Correction of Scanning and Projection
Errors in An Active Depth Sensor

G. Zhang, Y. Gallaher and A. M. Wallace
Department of Computing and Electrical Engineering

Heriot-Watt University, Edinburgh EH14 4AS, Scotland

Abstract

A procedure for correction or recalibration of a laser sensor for depth
image acquisition by triangulation is presented. This takes into account
misalignment of both the motion of a translation stage and the geom-
etry of the projected laser plane. The improvement in the accuracy of
the acquired depth and of the registration of depth and intensity data
is demonstrated.

1 Introduction

Triangulation of a projected laser spot or line with a viewing camera ( or cameras
) is a well established method of depth data acquisition [2]. To acquire a two
dimensional depth image, a scanning mechanism is also required. This may be
accomplished either by scanning the laser across the static object, using typically
a rotating mirror or prism, or by moving the object laterally through the plane of
projection of the line, using typically a translation stage. Here we present a method
for calibration and error correction of both the laser geometry and the scanning
motion following an initial static calibration. We consider object translation as
this is the method we employ regularly [1].

2 Static calibration

We use Tsai’s coplanar method [3] to establish the calibration parameters of each
camera in the depth sensor whose geometry is illustrated in Figure 1. This employs
two cameras to determine depth data by triangulation with a single, projected laser
plane. The calibration pattern is a grid of black dots of equal diameter and spacing.
The extrinsic parameters transform a point (2, Y, 2w ) in the world coordinate
system to a point (2., y., z¢) in the camera coordinate system.
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Figure 1: The sensor geometry showing world and camera coordinate systems.

The calibration procedure also provides several intrinsic parameters which al-
low us to determine the image plane coordinates (z, ¢, ) from the digitised image
using the focal length of the lens, f, and known sensor geometry and allowing for
radial distortion and sampling [3]. In principle, no further calibration is necessary
provided
e The direction of the table movement is parallel to the X,, axis.

e The laser sheet is in the plane z,, = 0.
Assuming that the laser plane is z,, = 0, depth coordinates are expressed in the
simplified form [4]

2w = [(rore — rirg)yu + (rars — rsrr) ey + (rols — 8Ty )y + (r8Ty — r51%) 2o+
f(?“g,Tx — TzTy)]/A
Yo = [(rsrr—rire)Yy + (rare — rer7) Xy + (13T — 7610 )Yy + (roTy — r61s ) Xut+

freTe — r3Ty)] /A (3)

where A = (rgrg — rare)yy + (rsre — revs)xy + f(rare — rars). As the object is
moved, so the z-coordinate of the depth image is defined by the stepped motion
of the translation table, not by z,, which is always 0.



3 Calibration of the translation table motion

Ideally, the motion of the translation table is along the X,, axis. In practice, due
to misalignment or errors in the motion of the translation table, the motion vector
may be at an arbitrary direction with respect to the world coordinate system.
Without loss of generality, this can be represented by a rotation of the coordinate
system by « about the 7, axis and a rotation § about the Y, axis, A new motion
coordinate system has the origin coincident with the world coordinate system, the
X, axis parallel to the true translation table motion, and the orthogonal Y;,, and
Zm axes defined by the o and 3 rotations. P; and P2 are two calibration points
separated by a distance D,, which is an integral multiple of the point separation
distance, L. When the calibration pattern is translated along the X, axis by a
distance D,,, the new positions of Py and P2 are defined by P; and P,. Ideally,
P, has the same coordinates as Py but in practice there is an error caused by
misalignment of the motion axis, as shown in Figure 2(left).
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Figure 2: (left) The world and motion coordinate systems (right) Variation of «,
5 and the least square estimation error with motion

We define, before motion:

Twl, Ywls Zwl), (Tw2, Yw2, Zw2): the world coordinates of Py and Pa.
Tml, Ymi, Zm1), (Tm2, Ym2, Zm2): the motion-axis coordinates of Py and Pa.
Te1y Ye1, Ze1)s (Tea, Yoz, Zez): the camera coordinates of Py and Pa.
Tul, Yul), (Tu2, Yuz): the undistorted image coordinates of Py and Ps.

