
Correction of Scanning and ProjectionErrors in An Active Depth SensorG. Zhang, Y. Gallaher and A. M. WallaceDepartment of Computing and Electrical EngineeringHeriot-Watt University, Edinburgh EH14 4AS, ScotlandAbstractA procedure for correction or recalibration of a laser sensor for depthimage acquisition by triangulation is presented. This takes into accountmisalignment of both the motion of a translation stage and the geom-etry of the projected laser plane. The improvement in the accuracy ofthe acquired depth and of the registration of depth and intensity datais demonstrated.1 IntroductionTriangulation 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 twodimensional depth image, a scanning mechanism is also required. This may beaccomplished either by scanning the laser across the static object, using typicallya rotating mirror or prism, or by moving the object laterally through the plane ofprojection of the line, using typically a translation stage. Here we present a methodfor calibration and error correction of both the laser geometry and the scanningmotion following an initial static calibration. We consider object translation asthis is the method we employ regularly [1].2 Static calibrationWe use Tsai's coplanar method [3] to establish the calibration parameters of eachcamera in the depth sensor whose geometry is illustrated in Figure 1. This employstwo cameras to determine depth data by triangulation with a single, projected laserplane. The calibration pattern is a grid of black dots of equal diameter and spacing.The extrinsic parameters transform a point (xw; yw; zw) in the world coordinatesystem to a point (xc; yc; zc) in the camera coordinate system.24 xcyczc 35 = R24 xwywzw 35+T (1)where R is a rotation matrix and T is a translation vectorR = 24 r1 r2 r3r4 r5 r6r7 r8 r9 35 and T = 24 TxTyTz 35 (2)
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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 (xu; yu) from the digitised imageusing the focal length of the lens, f , and known sensor geometry and allowing forradial distortion and sampling [3]. In principle, no further calibration is necessaryprovided� The direction of the table movement is parallel to the Xw axis.� The laser sheet is in the plane xw = 0.Assuming that the laser plane is xw = 0, depth coordinates are expressed in thesimpli�ed form [4]zw = [(r2r7 � r1r8)yu + (r4r8 � r5r7)xu + (r2Tz � r8Tx)yu + (r8Ty � r5Tz)xu+f(r5Tx � r2Ty)]=Ayw = [(r3r7 � r1r9)Yu + (r4r9 � r6r7)Xu + (r3Tz � r9Tx)Yu + (r9Ty � r6Tz)Xu+f(r6Tx � r3Ty)]=A (3)where A = (r3r8 � r2r9)yu + (r5r9 � r6r8)xu + f(r2r6 � r3r5). As the object ismoved, so the x-coordinate of the depth image is de�ned by the stepped motionof the translation table, not by xw which is always 0.



3 Calibration of the translation table motionIdeally, the motion of the translation table is along the Xw axis. In practice, dueto misalignment or errors in the motion of the translation table, the motion vectormay 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 coordinatesystem by � about the Zw axis and a rotation � about the Yw axis, A new motioncoordinate system has the origin coincident with the world coordinate system, theXm axis parallel to the true translation table motion, and the orthogonal Ym andZm axes de�ned by the � and � rotations. P1 and P2 are two calibration pointsseparated by a distance Dm which is an integral multiple of the point separationdistance, L. When the calibration pattern is translated along the Xm axis by adistance Dm, the new positions of P1 and P2 are de�ned by P̂1 and P̂2. Ideally,P̂1 has the same coordinates as P2 but in practice there is an error caused bymisalignment 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 �,� and the least square estimation error with motionWe de�ne, before motion:(xw1; yw1; zw1), (xw2; yw2; zw2): the world coordinates of P1 and P2.(xm1; ym1; zm1), (xm2; ym2; zm2): the motion-axis coordinates of P1 and P2.(xc1; yc1; zc1), (xc2; yc2; zc2): the camera coordinates of P1 and P2.(xu1; yu1), (xu2; yu2): the undistorted image coordinates of P1 and P2.and after motion:(x̂w1; ŷw1; ẑw1), (x̂w2; ŷw2; ẑw2): the world coordinates of P̂1 and P̂2.(x̂m1; ŷm1; ẑm1), (x̂m2; ŷm2; ẑm2): the motion-axis coordinates of P̂1 and P̂2.(x̂c1; ŷc1; ẑc1), (x̂c2; ŷc2; ẑc2):] the camera coordinates of P̂1 and P̂2.(x̂u1; ŷu1), (x̂u2; ŷu2): the undistorted image coordinates of P̂1 and P̂2.



