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Summary

We present in this paper a new analysis of relative sensitivity /importance of camera calibra-
tion/alignment parameters on the performance of stereoscopic depth reconstruction. For a given
stereoscopic vision system, once stereo correspondence is successfully established, the accuracy of
3D measurements depends on the overall geometric structure of the model in relation to object dis-
tances. The geometric structure (and hence the error) depends on (1) fixed design parameters such
as interpixel distance, focal length and baseline; and (2) the accuracy with which these parameters
are known, i.e., camera calibration and alignment. The errors due to the fixed design parameters
of the geometric structure have been investigated intensively by others. However, the role of cal-
ibration error and misalignment on the accuracy of the stereoscopically computed 3D information
has not been studied. The alignment accuracy is perhaps more important than individual camera
calibration since it is the relative alignment that affects the epipolar constraints used during the
correspondence process. Also, poor camera calibration/alignment may affect the establishment of
feature/region correspondence at the outset. Most research done in camera calibration has dealt
with the question of how to calibrate a single camera or multiple cameras, and also on the deriva-
tion of error bounds of different calibration parameters. But in many situations, it may be very
difficult to get perfect calibration. Further, even if the calibration is excellent, the camera setting
may change during the use of the system. This raises two important questions: How do these cal-
ibration/alignment errors affect 3D estimates? Given the accuracy requirements that a practical,
application-specific stereoscopic vision system must satisfy, how much error can we endure for each
parameter we calibrate?

The quantitative analysis presented here provides formulae which relate different calibration or
alignment parameter errors to the 3D reconstruction measurements. The results of this analysis
provide specifications of acceptable tolerances in individual calibration parameters for given 3D
measurement error tolerances. This information is useful in designing practical stereoscopic vision
systems.
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1 Introduction

Camera calibration is a very important issue that must be addressed when developing a practical
stereoscopic vision system. For a given stereoscopic vision system, once stereo correspondence
is successfully established, the accuracy of 3D measurements depends on the overall geometric
structure of the model in relation to object distances. The geometric structure (and hence the
error) depends on (1) fixed design parameters such as interpixel distance, focal length and baseline;
and (2) the accuracy with which these parameters are known, i.e., camera calibration and alignment.
The errors due to the fixed design parameters of the geometric structure have been investigated

intensively by others. However, the role of calibration error and misalignment on the accuracy
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of the stereoscopically computed 3D information has not been studied. The alignment accuracy
is perhaps more important than individual camera calibration since it is the relative alignment
that affects the epipolar constraints used during the correspondence process. Also, poor camera
calibration/alignment may affect the establishment of feature/region correspondence at the outset.

Most research done in camera calibration has dealt with the question of how to calibrate a
single camera or multiple cameras, and also on the derivation of error bounds of different calibra-
tion parameters. This has prompted a great deal of research in developing methods for camera
calibration!'="). But in many situations, it may be very difficult to get perfect calibration. From a
practical point of view, camera alignment is critical to stereo-based 3D measurements. Further, even
if the calibration is excellent, the camera setting may change during the use of the system. This
raises two important questions: How do these calibration/alignment errors affect 3D estimates?
Given the accuracy requirements that a practical, application-specific stereoscopic vision system
must satisfy, how much error can we endure for each parameter we calibrate?

In this paper we do not present a new method of camera calibration. Instead, we analyze
the effect of various calibration errors on the performance of a stereoscopic vision system. The
analysis provides insight on the relative importance of various calibration/alignment parameters,
and quantifies these relationships. Past analysis of calibration has followed one of the following
approaches: (1) analysis of 3D measurement errors due to image plane quantization®='%, (2) anal-
ysis of 3D measurement error due to false correspondences!'!l, and (3) analysis of single camera
movement errors!'?. However, such past work lacks detailed analysis of how the individual calibra-
tion/alignment parameter error influences the accuracy of the 3D stereoscopic measurements.

