not considered. However, by this rounding 
process, expansion rate error bounds are 
considered. 

Figure 3 shows time-to-go measurement 
generated by integer target size and expansion 
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rate filtered by low-pass filter. Due to small 
target size small expansion rate for most initial 
period, time-to-go measurement has large initial 
errors. However, as the missile getting close to 
the target, measurement converges to true 
values. 

 
Figure 3. Time-to-go Measurement 

3 Filter Equations  
The Kalman filter dynamics have been 

constructed in Cartesian coordinate frame. In 
the Cartesian coordinate frame, equation of 
motion can be expressed as linear form. On the 
contrary, measurements dynamics will be 
expressed as nonlinear equation. Figure 4 
illustrates the Cartesian coordinate frame. 

The state variables are defined as relative 
distance and velocity between guided missile 
and the target 
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The process equation is given by  
 

 
Figure 4. Coordinate Frame 
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where , ,Mx My Mza a a  are missile’s acceleration of 
each direction and w  is a process noise 
representing unconsidered target’s motion. 

Bearing angle and time-to-go 
measurements are used for a measurement set of 
extended Kalman filter. The measurements 
equation can be expressed as  
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4 Numerical Results 

 
Figure 5. Configuration of Guidance Filter 

 
To verify the performance of the filter, 

MATLAB Simulink based numerical 
simulations are constructed. The performances 
of filters using bearing-only measurement and 
using bearing and time-to-go measurement are 
compared by Monte-Carlo simulation. 

The target location is (1960, 0, 20) and the 
initial position of the missile is (0, 0, 200). The 
update frequency of the seeker image is 50Hz. 
Guidance law is optimal guidance for impact 
angle control [6].  

Figure 6 shows missile trajectories and its 
body angle changes. 
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Figure 6. Missile trajectory and body angle 

To compare performances of bearing-only 
measurement and bearing and time-to-go 
measurement, 200 times of Monte-Carlo 
simulation are conducted. The missile intercepts 
the target 7.4 sec after lunch. 

Results of the simulation are shown in 
Figure 7 and Figure 8. Figure 7 shows time-to-
go estimation result and Figure 8 illustrates 
relative range estimation result. 

For the detail comparison, average time-to-
go and range-to-go estimation errors are shown 
in Figure 9 and Figure 10. Both time-to-go and 
range-to-go estimation errors are reduced by 
using time-to-go measurement from target size 
and its expansion rate. Although the time-to-go 

measurements are not accurate until 4 seconds 
as shown in Figure3, performance of the 
Extended Kalman filter is enhanced in terms of 
estimated range-to-go and time-to-go 
information. 
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Figure 7. Time-to-go Estimation Results 
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Figure 8. Relative Range Estimation Results 
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Figure 9. Time-to-go Estimation Errors 
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Figure 10. Relative Range Estimation Errors 
 

5 Conclusion  
In this paper, the extended Kalman filter 

dynamics are constructed using bearing 
measurement and time-to-go measurement in 
the Cartesian coordinate. Time-to-go 
measurements are obtained from the image 
frames of the passive seeker. The time-to-go 
measurements which are calculated from target 
size in image and its expansion rate are used. 
From numerical simulation, the estimation 
performance is enhanced by using additional 
time-to-go information.  
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