The error between the world and motion coordinate systems is de�ned by thematrix R1, which corresponds to a rotation of � about the z-axis followed by arotation of � about the y-axis as a linear motion only has two degrees of freedom.24 xmymzm 35 = R1 24 xwywzw 35 (4)where R1 = 24 cos� cos � � sin� cos � sin �sin� cos� 0� cos� sin � sin� sin � cos � 35 = 24 r11 r12 r13r21 r22 r23r31 r32 r3335 (5)We can now �nd the relative 3D displacement between P2 and P̂1. Fromequation (4) we have (before motion),24 xm1ym1zm1 35 = R1 24 xw1yw1zw1 35 (6)and after motion, 24 x̂m1ŷm1ẑm1 35 = 24 xm1 +Dmym1zm1 35 = R124 x̂w1ŷw1ẑw1 35 (7)Subtracting equation (6) from (7) and rearranging the resulted equation give:R�11 24 Dm00 35 = 24 x̂w1 � xw1ŷw1 � yw1ẑw1 � zw1 35 (8)From equation (1),24 xc1yc1zc1 35 = R24 xw1yw1zw1 35+ T and 24 x̂c1ŷc1ẑc1 35 = R24 x̂w1ŷw1ẑw1 35+T (9)Di�erencing and rearranging the above equation givesR�124 x̂c1 � xc1ŷc1 � yc1ẑc1 � zc1 35 = 24 x̂w1 � xw1ŷw1 � yw1ẑw1 � zw1 35 (10)Substituting equation (10) into (8) and using the properties R�11 = Rt1 andR�1 = Rt Rt124 Dm00 35 = Rt 24 x̂c1 � xc1ŷc1 � yc1ẑc1 � zc1 35 (11)



Expanding R;R1 by their elements yields the following equationsr11 = [r1(x̂c1 � xc1) + r4 (ŷc1 � yc1) + r7 (ẑc1 � zc1)]=Dmr12 = [r2(x̂c1 � xc1) + r5 (ŷc1 � yc1) + r8 (ẑc1 � zc1)]=Dmr13 = [r3(x̂c1 � xc1) + r6 (ŷc1 � yc1) + r9 (ẑc1 � zc1)]=Dm (12)Substituting for r11; r12; r13 using equation (5), and expressing in terms of themeasured image plane coordinates,cos�cos� = [r1(x̂u1ẑc1 � xu1zc1) 1f + r4 (ŷu1ẑc1 � yu1zc1) 1f + r7 (ẑc1 � zc1)]=Dm�sin�cos� = [r2(x̂u1ẑc1 � xu1zc1) 1f + r5 (ŷu1ẑc1 � yu1zc1) 1f + r8 (ẑc1 � zc1)]=Dmsin� = [r3(x̂u1ẑc1 � xu1zc1) 1f + r6 (ŷu1ẑc1 � yu1zc1) 1f + r9 (ẑc1 � zc1)]=Dm(13)These three nonlinear equations are determined with three unknowns, �, �and ẑc1, since f and the matrix R are known from the static calibration, Dm isknown precisely from the translation table motion, (x̂u1; ŷu1) and (xu1; yu1) aremeasured image plane coordinates obtained using the intrinsic parameters of thestatic calibration, and zc1 is also known since the initial measurement is takenfrom the calibrated position.Equation (13) can be representedcos�cos� = Aẑc1 � Bsin�cos� = �Cẑc1 +Dsin� = Eẑc1 � F (14)whereA = 1fDm (r1x̂u1 + r4ŷu1 + r7f ) B = 1fDm (r1xu1ẑc1 + r4yu1ẑc1 + r7zc1f )C = 1fDm (r2x̂u1 + r5ŷu1 + r8f ) D = 1fDm (r2xu1ẑc1 + r5yu1ẑc1 + r8zc1f )E = 1fDm (r3x̂u1 + r6ŷu1 + r9f ) F = 1fDm (r3xu1ẑc1 + r6yu1ẑc1 + r9zc1f )ẑc1 can be obtained by solving the quadratic equation arising from the con-straint r211 + r212 + r213 = 1, i.e. (Aẑc1 � B)2 + (Cẑc1 �D)2 + (Eẑc1 � F )2 = 1.Using several pairs of points, least square solutions of � and � were obtained byminimising the residuals of equation (13) using the Newton-Raphson method.Following calibration, when depth data is acquired, the object is moved alongthe motion axis. From equations (1) and (4), the rotation matrix is replacedby RR�11 so that the transformation between the motion and camera coordinatesystems is 24 xcyczc 35 = RR�11 24 xmymzm 35+ T (15)The xm values are given by the table translation and the ym and zm values arecalculated from the measured image coordinates using the corrected calibrationparameters.4 Calibration of the Laser Light PlanePreviously, we assumed the laser sheet was in the xw = 0 plane to compute thedepth 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 thelaser stripe, and acquired an image at each height. The equation of the laser planein explicit form is given xm = alym + blzm + cl (16)At a known step height, zw0, this becomes xm = alym + (blzw0 + cl) whichde�nes a line resulting from the intersection of the laser light plane and the planez = zw0. By changing the zw0 value, many lines of intersection can be obtained.Assuming m lines of intersection are acquired, p points are acquired at equallyspaced 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 andV = 2664 x1x2� � �xn 3775 ; U = 264 y1 z1 1y2 z2 1� � �yn zn 1375 ; X = 24 alblcl 35 (18)Equation (17) is over-determined and can be solved by least-squares