The analysis we will present is important because even with the most exacting camera cali-

bration and/or alignment techniques, there will always exist some errors, either large or tiny. It



is important to understand which individual errors have the greatest impact on the accuracy of
the stereoscopically computed 3D information. This will assist system designers in placing closer

calibration tolerances on the more significant sources of error.

2 Effects of Calibration Errors

Let us consider a binocular vision system with two cameras mounted on some rigid support (figure 1).
Ideally, we would like the two cameras to have the same orientation, their optical axes being
perpendicular to the long axis of the bar and each individual camera being calibrated perfectly.

In the following discussion, we first consider each source of error separately, i.e., when we discuss
one source of error, all other factors are assumed perfect. Then we consider the composite effects of
several error sources. We assume that we always find the correct match between the corresponding
image primitives in the stereo image pair. The sources of error we consider may be grouped into
the following five categories. The first three of these are phenomena associated with a two-camera
system, while the last two are phenomena associated with a single-camera system:

Binocular Error Effects:
1. Depth error due to rotation/roll between two cameras.
2. Depth error due to pitch between two cameras.

3. Depth error due to yaw between two cameras.

Monocular Error Effects:

4. Depth error due to nonparallel CCD array and lens.

5. Depth error due to lens distortion.



Figure 1: Binocular vision system with two cameras

2.1 Depth error due to rotation/roll between two cameras

Consider the case where camera 1 is perfectly calibrated and its optical axis is perpendicular to the
bar supporting the two cameras (figure 1). Camera 2’s optical axis is parallel to that of camera 1.
Camera 2 is also perfectly calibrated except for an unknown rotation angle about the optical axis.

With simple trigonometry (figure 2), we have the following fundamental equations.
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where D}, is the observed absolute depth from the image plane to the object, Dy is the true
absolute depth, f is the effective focal length of both cameras (assuming they are the same), B

th

is the baseline, y; is the true ¢*" camera’s image plane coordinate measured from the piercing
point of perfect camera 1 along the epipolar line, and y! is the corresponding observed value. All

measurements are assumed to be in the same units, say mm. The approximations indicated above

are based on the assumption that Dy, > f, which is commonly met in practice.



Based on the assumption that camera 1 is perfect, the error in depth is

DeI‘I‘ = Dtru - Dobs (3)
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Setting y, = yycos#, where 6 is the rotation/roll angle between the two cameras, and using

Y = fﬁ, where Y is the true 3D coordinate of the object satisfying y;, = nd

Y;
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Figure 3 illustrates the behavior of this error term for different values of relative roll and different

values of the 3D coordinate, Y3, of the object.

2.2 Depth error due to pitch between cameras

Assume that Camera 1 is perfectly aligned with respect to the bar, and the other camera is also
perfectly calibrated except that it is not on the same level as camera 1 with respect to the bar and
rotates about a line which is parallel to the bar (figure 4(a)). Hence, the epipolar line is no longer
parallel to bar. From figure 4(b), we can see the observed image coordinate yj is the length of the

line segment (bold) formed by the intersection between the triangular patch P;Py0% and the plane
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Figure 2: Stereo Fundamentals. Each camera defines its own 3D coordinate frame (Xi,Yi,Zi). The
origin of each 3D coordinate frame is located at the intersection of the optic axis and image plane of
the corresponding camera. Note that a left handed coordinate frame is used. The 2D image plane
coordinates of the point are denoted by (xi,yi).
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Figure 3: 3D error due to relative roll. Parameters used here: B = 1330mm, f = 8.5mm
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Figure 4: Error due to pitch between cameras. (a) illustrates the relative camera positions (b)
shows the stereoscopic geometry.

def, where plane def is perpendicular to the optic axis Oy Fy. Using simple trigonometry, we have
y, = yacos a, where a is the pitch angle between the two cameras. After this, we could follow the
same procedure as we did in case 2.1. Instead, let us use a slightly different procedure here. We

know that sec a is equal to /1 + (tan )2, so y, can be obtained from y, and a:

1 y 1
o= ey Lianay )
1+ (tan a)? 2

Noticing that « 1s usually small, as is tan «, we use Taylor’s series to derive the right hand side of
the above equation.

