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Abstract. A stereo system for vehicles, Unmanned Aerial Vehicles (UAVs), 
and hand eye systems must tolerate vibration of its cameras and be robust 
against disturbances. We propose a stereo self-adjustment methodology for re-
suming autonomous stereo system operations. The methodology aims to 
achieve autonomous recovery of camera directions, even if the cameras rotate 
after a weak impact. In autonomous recovery, the self-adjustment procedure 
calculates the rotation values of rotated cameras. The camera directions of the 
stereo system then recover their initial directions using the rotation parameters. 
Moreover, we have verified the validity of our approach through experiments 
using an active stereo camera in which three cameras can rotate independently. 

Keywords: Self-adjustment, Maintenance free stereo system, Active camera re-
sume operation. 

1   Introduction 

A stereo vision system for vehicles and Unmanned Aerial Vehicles (UAVs) must 
tolerate vibration of its cameras. Stereo systems and hand eye systems in an intelli-
gent factory also require high robustness against camera parameter changes during 
long-term operation. 

In general, accurate 3D measurements using the stereo system require accurate 
camera parameter values, as calculated via camera calibration, which is normally 
conducted with a known test pattern board before the 3D measurements begin. How-
ever, shock or vibration to the stereo system may cause loss of the camera parameters, 
preventing accurate 3D measurements. 

Tolerance to vibration in the stereo system can be considerably improved by 
mounting it on a stabilizer, which can reduce the influence of vibration on the cam-
eras [1]. However, an expensive hardware system is required. If the camera parame-
ters are lost during long term operation of the stereo system, they can be recovered via 
camera calibration using a test pattern board. However, frequent camera calibration is 
not practical for stereo systems in general environments. Alternatively, self-
calibration, which autonomously estimates the current camera parameters using un-
known observation data, can achieve calibration with unknown targets [2, 3, 4, 5, 6]. 
Accordingly, we believe that self-calibration has the potential to develop stereo sys-
tems that are vibration tolerant. Therefore, self-calibration is an essential technique 
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for use with vehicles, UAVs, and hand eye systems. The self-calibration methodology 
is characterized as follows. 

‘Self-calibration’: 
- A process of camera parameter estimation after a strong impact to the stereo 

camera 
- Internal and external camera parameters are unknown. 

In general, self-calibration is a flexible technique with few limitations. However, in 
theory, there are anomalous camera arrangements for which unique parameter estima-
tion is impossible, and self-calibration becomes unstable in the neighborhood of these 
anomalous camera arrangements. Moreover, independence between parameters can be 
insufficient, because the available restriction parameters are fewer than the parameters 
being estimated. Accordingly, self-calibration processing is often unstable from the 
viewpoint of numerical evaluation, even if the camera arrangement is far from an 
anomalous camera arrangement [7]. Therefore, we have added some restrictions on 
using internal and external parameters. The self-adjustment methodology that we have 
developed is characterized as follows. 

‘Self-adjustment’: 
- The process of camera parameter modification after a weak impact to the stereo 

camera 
- Internal and external camera parameters are available using camera calibration 

data as initial values 
- Camera calibration processing is required as a preprocessing operation. 

We propose a stereo self-adjustment methodology for stereo system resume opera-
tion. This aims to achieve an autonomous recovery of camera directions, even if cam-
eras rotate after a weak impact. In the autonomous recovery, the self-adjustment  
procedure calculates rotation values for the rotated cameras. The camera directions of 
the stereo system are then returned to their initial values using the rotation parameters. 
Moreover, we have verified the validity of our approach through experiments using an 
active stereo camera in which three cameras can rotate independently. 

2   Methodology 

The cameras in the stereo system recover their initial directions via a self-adjustment 
procedure, as shown in Fig. 1. First, the stereo camera rotation parameters are ac-
quired via a calibration using a known test pattern. In this state, the stereo system can 
measure objects correctly. However, after an impact to the stereo camera, the conver-
gence angle of the stereo system changes. In this state, the stereo camera cannot 
measure objects correctly because stereo camera rotation parameters such as roll, 
pitch, and yaw are lost. 

