
Learning Manipulator Behaviors Based OnVisual DemonstrationJosef Pauli, Marco P�aschkeInstitut f�ur Informatik und Praktische MathematikChristian-Albrechts-Universit�at zu Kiel, Preusserstr.1-9, D-24105 Kiele-mail: jpa@informatik.uni-kiel.de, mpa@informatik.uni-kiel.deAbstractAs opposed to the usual approach of programming robot arms by giving a completedescription of the trajectory (e.g. direct programming) this work is based on the idea ofProgramming by Demonstration. Only few intermediate positions, which approximate thetrajectory, are given and recorded by a stereo-camera-system. The idea is to extract thepath of the manipulator gripper from the images by geometrical connecting this positionsto form a smooth trajectory. This is done by tracking the appearance of the gripper inthe sequence of stereo images. The gripper position in previous images and the gripperappearance are used for locating it in the next images. Based on this sequence of positionsa trajectory-structure is formed, which allows to execute a vision based movement. Thetrajectory is general in the sense that the starting position and the orientation can bespeci�ed variable. The approach can be used in the assembly industry for approaching aworking tool to a certain object and handling it (e.g. a screw spanner).1 IntroductionInstead of programming a robot by giving a complete description of the trajectory (e.g. directprogramming) this approach is based on the idea of Programming by Demonstration, whichmeans to indirect program a system by giving examples. Basic ideas and related work on thistopic can be found in [Heise 92] and [Friedrich96].The operator uses the control panel to move the gripper in discrete steps to intermediate posi-tions of the desired trajectory. A stereo-camera-system records this sequence and a computer-vision-system reconstructs a smooth 3D-trajectory. This trajectory only serves as an examplefor a whole class of trajectories having variable starting position and orientation. In the ap-plication phase this two unknowns have to be determined (e.g. manually by the operator or,perhaps, automatically with the help of a vision system). Furthermore, the information of thegripper trajectory can be used to anticipate collisions with unexpected objects in order to earlyinterrupt the course.The gripper is tracked in the images by using its appearance in the previous image as decribedin section 2. Section 3 brie
y explains the calibration used. In section 4 a trajectory structureis de�ned, which allows to execute a vision based movement. Figure 1 shows the whole systemand the way the components depend on each other.2 Tracking the gripperTo extract a series of gripper positions from a sequence of images, the gripper has to be locatedin every single image. To be more precise, in every single image a certain reference point of the
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Figure 1: The components and their interaction.gripper must be detected. Based on this precondition it is possible to consider the extractedpositions as intermediate points of the movement. A two step procedure is applied to extractthe reference point from the images:(i) roughly locate �nal segment of the gripper by using its appearence (greylevels) fromprevious image(ii) exactly determine the reference point by geometrical analysis in the selected gripper imageregion (in the following named patch).In �gure 2 the procedure is illustrated graphically.
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The input of the procedure is a sequence of stereo images representing the movement of thegripper in discrete steps. Furthermore, two image patches are supplied - one for each im-age sequence - which depict the appearance pattern of the gripper in the starting position ofthe movement. Both image sequences of the stereo cameras are analysed the same way butindependently.2.1 Locating the gripper regionThe gripper image region is located by correlation matching using the expected gripper ap-pearance (instead of using a model of the gripper). An (m � m)-image B depicts the wholescene in which the robot arm is working and an (n � n)-patch P contains the �nal segmentof the gripper. Now a correlation image C is computed, by de�ning C(k; l) as sum of squareddistancesC(k; l) = P i2fk�n2 ;:::;k+ n2gj2fl�n2 ;:::;l+ n2 g �B(i; j)� P (i� (k � n2 ); j � (l� n2 )�2 for each image position (k; l).Figure 3 shows a scene, the relevant gripper image region and the resulting correlation image(brighter greylevel indicates better correlation).