Then by using the general equation 6, we have
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Figure 5: Two special cases: (a) Type I (b) Type II
Now, let us consider two special conditions of this case (Figure 5):
e Type I (Figure 5(a))

Y2
cosa’

— In this condition, y; = And the final approximation is:

L Yoo —1
mmzwm@%%—lzmmiQ%—l (13)

e Type II (Figure 5(b)):

— The 3D measurement error is 0, provided the assumption of correct correspondence is

satisfied.

Figure 6 illustrates the behavior of this error term for different values of relative pitch and

different values of the 3D coordinate, Y, of the object.
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Figure 6: 3D error due to relative pitch. Parameters used here: B = 1330mm, f = 8.5mm

2.3 Depth error due to yaw between cameras

Camera 1 is perfectly aligned with respect to the bar, and the other camera is perfectly calibrated
except for an unknown rotation about an axis perpendicular to the epipolar plane and through the
center of projection (figure 7). Similar to the above cases, we only need to calculate y5.

From figure 7, we know v = f + 7, tanv = y72, and tan T = y72 Employing the trigonometric

tan f+tan T

; .
1—tanStan 7’ we have:

property: tanv =

tan 3 + v
o T (14)

f 1 —tan /3@/72
So y, can be expressed as:

;= ftanf
Yo = yatan B+ [ (15)

where (3 is the yaw angle between the two cameras. The approximation equation for Dery is:

_tan ﬁD%ru[l + (%2)2]

Derr ~ B (16)
SR RRER )
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Figure 7: Error due to yaw between Cameras
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Figure 8: 3D error due to relative yaw. Parameters used here: B = 1330mm, f = 8.5mm

Although we have used an approximation to derive a simple expression for Derr, we have found
that such an approximation is not as valid as in previous cases. Also since the error in yaw
(misalignment) usually contributes most to the error in measured depth, we prefer to use the
accurate equation (5) to estimate depth error. The behavior of this error term for different values

of relative yaw and different values of the 3D coordinate, Y3, of the object is illustrated in figure 8.
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2.4 Depth error due to nonparallel CCD array and lens

We assume that both cameras are aligned perfectly with respect to the rigid support. While camera
1 is perfect, the CCD array of camera 2 is not parallel to its lens (figure 9). This is different from
section 2.3, where the lens and CCD of each camera were parallel to each other but the optic axes
of the two cameras were not parallel.

From figure 9, we have:

y2 = ftanvy, x =90°+ ¢ — ¢ (18)

where the angle between tilted CCD array and lens is denoted as ¢, t is just the angle between the
optic axis and projection ray connecting the object and the lens center, and y is the angle between
this projection ray and tilted CCD array. The latter angles change with the object position.

Using the trigonometric property

I v (19)
we have the following equation:

= (20)

For this case, we get depth error Dery:

tru 1

Derr = B tand)[cos (1 + tan ¢ tan @) —1 (21)

Vil
~ e (22)

The behavior of this error term for different values of relative tilted angle and different values

of the 3D coordinate, Y3, of the object is illustrated in figure 10.
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Figure 9: Error due to nonparallelism between Lens and CCD Array
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Figure 10: 3D error due to nonparallel CCD and lens. Parameters used here: B = 1330mm, f =

8.5 mm
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2.5 Depth error due to lens distortion

We assume that the alignment of both cameras is perfect, and the only error source is due to lens
distortion. Adopting the second order radial lens distortion model here'™], we express y; and y, in

terms of y1,y2, and distortion coefficients k1, kg, as

! !

Yy — v = (y2 — 1) — (Kay2® — k1yn”) (23)

Again in order to maintain accuracy, we will eschew approximations to get depth error from:

1 1
Derr:fB[ Y /] (24)
Yo — Y2 — U1

In terms of Y3, we have the following equation:

1

Dtlm — FglraY3 — k1(Ya — BY?]