In that state, corresponding points are obtained from stereo images. In this ap-
proach, the corresponding points do not require 3D coordinate values. The camera 
rotation parameters are then recovered to their initial state via the self-adjustment 
procedure described in the next section. Using these camera rotation parameters, the 
stereo system obtains modified stereo rotation parameters, and the stereo system can 
measure objects again. 
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Moreover, relative rotation values of camera directions are obtained by calculating 
a difference between the stereo camera rotation parameters after camera calibration 
and after the self-adjustment procedure. The cameras can recover the initial directions 
physically after these relative rotation values are input to the active stereo camera. 
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Fig. 1. Processing flow in the actual active camera resume operation 

2.1   Self-adjustment 

We now define the standard camera model as three cameras arranged in a triangle, as 
shown in Fig. 2. A point in the standard camera image is defined as (x, y). A point 
changed by camera rotation in a standard camera image is defined as (X, Y). In addi-
tion, the rotation parameters for the triplet camera directions are as shown in Fig. 3. 

The sum of the position error between Pl and Pc, a position error between Pl and  
Pc, and a position error between Pr and Pc is minimized in triplet processing. These 
position errors are obtained as distances from the corresponding point Pl to the 
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Fig. 2. Standard camera model (triplet) 
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Fig. 3. Rotation parameters (triplet) 

epipolar line in the left standard camera image and from the corresponding point Pr to 
the epipolar line in the right standard camera image. Therefore, two points on the 
epipolar line in the left image are acquired. 

As shown in Fig. 4, a straight line that connects the focal points of the left and right 
camera is defined as the x-axis. The center of the two points is defined as the starting 
point O. Moreover, the values of the focal points of the left camera Ol and center 
camera Oc are described as (−a, 0, 0) and (xc, yc, 0), When the image coordinate val-
ues of Pl and Pc are described as (Xl, Yl) and (Xc, Yc), a straight line connecting Pc and 
Oc is expressed as (kXc + xc, kYc + yc, −k). Moreover, the focal lengths of the left and 
right cameras are defined as f. When the straight line is projected into the left image, 
the track on which the plane z = −f intersects with a line that connects (kXc + xc, kYc 
+ yc, −k) and (−a, 0, 0), is expressed as an epipolar line. 

 
(1) 

That is, when the value of z is –f in the preceding equation, the coordinate values 
on the epipolar line are expressed as follows. 

 
(2) 

Here, points in k = f and k = __ are defined as (x1, y1, z1) and (x2, y2, z2). These 
points are expressed as follows. 

 
(3) 

The point Pl (x0, y0, z0) and the line that connects (x1, y1, z1) and (x2, y2, z2) exist in 
the same plane orthogonalized to the z-axis, because the coordinate values of point Pl 
are x0 = fXl − a, y0 = fYl, and z0 = −fl. Thus, a quadratic of the position error or the 
distance value from the point to the line is expressed as follows. 

 

(4) 

∞
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When the focal position OR of the right camera is expressed as (a, 0, 0), a quadratic 
of the position error dr in the right camera is expressed as follows. 

 
(5) 

Therefore, the corresponding points in the three standard camera images after the 
self-adjustment procedure are expressed in the following equations. 

 
 

(6) 

Vertical motion is added to the left camera, in addition to the motions when there 
are two cameras. Moreover, the center or verifying camera has the same degree of 
freedom as the right camera. 

Here, ____ and ____ in the denominators and the numerators in the equations are 
simplified as ________ and ________ to stabilize the solution as follows. 

 

(7) 

Moreover, the values of X and Y in the preceding equations are assigned to a quad-
ratic of the position error equation. Then, the following equation is minimized with  
f = 1. 

 
(8) 

Then, the simultaneous equations are solved with matrix N, which has the partial 
derivatives of S, and matrix M, which has the second-order partial derivatives of S. 
These equations give N0 and M0 when _____________________0e . Moreover, approxi-
mate values of __, __, , __, __, and e are calculated using the following equation. 

θsin θcos
θθ →sin 1cos →θ
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(9) 

Values of (Xl, Yl), (Xr, Yr), and (Xc, Yc) are calculated using values obtained from 
the preceding equation. Then, the values (Xl, Yl), (Xr, Yr), and (Xc, Yc) are replaced 
by (xl, yl), (xr, yr), and (xc, yc) to generate M0 and N0. The calculation is then repeated. 
The final rotation angles and zoom magnifications are accumulated as the product of 
the rotation and zoom matrices in the all the calculations. Thus, the adjustment matrix 
is obtained after some repetitions of the calculation. 

3   Experiments 

We conducted an experiment to validate our approach that cameras in a stereo system 
can recover their initial directions. The procedure of the experiment based on our 
approach shown in Fig. 1 is described as follows. 