regression tominimise kUX � Vk which gives bX = (UTU)�1UTV. The full transformationequation has the following formzm = a1 xm + b1 (19)ym = a2 xm + b2 (20)where a1; b1; a2; b2 are constants de�ned by the measured image plane coordinatesand the static calibration. Replacing xm in equation (19) by equation (16) andsolving this equation produce the recti�ed world coordinate values which satisfythe laser plane constraints:zm = [b1 + cla1 + al(a1b2 � a2b1)]=(1� ala2 � a1bl)ym = [b2 + cla2 � bl(a1b2 � a2b1)]=(1� ala2 � a1bl)xm = alym + blzm + cl (21)When al = bl = 0:0, this is equivalent to the laser sheet parallel located at thexm = 0 plane.5 ExperimentsIn the triangulation range sensor illustrated schematically in Figure 1 the camerashave CCD cell sizes of 8.6�m by 8.3�m along rows and columns respectively.The e�ective usage of each sensor is 752 columns by 512 rows. The framegrabberresamples each row and produces images of 768 columns by 512 rows. The accuracyof the translation table movement was measured experimentally as 0:020mm for amovement of 10mm, which is in agreement with the manufacturer's data.



5.1 Calibration of translation table motionFirst, each camera was calibrated. Then, the calibration pattern was moved bya known distance to compute motion direction. In principle, an estimate of themotion 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 thetranslation table by a displacementDm. The obtained images were then processedto extract the image coordinate points to subpixel accuracy. Results from the rightcamera with Dm =20.00 mm to 80.00mm are shown in Fig. 2(b). The resultsshow that the misalignment of the translation stage is mainly around the Ym axis,�, which is approximately -0.22 degrees for large movements. The misalignmentaround the Zm axis is 0.04 degrees.To verify the correctness of the values obtained for � and �, the rotationangles were applied to rectify the static calibration parameters. We computed themovement distance of the all the points used for obtaining the motion orientationin the motion coordinate system. Since it is known that all these points lie inthe plane zw = 0, the xw; yw and thereafter (xm; ym; zm) values can be calculatedusing equations (4). Fig. 4 (left) shows the movement distances computed usingthe corrected and the assumed motion orientation information, compared to theactual movement distance. It is seen that the use of new calibration parametershas provided clear improvement to the accuracy of the positional values xm. Asthese de�ne the x-coordinates of the depth image, this is important.5.2 Calibration of laser sheet geometryThe laser plane was aligned manually with respect to the calibration pattern. Fivepositions of the calibration plates were used to perform the laser plane calibrationdescribed in section 4. The �tted coe�cients for the laser plane wereal bl cl3.556e-3 -1.114e-1 -4.097e-1The calculated angles between the laser plane and the Ym and Zm axes were 0.20and 6.36 degrees respectively, which illustrates the extent of inaccuracy in theinitial alignment. To show the e�ectiveness of the procedure, we extracted bothdepth and the xm values from laser stripes impinging on a series of calibrationplates of known height.The results illustrated in Figure 3 show that the use of the laser post-calibrationprocedure provides a correction of the systematic error in the depth data, despitethe random 
uctuations in the raw data due to the unevenness of the laser widthand intensity along the stripe. The di�erence in ym is insigni�cant with the max-imum di�erence within the chosen range less than 0:1mm. However, there is largedisparity in the zm measurements as shown in Figure 3. This improvement can beas large as 11mm depending on the stand-o� distance.Three further sets of measurements were obtained from a single laser stripe on acalibration plate at a �xed depth. The �rst used corrected motion orientation andthe corrected laser sheet plane. The second used the assumed motion and assumedlaser sheet plane. The third used the assumed motion but the corrected laser sheet