(25)

Derr = Dyyy —

In figure 11, we plot the depth error introduced by the lens distortion for different values of the

3D coordinate , Y5, of the object at different depths.

2.6 Relative Importance of Calibration Parameters

Based on the above results, it is easy to tell which parameter needs more attention in calibra-
tion/alignment. The most critical parameter is the relative yaw between cameras, followed by the
tilt of the CCD array, and then pitch and roll. Also, it is easy to compute the individual calibra-

tion/alignment tolerances given some desired system performance. For example, for a given vision

13
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Figure 11: 3D error due to lens distortion. Parameters used here: B = 1330mm, f = 8.5mm, and
k; = 0.00231mm~? which is obtained experimentally using Tsai’s algorithm

system with B = 1330mm, f = 8.5mm, if we want the depth error to be less than 30mm for a point
with depth Dipy = 4000mm and Y; = 750mm, then this accuracy can be achieved by ensuring that
the alignment /calibration accuracy for # < 0.14° assuming that the other parameters are error free.
If ¢ were the only error source, then the same depth error tolerance of 30mm can be achieved if
¢ < 5.6°. Similarly, if each of the following parameters were the only source of error then the 30mm
tolerance in depth accuracy may be achieved if # <9.4°, o < 9.4° and & < 0.0036mm™? (assuming
k1 and kg are equal). For reason of accuracy, all these values are obtained using the exact part of
equations 1, 2 and applying the following relations along with the equation which relates v, to y-

for each case.

Y,

Yo = f=——— 26
’ Dtru + f ( )
and
Y, - B
n=f~——"+ 27
' Dtru + f ( )

Consider a reference point at absolute depth ;. Due to miscalibration this point is measured
at depth (D; + AD;). Consider a second point at absolute depth Dy, measured as being at depth

(Dy+ ADs). In the error free case, the relative depth is defined to be (D — Dy), and with error it is

14



(Dy— D1)+ (ADy — ADsq). Hence, error in relative depth is (ADy — ADy). Notice that the relative
depth error can be derived from the absolute depth error (which we plot in figure 3 - 11) and is
smaller than or equal to the latter (except the lens distortion case). Assume that the reference point
is Y = 0, and Dty = 4000mm. Consider another point at Dy, = 4000mm and Y; = 750mm. For
these points and the same requirement as before for relative depth accuracy (30mm), the alignment
tolerances become: 8 < 11.24°,¢ < 5.8°, 0 < 9.4°, a < 9.4° and & < 0.0013mm™2. All these
parameters are calculated via the same procedure as above for absolute error except here we need
to calulate both absolute errors ADy; and AD; for Y; = Omm and Y; = 750mm. Another practical
factor that we need to consider is the spatial quantization of the image plane. For points at distance
4000mm from the cameras, a change in one pixel in the image produces a depth error of 21mm.
This means that if misalignment of the different parameters introduces a depth error of no more
than 10.5mm then a further improvement in calibration/alignment will not improve the accuracy
of depth reconstruction. The accuracy of the vision system is limited by this resolution. Detailed

discussion of spatial quantization effects can be found in the literaturel®=19.

2.7 Depth error due to the composition of calibration errors

As mentioned earlier, not only can we analyze the effect of individual calibration errors on 3D
measurement accuracy, but we can also analyze the combined effect due to the different error
sources - which is more typical in a practical stereo vision system. We can combine the effects of
relative roll, pitch, and yaw by consecutively substituting the relationship between y; and y,. For

example, if the position of misaligned camera can be modeled as being due to the sequence of pitch,

15



yaw, and roll applied to the ideal camera, then

relative roll:

relative pitch:

relative yaw:

to get the final equation for y,:

yscos ) — ftan 3

we can combine the follow equations

Yy = 13 cOS 0 (28)
Yy = Y COS @t (29)
_ ftan/

yatan g+ f

y; = fcosa

yycosftan B+ f

(31)

