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Abstract 

This paper proposes the localization algorithm 
that estimates a ground position by comparing the 
recovered elevations estimated from aerial images 
with digital elevation model (DEM). The proposed 
algorithm consists of two stages: recovering the 
sampled elevations from multiple aerial images and 
matching them with DEM. While conventional algo- 
rithms estimate the elevation field, that is, recovered 
elevation map (REM) over a whole image, the pro- 
posed algorithm recovers the elevations only at finite 
number of sample points from a multiple image se- 
quence and does not require rotation of REM. So, 
the proposed algorithm can estimate the ground po- 
sition accurately by using a wide recovered area and 
can estimate the position much faster than conven- 
tional ones. Additionally, the proposed algorithm 
makes use of the gradient information of terrain at - 
multiple sample points of multiple aerial images for 
considering global characteristics. Computer simu- 
lations with various images show the effectiveness of 
the proposed algorithm. 

Figure 1: Area recovered by multiple images 

1 Introduction 

Aircraft navigation systems can be realized by 
a number of different approaches such as inertial 
navigation system (INS), global positioning system 
(GPS), and so on. INS has some drawbacks that 
the estimation error is increasing as navigation goes 
by. GPS can estimate an absolute position with 
more than three satellites, however, the signals from 
satellites can be disturbed and modified intention- 
ally. Navigation parameters can also be estimated 
by using computer vision techniques [1][2]. A few 
algorithms have been proposed [I] [2] [3] [4] [5], how- 
ever they are not practical for implementing real- 
time navigation systems because they require high 
computational complexity. An on-line vehicle mo- 
tion estimation method from visual information was 
proposed based on Kalman filter estimation [I], with 
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aerial images obtained by an expensive down-looking 
camera. Another algorithm with image data ac- 
quired by a down-looking camera was also proposed 
[6]. On the other hand, 3D reconstruction algo- 
rithms have been proposed by matching DEM and 
REM [2] [3]. But these algorithms require high com- 
putational complexity. A fast, accurate, and cheap 
visual localization algorithm is necessary for practi- 
cal navigation systems. 

The conventional algorithms make use of only two 
images to reconstruct REM for localization. Ground 
area covered by a camera is not wide and the recov- 
ered area with two images is narrow. In this paper, 
the localization algorithm using a multiple aerial im- 
age sequence for DEM matching is proposed. Fig. 1 
shows the area that can be recovered with multiple 
images. The proposed algorithm estimates the air- 
craft position by matching the multiple gradients ob- 
tained from multiple aerial images and DEM, where 
the robust estimation scheme is used. 

The rest of the paper is structured as follows. In 
Section 2, the localization algorithm using multiple 
images is proposed. Experimental results show the 



(a)  Navigation and body coordinates 

(b) Attitude of an aircraft 

Figure 2: Coordinates and attitude of an aircraft 

effectiveness of the proposed algorithm in Section 3. 
Finally, conclusions are summarized in Section 4. 

2 Proposed Localization Algorithm 
with DEM Information 

2.1 Coordinate system and attitude pa- 
rameters of an aircraft 

In a navigation system, it is important to define 
a reference coordinate system. Two coordinates are 
considered: navigation coordinate and body coordi- 
nate [7]. The navigation coordinate (XN, YN, ZN) 
represents a reference coordinate system as shown 
in Fig. 2(a), where universal transverse Mercator 
(UTM) as an orthogonal coordinate is used in our 
system. A transformation from the navigation co- 
ordinate (XN,  YN, ZN) into the aircraft body axis 
coordinate (XB , YE, Ze )  , and its inverse transfor- 
mation are necessary for navigation parameter es- 
timation. The transformation is represented by a 
rotation matrix expressed as a function of 4, w ,  and 
$ that denote roll, pitch, and yaw parameters of an 
aircraft, respectively. 4 and w denote angles of a 
wing and a body of an aircraft with respect to the 
surface of earth, respectively. $ represents an angle 
of a body with respect to the truth north. Note that 
the true north is different from the magnetic north, 
for example, by about 6.2' as shown in Fig. 2(b), at 
Deajon and Kongju regions, over which one of test 
aerial image sequences was acquired. 