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Figure 3: Depth and xm values measured along a laser stripe at zm = �11:50mm.On the left, the solid curve shows the depth computed with motion and laser planecorrection. The dotted curve shows the depth measurements without motion andlaser plane correction. The dashed line shows the actual depth value. On theright, the solid curve shows the xm values computed along a stripe with motionand laser plane correction whereas xm = 0 is assumed without motion and laserplane correction.plane. The di�erences between the median of these depth measurements and theactual depth are illustrated in Figure 4 (right) As expected, this shows that thelargest source of error is due to misalignment of the incorrect laser plane whichproves more di�cult in practice. The closer a point is to the camera, the largerthe error. This error can be as large as 11mm at the height of 33.84mm using themanually aligned laser sheet.5.3 An example of registrationA comparison of the improvement to depth data quality with motion direction andlaser plane correction is illustrated in Figure 5. An object with two planes forminga roof edge was chosen, and two dot patterns pasted on these two planes. Both thesizes of these dots and the spacing are 5mm. The two planes have varying depthranges of 55mm and the distance between cameras and the base plane was about600mm. The initial striping position was chosen so that it touched the edges ofthose black dots in a column. The left image shows good registration along bothXm and Ym dimensions though a slight mismatch on the right part of the image isnoticeable due to the accumulated table movement error. The right image showsmuch poorer registration. This happens mainly along the Xm dimension which isconsistent with our analysis that any error in the assumed laser plane has little
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Figure 4: (left) Motion distances computed using recti�ed and the assumed motionorientation information are represented as solid and dotted lines respectively. Thedashed line shows the actual moving distance. Moving distance is 20.00mm. (right)The di�erence between the median of depth measurements along a single stripeand the ground truth using di�erent parameters: with motion and laser sheetcorrection (solid line); without motion and laser sheet correction (dotted line);without motion correction, but with laser sheet correction (dashed line).e�ect on the calculation of the ym coordinate.6 DiscussionWe have shown how errors in alignment of the scanned motion of an object and inthe projection of a laser plane can cause systematic errors in acquired depth imagesfrom triangulation sensors. To allow for these factors, we have introduced a secondstage of calibration or error correction, to �nd the di�erence between the assumedand actual parameters of the scanning motion and the laser plane. Applying thesecorrections, we have been able to acquire depth measurements which are muchcloser to the true values, demonstrated by the use of calibration plates of knownthickness, and by registration of corrected depth and intensity images in the xyplane of an intensity camera.AcknowledgementsThe work is supported by UK EPSRC Grant GR/J07891: Part Identi�cation andPositioning 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 motiondirection and laser plane. Ideally, the laser lines are tangential to the circumferenceof the circles.References[1] J Clark, G Zhang, and A.M.Wallace. Image acquisition using �xed and variabletriangulation. In Proc. of IEE Int. conf on Image Processing, pages 539{543,1995.[2] D. Nitzan. Three-dimensional vision structure for robot applications. IEEETrans PAMI, 10(3):291{309, 1988.[3] R. Y. Tsai. A versatile camera calibration technique for high accuracy 3dmachine vision metrology using o�-the-shelf TV cameras and lenses. IEEETrans. on Robotics and Automation, 3(4):323{344, 1987.[4] R.G. Willson. Modeling and calibration of automated xoom lenses. In Ph.DThesis. Carnegie-Mellon University, 1994.