Notice here that the order of the motions is very important, and a different order will produce a

different result. We can also take the radial lens distortion into account (and for simplicity, we

ignore the effect of the tilt in the CCD sensor plane which is usually very small). Using the same

sequence of motions and considering lens distortion, we will have the following equations:

y; = fcosa

v = yi(1 = kayl) (32)
y2(1 — kay3) cos§ — ftan 3 )
ya(1 — kay3) cos O tan B+ f

y2(1—52y§)cos€—f tan 3
fCosayz(l—nzyg)cosé’tanﬁ+f — Y2 (34)

Derr =~ Dypy(

Ya — W1

Again similarly to section 2.6, we can compute the parameter error limits for this composite

case. For a specified maximum error tolerance for the 3D depth measurement, we would like to

know the maximum allowable error for each calibration/alignment parameter. This is obviously an

16



inverse problem of the nonlinear many-to-one relationships derived above. The solution is not easy

to obtain and is not unique! An approximation to equation (34) can be written as

Derr-comb(@: 8,0, £) > Depp_poli(@) + Derr—pitch(g) + Derr-yaw () + Dgppjens (%) (35)

where Dy voll> Derr—pitch7 Derr-yaw, Deapp_lens are computed using equations (8), (12), (17),

and (25), respectively. Thus, the combined 3D measurement error tolerance Dy ;. .oml, 15 divided
into a number of additive components (either arbitrarily or equally) and is allocated to each of
the terms on the right hand side of the equation (35). Equations (8), (12), (17), and (25) are
then employed (perhaps using look-up tables) to find the corresponding maximum allowable errors
in each of the alignment/calibration parameters. Thus, the task is simplified to that of solving,
separately, equations of a single variable.

When using the above approximation, we found that the computed parameter tolerances resulted
in depth error tolerances that were with 1.5mm of the actual, design specification, for the case where
the maximum allowable depth depth error is 120mm, and if the maximum allowable alignment errors
are in the range 8 < 0.14°, 6 < 9.4°, o < 9.4° and £ < 0.0036mm ™2 (assuming £, and k3 are equal).
Also, we found that within this range, the above approximation will hold irrespective of the order
in which the rotations are applied to the ideal camera. The following example illustrates the utility
of the above approximation. Consider the first example used in section 2.6, but with errors possible
in all parameters (except the tilted CCD). We can distribute the total error to each parameter in
different ways — for example, we can assume the equal depth error contribution for each parameter,

i.e., 7.5mm. The individual parameter tolerances are computed to be: g < 0.032°, § < 4.5°,

a < 4.5° and £ < 0.00084mm 2. Figure 12 illustrates the composite effect of calibration/alignment

17
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Figure 12: 3D measurement Error due to combination of relative roll, pitch, yaw and lens distor-
tion. The parameters used here are: B = 1330mm, f = 8.5mm, Y, = 2000mm, Reference Depth:
4000mm, and x; = 0.00231mm 2. The upper surface is for 3 = 0°, and the lower surface is for

B =020

errors on the 3D measurement accuracy.

3 Experimental Results

A practical stereoscopic vision system (CCLPS) has been developed for the reconstruction of
surfaces of bulk material such as coal, ore, etc being transported in open rail cars. The computed
surfaces are used by environmental scientists to study the cause and effects of loss of the transported
materiall!*'%. The data acquisition component of the CCLPS system consists of three cameras
mounted on a light weight, rigid aluminum bar made up of tubular A-frame sections. The three
cameras constitute two wide-baseline, parallel axis stereo pairs which in turn provide wide coverage
and high accuracy depth estimates for the sensed scenes.

The camera system was calibrated and aligned in the lab. The greatest accuracy was achieved

18



by using a collimated laser mounted on an optic table, the motions of the laser being effected on
calibrated optical rails and micro positioners. The camera mounts were designed to allow coarse
and fine alignment. First, we fixed the cameras loosely on the camera bar. Then we used two
tubular rails with carriers to hold the camera bar on the optic table. The laser could move along
a rail that was parallel to the camera bar. Thus we could simultaneously calibrate and align the
cameras. During calibration, importance was given to those parameters determined to be more
critical by the analysis in section 2. After calibration and alignment, the cameras were secured
tightly on the camera bar. We found the calibration and alignment to be stable even after several
field experiments. Figure 13 shows the actual images sensed by the well-calibrated three-camera rig
and the surface reconstructed with correction of camera’s lens distortion.