Figure 3: Scene, gripper image region and resulting correlation image.The position of maximal correlation is looked for by starting the search in the position ofthe patch located in the previous image and expanding the catchment area (for reasons ofe�ciency). The position with the least sum of squared distances is expected to be the centerof the relevant (n� n)-region containing the tip of the gripper �ngers.2.2 Locating the reference pointNext, a certain reference point on the depiction of the gripper must be de�ned and located inthe image as exact as possible. It will be used both as an intermediate position of the wholemovement and as the center of the gripper image region for locating the gripper in the followingimage of the sequence. Figure 4 shows graphically the reference point of the gripper de�nedfor this purpose. It is the virtual point of intersection between the middle straight line andthe end straight line of the robot gripper. To extract these straight lines it is necessary to �rstrecognize the top faces of the gripper.
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2.2.1 Extracting the top faces of the gripperThis is done in two di�erent ways using simple heuristics, depending on whether an object isgrasped or not. In the case of a free gripper it is assumed that the image patch can be segmentedinto regions as follows. The background area of the gripper is approximately homogenous andtherefore can be segmented in one region, which is expected to have the largest area of allregions. Furthermore, the gripper �ngers are spacely disconnected, the top faces of the twogripper �ngers are homogenous and can be segmented into one region for each, and they arethe second and third largest areas. Figure 5 shows exemplarily the validity of these heuristicsin the case of a free gripper. However, if an object is grasped these preconditions are no longervalid and that is why another heuristic is needed. It has to be mentioned, that the scene islighted quite well and the gripper is made of re
ecting material. This guarantees the top facesto be those parts of the image with the highest greylevel. Figure 6 illustrates the validity ofthese heuristic in the case of a grasped object.Figure 5: Gripper patch without object andits segmentation image. Figure 6: Gripper patch with grasped objectand its segmentation image.From the segmentation result a reference point of the gripper must be extracted as intersectionbetween the middle straight and the end straight line.12.2.2 Detecting the middle straight lineFor this a middle straight line is determined exactly between the extracted regions of the twogripper �ngers which come from the top faces of the gripper. Each point on this middle straightline is characterized such that the Euclidean distance to both regions is equal. Alternatively, acity block metric, which computes distances only in x- respectively y-direction, works as well(see �gure 7). If the distance in positive and negative x- (y-) direction is equal this point isadded to a set M of points near or on the middle straight line. The middle straight line isobtained by �tting a straight line through the points of M .
(c)(b)(a)Figure 7: Determining points between top faces of �ngers to extract a middle straight line.1For other robotic equipment special attributes must be explored which are suitable to detect the gripper inthe image (e.g. speci�c gripper color or an identity tag) and extract a certain gripper reference point.



2.2.3 Detecting the end straight lineFirst a set of relevant grey level edges is extracted from the gripper image region by computingthe gradient magnitudes and setting a threshold. Care must be taken with this threshold toguarantee that at least two corner points of the �nal segment of the two gripper �ngers are inthe set of edges. In a second step the relevant corners have to be detected in the binary imageof edges. A binary correlation mask (see �gure 8) is used having edge points at the middlevertical axis. The mask is applied at every edge of the binary gripper image and rotated indiscrete steps of angles in the interval of [0; 360] degrees.
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Figure 8: Rotating a squared mask to detect corners of the gripper �ngers.For each rotation step a value is retained which describes how many edges of the middle axisof the mask correspond to edges of the gripper. If two maximum peaks are found, being about90 degrees apart from each other, then the rotation point belonging to that situation is takenas corner point. Only those points are considered, which are close to the top faces. The endstraight line is obtained by �tting a straight line through these corner points.3 Calibrating the camera systemCalibrating a stereo camera system means to �nd the relation between image coordinates (2 �2D) and world coordinates respectively robot coordinates. Figure 9 shows the dependencies.