and after motion:
wls Ywl, Zwi)s (Bw2, Yuwa, Zw2): the world coordinates of P, and Ps.
mis Umls 2m1)s (Fm2, Uma, Zm2): the motion-axis coordinates of P, and Ps.
Ze1, o1, Ze1)s (Zez, Ye2, Ze2):] the camera coordinates of P, and Ps.
Zy1, Yu1), (£u2, Guz): the undistorted image coordinates of P, and Ps.
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The error between the world and motion coordinate systems is defined by the
matrix Ry, which corresponds to a rotation of « about the z-axis followed by a
rotation of # about the y-axis as a linear motion only has two degrees of freedom.

Tm Ty
Zm Zw
where
coswcosS —sinacosf sinf 11 T12 T13
R: = sin o cos & 0 = | ro1 7roz T3 (5)
—cosasinf  sinasinf  cosf r31 T3z T33

We can now find the relative 3D displacement between P3 and f’l. From
equation (4) we have (before motion),

Tm1 Loyl
Ymi | = Ra | yu1 (6)
Zm1 Zwl
and after motion,
i’ml Tmi + Dm iwl
Um1 = Ymi =R4 Ywi (7)
éml Zmi éwl

Subtracting equation (6) from (7) and rearranging the resulted equation give:

Dm iwl — Twl
RII 0 = ywl — Yuw1 (8)
0 éwl — Zwl
From equation (1),
Tel L1 T Lol
Yel =R Yuw1 + T and ycl =R ywl + T (9)
Zel Zwl Ze1 Zw1

Differencing and rearranging the above equation gives

i‘cl_l‘cl jwl_xwl
-1 ~ _ ~
R Yel — Ye1 — Ywl — Ywi (10)
Zel — el Zwl — 2wl

Substituting equation (10) into (8) and using the properties R7* = R} and
R 1=Rt
Dm jcl — Tel
R‘i 0 — Rt ycl — Ye1 (11)
0 7301 — Zel



Expanding R, R; by their elements yields the following equations

i1 = [ri(Za — )+ ra(Per — Yer) + 17 (21 — 261)]/Dm
rio = [ra(Zea — o) + 5 (Y1 — Yer) + r8(Ze1 — 261)]/Dm
3 = [r3(Ze — o)+ re (Y1 — Yer) + 1o (2e1 — 261)]/ D (12)

Substituting for 711,712,713 using equation (5), and expressing in terms of the
measured image plane coordinates,

6050[6056 = [rl(julécl - xulzcl)% + 7q (gulécl - yulzcl)% + rr7 (7:'01 - ch)]/Dm

—sinacosf = [ra(Zu1Ze — l‘ulzd)% + 75 (Gu1Ze1 — yulzcl)% + 78 (21 — 2e1)]/ Dm

sinf = [ra(Zuifer — l‘ulzd)% + 76 (Gu1Ze1 — yulzcl)% + 79 (21 — 2e1)]/ Dm
(13)

These three nonlinear equations are determined with three unknowns, «, 3
and Z.1, since f and the matrix R are known from the static calibration, D,, is
known precisely from the translation table motion, (%41, %u1) and (241, yu1) are
measured image plane coordinates obtained using the intrinsic parameters of the
static calibration, and z.; is also known since the initial measurement is taken
from the calibrated position.

Equation (13) can be represented

cosacosp = AzZ.q — B
sinacosf = —CZ.g+ D (14)
st = Fzq,-—-F
where
ﬁ(ﬁ@u + 741 +r7f) B = ﬁ(rl$u1£cl + rayuir e + rezef)
¢ = ﬁ(rzi‘m + 7591 +rsf) D = f,%m(rzl‘mfd + rsyurer + rszef)
E = ﬁ(r3iu1 +7r6Yur +rof) F = f,%m(%l‘mfd + reYurzer + rozerf)

Z.1 can be obtained by solving the quadratic equation arising from the con-
straint 72, + 12 + 175 = 1, ie. (A2 — B)? + (C20 — D)’ + (B2 — F)* = 1.
Using several pairs of points, least square solutions of @ and 3 were obtained by
minimising the residuals of equation (13) using the Newton-Raphson method.