As we showed in equations 8, 12, and 22, we made approximations to the depth errors due to
relative roll, pitch and nonparallel configuration of the CCD image plane and the lens. It is impor-
tant to examine the validity of these relationships that provided guidelines in setting calibration
tolerances.

Table 1 shows the difference between the actual Derr due to relative roll and the approximation
to it. Table 2 shows the difference between the actual Derr introduced by relative pitch and the
approximation to it. Table 3 shows the difference between the actual Derr introduced by nonparallel
CCD and lens and the approximation to it. As can be seen the approximations derived for the effects
of alignment errors are close to the true alues.

As we pointed out earlier, the approximation for depth error due to relative yaw is not as
valid as in the previous cases. An example will clarify this: choose a point at depth 4000mm
and 3D coordinate Y2 = 750mm (the yaw angle is 4°), then the true Derr is —1094mm, and the

approximation is —862mm.
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Figure 13: Result from real coal images: (a) Left coal image (b) Center coal image (c¢) Right coal
Image (d) Resulted profiles composed of both halves from two stereoscopic pairs.
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0(°) 1 2 3 1 5
RMSD(mm) || 840 x 10~ | 1.34 x 10~ | 6.81 x 10> | 2.1 x 102 | 5.27 x 102
RMSp (mm) 8.16 7.24 6.17 6.09 8.29

Table 1: Root-mean-square difference (RMSD) between the actual Derr and the one approximated
using equation 8, RM Sp is the root-mean-square value of the Dery. Other parameters here are the
same as those used in figure 3.

a(%) 1 2 3 1 5
RMSD(mm) || 377 x 10— | 6.03 x 10~7 | 3.05 x 1073 | 9.67 x 10~3 | 2.36 x 102
RMSp(mm) 8.16 7.24 6.17 6.09 8.29

Table 2: RMSD between the actual Derr and the one approximated using equation 12. Other
parameters here are the same as those used in figure 6.

For lens distortion, we marked 35 points on one wall that was parallel to the camera bar. All
cameras had been calibrated and aligned. The distance from the cameras to the wall was 5160mm.

Table 3 shows the importance of considering lens distortion.

4 Conclusion

A quantitative analysis on the relative sensitivity of calibration/alignment parameters on the per-
formance of stereoscopic depth reconstruction was presented. This analysis provides a direct guide
for the requirements of these parameters, given error tolerances that the vision system must meet.
This analysis not only provides individual parameter error effects, but also describes the composite

effect of various sources of error.

3(%) 1 2 3 1 5
RMSD(mm) || 0444 | 1.78 | 4.02 | 7.15 | 11.21
RMSp(mm) || 16.14 | 35.22 | 53.97 | 71.96 | 89.13