(1) Stereo camera rotation parameters are obtained via stereo camera calibration. 
(2) Camera rotation directions are set as the initial camera directions after acquisition 

of initial images. 
(3) Cameras are rotated independently at the set angle values. That is, we prepare a 

state that cannot measure objects correctly because stereo camera rotation pa-
rameters are lost because of convergence angle changes in the stereo system. In 
this experiment, each camera rotation value is 1°. 

(4) Camera rotation angle values, which are obtained via the self-adjustment proce-
dure, are input into the active camera. 

(5) Steps (3) and (4) are repeated, five or 10 times in this experiment. 

We prepared a triplet camera for this experiment, comprising a left camera, a right 
camera, and a verifying camera. The system was mounted on a turn stand with ultra-
sonic motors, as shown in Fig. 4. The resolution of the ultrasonic motors is 0.015°. 
The specification of this stereo system is given in Table 1. 
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Fig. 4. Triplet camera 

Table 1. Specification of stereo system 

Camera
Lens
Image size

Camera position Left Right Verify
Rotation axis Horizontal Horizontal Vertical

Baseline 10cm
Object distance 130cm

Flea (Point Grey Research Inc.)
f = 16mm

Gray scale
VGA

 

In this self-adjustment experiment, 27 targets were prepared on three boards, with 
nine targets per board. Images of these boards were captured and general edge detec-
tion processing acquired 27 corresponding points automatically. The following cam-
era rotation patterns were prepared to verify the validity of our approach. 

- Pattern 1: Left camera rotation 
- Pattern 2: Right camera rotation 
- Pattern 3: Verify camera rotation 
- Pattern 4: Left and right camera rotations 
- Pattern 5: Left and verify camera rotations 
- Pattern 6: Right and verify camera rotations 
- Pattern 7: Right, left, and verify camera rotations. 

4   Results and Discussion 

Results of camera rotation value transitions from patterns 1-7 are shown in Figs 5-11. 
The vertical axis shows the camera rotation value. Angle value 0° indicates the initial 
direction of a camera. The horizontal axis shows a camera rotation event as ‘ID’. ID = 
0 indicates the angle value to which the camera is first rotated physically to create  
a state that cannot measure objects correctly because the stereo camera rotation  
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parameters are lost because of convergence angle changes in the stereo system. ID 
values greater than 1 indicate relative rotation values to which the camera rotates 
physically close to the initial direction via the self-adjustment procedure. Here, rota-
tions leftward or upward are defined as positive values. 

The results in all patterns show that camera directions recover the angle values of 

0.000 ± 0.015°, usually within five iterations. The resolution of the active camera 
rotations is 0.015° in these experiments, so that the cameras recover the initial direc-
tions within the resolution value. Therefore, we can conclude that the results satisfy 
the required accuracy. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Pattern 1: left camera rotation 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Pattern 2: right camera rotation 

In pattern 7, in which all cameras rotate, the self-adjustment procedure failed to re-
cover the initial camera directions because the base directions of all cameras change. 
However, the stereo system can still measure objects correctly because the epipolar 
line is recovered in the self-adjustment procedure. Therefore, an epipolar line recovery, 
which is a state allowing objects to be measured correctly, is confirmed in pattern 7. 

Right camera rotationRight camera rotation

ID Left Right Verify

0 0.000 -1.000 0.000
1 0.000 -0.333 0.000
2 0.000 -0.117 0.000
3 0.000 -0.040 0.000
4 0.000 -0.025 0.000
5 0.000 -0.019 0.000
6 0.000 -0.014 0.000
7 0.000 -0.009 0.000
8 0.000 -0.014 0.000
9 0.000 -0.008 0.000

10 0.000 -0.013 0.000

Rotation angle of active camera [deg]

Left camera rotationLeft camera rotation

ID Left Right Verify

0 1.000 0.000 0.000
1 0.381 0.000 0.000
2 0.181 0.000 0.000
3 0.083 0.000 0.000
4 0.035 0.000 0.000
5 0.010 0.000 0.000
6 0.004 0.000 0.000
7 -0.002 0.000 0.000
8 -0.006 0.000 0.000
9 -0.007 0.000 0.000

10 -0.009 0.000 0.000

Rotation angle of active camera [deg]
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Fig. 7. Pattern 3: verify camera rotation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Pattern 4: left and right camera rotations 

Figure 12 shows an epipolar line modification result via the self-adjustment proce-
dure in pattern 7 in which all cameras rotate. The result is transformed based on the 
standard camera model as shown in Fig. 2. 