Figure 3: Features and matching points 

2.2 Proposed localization algorithm 

The proposed algorithm consists of two stages: 
recovering the elevations at sample points and 
matching them with DEM [2][3]. At the first stage, 
the elevations at the sample points of multiple im- 
ages are calculated based on the stereo matching 
scheme, with correspondences between consecutive 
aerial image pairs. At first, the feature points 
that have the maximum local variance are extracted 
at uniform intervals in the previous image. The 
feature correspondence is obtained by block-based 
matching, with the normalized correlation coeffi- 
cient (NCC) criterion measure. In Fig. 3, F P n - k - 1  

denotes the feature point having a maximum vari- 
ance at the (n- k- 1)th frame in the aerial image se- 
quence. MPn-k represents the point in the (n-k)th 
frame, corresponding to the feature point F P n - k -  1, 

where P n - k -  1 and Pn-k denote 3D ground positions 
of the aircraft in the (n - k - 1)th and (n - k)th 
frames, respectively. The difference of these two po- 
sitions is denoted by Bn-k F P ; - ~ - ~ ( ~  = l ,  ..., M )  

is the j th  feature in the (n - k - 1)th frame. MPi -k  
of the (n - k)th frame In-k is a corresponding point 
detected by the NCC measure. These matching 
points are detected with N image pairs (k = N - 1 
to 0). A sample REM is recovered with the con- 
secutive feature points and matching points. That 
is, M:-~ is calculated with 4, w ,  $, F P ; I ' - ~ - ~ ,  and 

MP;~ ' -~  by the stereo matching scheme [3][4]. 
In the second stage, the recovered REM is nor- 

malized by dividing the REM value by that of Mn-k 
which is estimated with the maximum variance point 
FPn-k-l and its matching point M Pn-k. The pro- 
posed algorithm searches the area with 5 pixels x 
5 pixels interval. Assuming that the resolution of 
DEM is 2 m, the real search interval is 10 mxlO 
m. The DEM matching algorithm is described as 
follows. 

Min=Infinite 
For dx = XO to x1 step 6 2  
For dy = do to yl step 6 y  



E=O 
For k = N - 1 to 0 step -1 
For j = 1 to M step 1 

G r a d R E M  = M i  n-k - MZ,,,-k 
' .  

D E M ~  = DEM(M;,,-,+~x, ~ , j . ~ - ~ + d y )  
DEMO = D E M ( M , ; ~ - ~ + ~ X ,  ~ ; ; , - ~ + d y )  (a) 419 (b) 420 (c) 421 

Grad-DEM = D E M ~  - DEMO 
E+ = p(Grad-REM - G r a d D E M )  

IF (Min > E) 
Mi, = E 
Store dx, dy 

Xn+ = dx 
Yn + = dy 

where 6x and 6y denote the search intervals along 
the x and y directions, respectively. DEM(x ,  y) r e p  
resents an elevation at 3D real position (x, y). The 
proposed algorithm does not use the mean square er- 
ror (MSE) but a robust cost function p based on M- 
estimation that can effectively reject outliers. The 
M-estimator can estimate a stable solution of input 
data that contain some severe errors. Whereas the 
conventional algorithm based on the MSE estimator 
might yield wrong position because of a few wrong 
matching points, the proposed algorithm based on 
the robust estimator can estimate a correct result 
for severely deteriorated input data. 

Whereas the conventional algorithm needs the el- 
evation calculations as many as image size for dense 
REM [2] [3], the proposed algorithm requires only 
M x N elevations. For example, assuming that im- 
age size is 320 x 240 and M x N is 9 x 8 = 72, the con- 
ventional algorithm requires elevation calculations 
1067 times greater than that of the proposed algo- 
rithm. The number of additions for matching Sam- 
pled REM with DEM is equal to NM(xl  - xo)(yl - 
yo)/(dx6y). According to computer simulations on 
Pentium 200, the proposed algorithm takes 5 sec- 
onds while the conventional algorithm requires 1800 
seconds. 