Following calibration, when depth data is acquired, the object is moved along
the motion axis. From equations (1) and (4), the rotation matrix is replaced
by RRI1 so that the transformation between the motion and camera coordinate
systems is

Le Tm
ye | = RRT'| ym |+ T (15)

Ze Zm

The z,, values are given by the table translation and the y,, and z,, values are
calculated from the measured image coordinates using the corrected calibration
parameters.

4 Calibration of the Laser Light Plane

Previously, we assumed the laser sheet was in the z,, = 0 plane to compute the
depth coordinates from equation (3). To obtain the true orientation of the laser



sheet, we used a set of accurately machined metal plates placed in the path of the
laser stripe, and acquired an image at each height. The equation of the laser plane
in explicit form is given

Tm = QYm + bizm + @ (16)

At a known step height, zy0, this becomes xy = aiym + (bizywo + ¢) which
defines a line resulting from the intersection of the laser light plane and the plane
z = zyo. By changing the z,¢ value, many lines of intersection can be obtained.
Assuming m lines of intersection are acquired, p points are acquired at equally
spaced positions along each line, then this can be expressed as a matrix equation
(n = mp)

V =UX (17)

where X is the unknown laser sheet parameter vector and

T1 1 oz 1
x Y2  z2 1 4

A Bl P R R S (13)
T Yn Zn 1 “

Equation (17) is over-determined and can be solved by least-squares regression to
minimise |[UX — V|| which gives X = (UTU)"1UTV. The full transformation
equation has the following form

a1 Tm + bl (19)
a2 Tm + bz (20)

Zm

Ym

where ay, b1, a2, by are constants defined by the measured image plane coordinates
and the static calibration. Replacing z,, in equation (19) by equation (16) and
solving this equation produce the rectified world coordinate values which satisfy
the laser plane constraints:

zm = [b1 4 car + ai(arbe — a2b))]/(1 — aqjas — a1 ly)
Ym = [ba+ caz —bi(arbs — azb1)]/(1 — aras — aiby)
Tm = aiYm + bizm + (21)

When a; = b = 0.0, this is equivalent to the laser sheet parallel located at the
zm = 0 plane.

5 Experiments

In the triangulation range sensor illustrated schematically in Figure 1 the cameras
have CCD cell sizes of 8.6um by 8.3um along rows and columns respectively.
The effective usage of each sensor is 752 columns by 512 rows. The framegrabber
resamples each row and produces images of 768 columns by 512 rows. The accuracy
of the translation table movement was measured experimentally as 0.020mm for a
movement of 10mm, which is in agreement with the manufacturer’s data.



5.1 Calibration of translation table motion

First, each camera was calibrated. Then, the calibration pattern was moved by
a known distance to compute motion direction. In principle, an estimate of the
motion error matrix can be obtained from the motion of a single point. In practice,
we used all the points ( from 81 to 118 pairs of points ) and then moved the
translation table by a displacement D,,. The obtained images were then processed
to extract the image coordinate points to subpixel accuracy. Results from the right
camera with D,  =20.00 mm to 80.00mm are shown in Fig. 2(b). The results
show that the misalignment of the translation stage is mainly around the Y;,, axis,
4, which is approximately -0.22 degrees for large movements. The misalignment
around the Z,,, axis is 0.04 degrees.

To verify the correctness of the values obtained for « and (, the rotation
angles were applied to rectify the static calibration parameters. We computed the
movement distance of the all the points used for obtaining the motion orientation
in the motion coordinate system. Since it is known that all these points lie in
the plane z, = 0, the #y, ¥ and thereafter (2, Ym, 2m) values can be calculated
using equations (4). Fig. 4 (left) shows the movement distances computed using
the corrected and the assumed motion orientation information, compared to the
actual movement distance. It is seen that the use of new calibration parameters
has provided clear improvement to the accuracy of the positional values z,,. As
these define the z-coordinates of the depth image, this is important.