 
 
 

ID Left Right Verify

0 1.000 -1.000 0.000
1 0.105 -0.173 0.000
2 0.031 -0.024 0.000
3 -0.007 -0.021 0.000
4 0.020 0.000 0.000
5 0.005 -0.006 0.000
6 0.008 -0.006 0.000
7 0.010 -0.006 0.000
8 0.010 -0.008 0.000
9 0.010 -0.009 0.000

10 0.013 -0.009 0.000

Rotation angle of active camera [deg]

ID Left Right Verify

0 0.000 0.000 -1.000
1 0.000 0.000 0.015
2 0.000 0.000 0.006
3 0.000 0.000 0.009
4 0.000 0.000 0.012
5 0.000 0.000 0.016
6 0.000 0.000 0.000
7 0.000 0.000 -0.001
8 0.000 0.000 -0.003
9 0.000 0.000 -0.005

10 0.000 0.000 -0.006

Rotation angle of active camera [deg]Verify camera rotationVerify camera rotation

Left camera rotationLeft camera rotation Right camera rotationRight camera rotation
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Fig. 9. Pattern 5: left and verify camera rotations 

 

Fig. 10. Pattern 6: right and verify camera rotations 

ID Left Right Verify

0 1.000 0.000 -1.000
1 0.538 0.000 -0.769
2 0.297 0.000 -0.433
3 0.166 0.000 -0.229
4 0.094 0.000 -0.125
5 0.053 0.000 -0.075
6 0.166 0.000 -0.034
7 0.015 0.000 -0.023
8 0.007 0.000 -0.014
9 0.005 0.000 -0.006

10 0.003 0.000 0.001

Rotation angle of active camera [deg]

Left camera rotationLeft camera rotation Verify camera rotationVerify camera rotation

ID Left Right Verify

0 -1.000 -1.000 0.000
1 -0.352 -0.636 0.000
2 -0.132 -0.213 0.000
3 -0.046 -0.082 0.000
4 -0.019 -0.032 0.000
5 -0.011 -0.010 0.000
6 -0.003 -0.018 0.000
7 -0.006 -0.014 0.000
8 -0.009 -0.013 0.000
9 -0.012 -0.012 0.000

10 -0.008 -0.016 0.000

Rotation angle of active camera [deg]

Right camera rotationRight camera rotation Verify camera rotationVerify camera rotation
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Fig. 11. Pattern 7: all camera rotations 
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Fig. 12. Epipolar line modification result via the self-adjustment procedure 

The epipolar line in a combination of the left and right images after the initial cam-
era rotation, almost passes through corresponding points because the left and right 
cameras rotate in parallel to the epipolar line. On the other hand, the result shows that 
the epipolar line in a combination of the left and verify images and the epipolar line in 
a combination of the right and verify images, do not pass through corresponding 
points. 

ID Left Right Verify

0 0.000 0.000 0.000
1 1.000 -1.000 -1.000
2 1.019 -1.005 -1.691
3 1.003 -1.037 -1.720
4 1.010 -1.042 -1.729
5 1.013 -1.048 -1.725

Rotation angle of active camera [deg]

Left camera rotationLeft camera rotation Right camera rotationRight camera rotation Verify camera rotationVerify camera rotation
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However, the result shows that epipolar lines in all combinations pass through cor-
responding points. We can thus conclude that the camera rotation directions recover 
their initial state because the camera rotation parameters are modified via the self-
adjustment procedure. 

5   Conclusion 

We have proposed a stereo self-adjustment methodology for resuming stereo system 
operation. Moreover, we have verified the validity of our approach through experi-
ments using an active stereo camera, showing that the three cameras can rotate inde-
pendently. 

We have confirmed that the self-adjustment procedure calculates the rotation  
values of rotated cameras. Moreover, the cameras in the stereo system recover their 
initial directions using the rotation parameters. Camera directions in some camera 
rotation patterns usually recover the required camera directions within five iterations. 
Moreover, even when all cameras rotate, the self-adjustment procedure can recover 
the initial state. From these results, we can conclude that we have successfully 
achieved the autonomous recovery of camera directions to improve the tolerance or 
robustness to vibration of stereo system for vehicles, UAVs, and hand eye systems. 
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