3 Experimental Results and Discus- 
sions 

The effectiveness of the proposed algorithm is 
shown by the computer simulation with two aerial 
image sequences (320 x 240) that are acquired with 
a CCD camera attached to a helicopter and a light 
airplane. The aerial image sequences are recorded 
with a P-cam video camera and a Hi-8m camcoder. 
The field of view (FOV) of the former camera is set 
to 42.7' x 54.7", while that of the latter camera is 
set to 34.7' x 25.7'. Each of them is digitized at 1 
framelsec and quantized to eight bits. 

The proposed algorithm makes use of 280 x 200 
search area with 10 x 10 interval, in order to detect a 
feature point F Pn-k-  that has the largest variance 
in a frame. The search area is set to 100 x 100 to 
detect a matching point MPn-k corresponding to 
FPn-k-1. The proposed algorithm searches 9 x 9 
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Figure 4: Test aerial image sequence (320 x 240) 

area to detect MPAwk corresponding to FPi-k-l 
with the initial disparity (MPn-k - FP,,-k-l). In 
the experiment, the window size for matching is set 
to 11 x 19, the number of features for a pair of im- 
ages is 9, the number of image pairs is 8, and the 
resolution for search DEM is 7.5m x 7.5m. The two 
consecutive images are assumed to be overlapped by 
50 %. 

Figs. 4(a)-(i) show nine consecutive images 
acquired with one second interval, where the 
white cross (+) marks represent the feature points 
FP; I ' -~ -~  to estimate the elevations, and the box 

(0 )  marks denote the matching points MPL-k corre- 

sponding to the feature points FPi-k-l. In the case 
of this image sequence, the overlapped ground area 
with two images is about 300m x 300m. The REM 
recovered over such a small 0verlaDDed area does not . . 
contain many features, resulting in a large probabil- 
ity that the DEM matching fails. A plain surface 
is usually estimated over a small overlapped area, 
thus it is difficult to correctly match the plain sur- 
face with DEM. However, the recovered area by the 
proposed algorithm is wide enough to match DEM 
because the multiple images are used. In this exper- 
iment, 654 x 896 DEM is used, and the matching 
result is shown in Fig. 5, where the black dots de- 
note the feature points FPL-k-l in Fig. 3, while the 
white boxs re~resent the real Dositions of the feature 
points. The result of the proposed algorithm is satis- 
factory, and real position error is 26.lm. The ground 
resolution of DEM is 2.6m per pixel, and ground 
search area is 1700.4m x 2329.6m. The DEM is gen- 



TABLE I. E r ro r s  e s t ima ted  by t h e  
conventional a n d  proposed  a lgor i thms (m).  

Figure 5: Matching result 

erated by interpolating the contours that are manu- 
ally drawn with 25m interval. 

Table I shows the errors estimated by the con- 
ventional and proposed algorithms, where the esti- 
mated error is calculated in terms of the Euclidean 
distance between the real and estimated positions. 
Nine sequential images at each experiment are used 
with the image sequences acquired by a helicopter 
and a light airplane. In the cases of the first spot 
of the helicopter sequence and the third spot of the 
light airplane sequence, the conventional algorithm 
yields large errors because mountains are very high 
and large in this area. Thus, the area recovered by 
only two images does not contain enough features. 
But, the proposed algorithm makes use of nine im- 
ages, and the recovered area is wide enough to detect 
reliable matching points. Even though these images 
have a few mismatch points, the proposed algorithm 
can estimate the correct matching points because of 
the robust M-estimator. 

4 Conclusions 

In this paper, a localization algorithm is proposed 
by comparing the elevations recovered from multiple 
images with DEM. The proposed algorithm uses the 
sampled elevations to dramatically reduce the com- 
putational complexity. The proposed algorithm can 
estimate wide REM with multiple images. The ef- 
fectiveness of the proposed algorithm is shown via 
various computer simulations. Further research will 
focus on the development of the real-time algorithm 

aircraft Helicopter Light airplane 

method\spot 1 2 1 2 3 4  

conventional 351 34 37 56 196 27 

proposed 26 29 23 37 36 31 

and its application to a practical visual navigation 
system. 
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