5.2 Calibration of laser sheet geometry

The laser plane was aligned manually with respect to the calibration pattern. Five
positions of the calibration plates were used to perform the laser plane calibration
described in section 4. The fitted coefficients for the laser plane were

ay bl Cy
3.556e-3  -1.114e-1 -4.097e-1

The calculated angles between the laser plane and the Y, and Z,, axes were 0.20
and 6.36 degrees respectively, which illustrates the extent of inaccuracy in the
initial alignment. To show the effectiveness of the procedure, we extracted both
depth and the z,, values from laser stripes impinging on a series of calibration
plates of known height.

The results illustrated in Figure 3 show that the use of the laser post-calibration
procedure provides a correction of the systematic error in the depth data, despite
the random fluctuations in the raw data due to the unevenness of the laser width
and intensity along the stripe. The difference in y,, is insignificant with the max-
imum difference within the chosen range less than 0.1mm. However, there is large
disparity in the z,, measurements as shown in Figure 3. This improvement can be
as large as 11mm depending on the stand-off distance.

Three further sets of measurements were obtained from a single laser stripe on a
calibration plate at a fixed depth. The first used corrected motion orientation and
the corrected laser sheet plane. The second used the assumed motion and assumed
laser sheet plane. The third used the assumed motion but the corrected laser sheet
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Figure 3: Depth and z,, values measured along a laser stripe at z,, = —11.50mm.
On the left, the solid curve shows the depth computed with motion and laser plane
correction. The dotted curve shows the depth measurements without motion and
laser plane correction. The dashed line shows the actual depth value. On the
right, the solid curve shows the z,, values computed along a stripe with motion
and laser plane correction whereas z,, = 0 1s assumed without motion and laser
plane correction.

plane. The differences between the median of these depth measurements and the
actual depth are illustrated in Figure 4 (right) As expected, this shows that the
largest source of error is due to misalignment of the incorrect laser plane which
proves more difficult in practice. The closer a point is to the camera, the larger
the error. This error can be as large as 11mm at the height of 33.84mm using the
manually aligned laser sheet.

5.3 An example of registration

A comparison of the improvement to depth data quality with motion direction and
laser plane correction is illustrated in Figure 5. An object with two planes forming
a roof edge was chosen, and two dot patterns pasted on these two planes. Both the
sizes of these dots and the spacing are bmm. The two planes have varying depth
ranges of bbmm and the distance between cameras and the base plane was about
600mm. The initial striping position was chosen so that it touched the edges of
those black dots in a column. The left image shows good registration along both
X and Y, dimensions though a slight mismatch on the right part of the image is
noticeable due to the accumulated table movement error. The right image shows
much poorer registration. This happens mainly along the X, dimension which is
consistent with our analysis that any error in the assumed laser plane has little
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Figure 4: (left) Motion distances computed using rectified and the assumed motion
orientation information are represented as solid and dotted lines respectively. The
dashed line shows the actual moving distance. Moving distance is 20.00mm. (right)
The difference between the median of depth measurements along a single stripe
and the ground truth using different parameters: with motion and laser sheet
correction (solid line); without motion and laser sheet correction (dotted line);
without motion correction, but with laser sheet correction (dashed line).

effect on the calculation of the vy, coordinate.

6 Discussion

We have shown how errors in alignment of the scanned motion of an object and in
the projection of a laser plane can cause systematic errors in acquired depth images
from triangulation sensors. To allow for these factors, we have introduced a second
stage of calibration or error correction, to find the difference between the assumed
and actual parameters of the scanning motion and the laser plane. Applying these
corrections, we have been able to acquire depth measurements which are much
closer to the true values, demonstrated by the use of calibration plates of known
thickness, and by registration of corrected depth and intensity images in the zy
plane of an intensity camera.

Acknowledgements

The work is supported by UK EPSRC Grant GR/J07891: Part Identification and

Positioning by Sensor Fusion.



Figure 5: An example of registered depth and intensity images, with laser stripes
(black lines) superimposed onto the intensity image to show the registration, (left)
with motion direction and laser plane correction, and (right)with assumed motion
direction and laser plane. Ideally, the laser lines are tangential to the circumference
of the circles.
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