Table 3: RMSD between the actual Derr and the one approximated using equation 22. Other
parameters here are the same as those used in figure 10.
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Point || disy, | dcory, | disg | deorr | depthy, | depthr | dif(%) | difcor(%)
1 144 | 144.54 | 141 | 147.61 | 5194.56 | 5113.48 | 2.695 1.571
2 145 | 145.44 | 141 | 146.82 | 5162.27 | 5140.95 | 3.392 0.413
3 145 | 145.40 | 141 | 146.15 | 5163.79 | 5164.55 | 3.392 0.015
4 145 | 145.40 | 142 | 146.59 | 5163.69 | 5149.02 | 2.661 0.284
5 145 | 145.49 | 143 | 146.78 | 5160.55 | 5142.29 1.941 0.354
6 145 | 145.59 | 144 | 147.36 | 5156.94 | 5122.17 | 1.231 0.674
7 145 | 145.75 | 144 | 146.86 | 5151.40 | 5139.41 1.231 0.232
8 145 | 145.93 | 144 | 146.46 | 5145.07 | 5153.67 | 1.231 0.167
9 144 | 145.17 | 145 | 147.05 | 5171.93 | 5132.94 | 0.167 0.755
10 144 | 145.56 | 145 | 146.58 | 5158.32 | 5149.21 | 0.167 0.177
11 143 | 145.02 | 146 | 147.19 | 5177.58 | 5127.79 1.564 0.965
12 143 | 145.64 | 146 | 146.85 | 5155.45 | 5140.08 1.564 0.298
13 142 | 145.06 | 146 | 146.67 | 5176.07 | 5146.31 | 2.281 0.577
14 141 | 145.62 | 147 | 147.53 | 5191.85 | 5116.26 | 3.689 1.465
15 141 | 145.23 | 146 | 146.43 | 5169.87 | 5154.58 | 3.007 0.296
16 141 | 145.90 | 146 | 146.41 | 5146.20 | 5155.56 | 3.007 0.181
17 140 | 145.41 | 146 | 146.42 | 5163.57 | 5154.91 | 3.745 0.168
18 140 | 145.95 | 146 | 146.47 | 5144.27 | 5153.20 | 3.745 0.174
19 145 | 145.76 | 140 | 146.44 | 5150.99 | 5154.33 | 4.133 0.065
20 145 | 145.69 | 140 | 145.68 | 5153.66 | H181.23 | 4.133 0.534
21 145 | 145.66 | 140 | 145.15 | 5154.70 | 5200.00 | 4.133 0.879
22 144 | 144.65 | 141 | 145.61 | 5190.40 | 5183.37 | 2.695 0.129
23 145 | 145.75 | 142 | 145.99 | 5151.42 | 5170.30 | 2.661 0.366
24 145 | 145.87 | 142 | 145.46 | 5147.28 | 5189.09 | 2.661 0.810
25 144 | 145.02 | 144 | 147.03 | 5177.57 | 5133.56 | 0.534 0.853
26 145 | 146.27 | 143 | 145.50 | 5133.18 | 5187.51 1.941 1.053
27 144 | 145.49 | 144 | 146.14 | 5160.71 | 5164.74 | 0.534 0.078
28 144 | 145.84 | 145 | 146.76 | 5148.12 | 5142.93 | 0.168 0.101
29 144 | 146.31 | 145 | 146.38 | 5131.67 | 5156.31 | 0.168 0.477
30 143 | 145.84 | 144 | 145.03 | 5148.14 | 5204.49 | 0.173 1.092
31 142 | 145.31 | 145 | 145.86 | 5167.11 | 5174.88 1.590 0.151
32 142 | 145.77 | 145 | 145.74 | 5150.85 | 5179.04 | 1.590 0.546
33 141 | 145.25 | 145 | 145.65 | 5169.01 | 5182.14 | 2.317 0.256
34 141 | 146.08 | 145 | 145.61 | 5139.82 | 5183.77 | 2.317 0.852
35 140 | 145.78 | 145 | 145.63 | 5150/49 | 5182.83 | 3.054 0.626

Total | RM S Eraw: 108.9956 (mm) | RMS FEcor: 19.59 (mm)

Table 4: Lens distortion’s effect on the 3D measurements: disy(pizel) is the measured disparity
for left pair, dcory is the left disparity after correcting for lens distortion. disgp and dcorp are
the counterparts for the right pair. depthy(mm) and depthr(mm) are the depth derived from
the corrected left and right disparities respectively. For each point, we denote dif as the relative
difference (percentage) between the distances measured from the left pair and right one without
considering the lens distortion. difcor 1s the relative difference obtained after using distortion-
corrected disparities to calculate distances. RM S Eraw is the root-mean-square error of all these
points with respect to the true distance using uncorrected measured depth. RM S FEcor is the one
after using corrected depth. Notice here, the left Baseline and right Baseline are slightly different:
Bleft = 1325mm, Bright = 1332mm
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