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(i = 1; 2) is computed by using pairwise combinations of 3D world points and the 4D stereopoints. The usage of the matrix is speci�ed within the following context. Given a point inworld coordinates (xw; yw; zw) the position in image coordinates can be obtained by solving0B@ xiyi1 1CA � �i = Pi � 0BBB@ xwywzw1 1CCCA ;where �i is an arbitrary scale factor. However, starting with a stereo image point (x1; y1; x2; y2)a transformation is needed for computing the world coordinates (xw; yw; zw).By combining P1 and P2 an overdetermined linear equation system (~b = P~a) is obtained. Itcan be solved for the vector ~a which contains the unknown 3D world coordinates and the twounknown scale factors by computing the pseudo inverse matrix of P . The matrix P and thevector ~b contain given calibration attributes and the given stereo image point for which the 3Dworld coordinates are requested. ~a = (P TP )�1 � P T �~bIn order to compute the calibration attributes a set of associations between 3D world pointsand 4D stereo image points is needed. For the purpose of this work it is possible to compute therelation between image and robot coordinates directly without an intermediateworld coordinatesystem. Due to the dexterity of the robot manipulator only one 3D world point is needed namelythe reference point of the gripper described in section 2. The manipulator is moved in discretesteps through the working space and along this course the reference point is recorded in 3D(known from the control unit of the robot) and is additionally detected in the stereo images toacquire the series of 4D stereo points.4 Trajectory structureUsing the calibration result the reference point of the gripper can be reconstructed into 3Drobot coordinates for arbitrary positions of the gripper in the working space. Furthermore,taking the same coordinate system into account, the position of obstacles could be determinedby reconstruction from stereo data. Based on both, Euclidean relations between the robotgripper and obstacles could be represented. In order to learn a trajectory (possibly through acollection of obstacles) the system user is asked to demonstrate an example trajectory. For this,the user steers the gripper through the working space and stops at certain intermediate places,and the system computes a sequence of 3D positions (x1; y1; z1); :::; (xn; yn; zn) extracted fromthe series of stereo images. This section describes how to acquire and use a smooth trajectory.4.1 De�nitionA trajectory structure will be de�ned by having in mind, that the operator should demonstratejust an example of a class of congruent trajectories. That is, during the application phase theexample trajectory will be adapted to any desired starting position and orientation. Therefore,it must be possible to easy include the concrete starting position and orientation as soon asthey become known. Accordingly, during the demonstration phase a trajectory structure willbe constructed, which represents only the geometric relationship between intermediate pointsand not the absolute positions and orientations.The trajectory structure is a sorted sequence (k1; :::; km) of nodes. Each node refers to anintermediate point of the trajectory and is de�ned by three components:



� vector (vx; vy; vz) 2 IR3, written as ki:(vx; vy; vz)� increment to the following node (dx; dy; dz) 2 [�1; 1]3, written as ki:(dx; dy; dz)� orientation ' 2 [0; 2�], written as ki:'Vector ki:(vx; vy; vz) decribes the relation between point (xi; yi; zi) and (x1; y1; z1), de�ned aski:(vx; vy; vz) = (xi; yi; zi)� (x1; y1; z1) ; for all j 2 f1; :::; ngThe increments are given byki:(dx; dy; dz) = ki+1:(vx; vy; vz)� ki:(vx; vy; vz)for a node ki (i 2 f1; :::; n� 1g).The orientation ' of the gripper at node ki can be chosen free. In the implementation reportedhere it should keep an orthogonal orientation to the tangent at every point of the trajectory.4.2 Using the structureTo perform a movement the trajectory has to be de�ned absolutely by incorporating the startingpoint (xs; ys; zs) and three rotation angles 'xy; 'xz; 'yz (describing the rotation in the xy-, xz-and yz-coordinate-plane). The structure is moved into the starting position, which means everynode is translated with (xs; ys; zs), and then it is rotated as de�ned by 'xy; 'xz; 'yz . Figure 10shows a simple example (for simplicity in 2D).
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rotated and translatedFigure 10: Moving the trajectory structure in the starting position and orientation.When the robot starts to move the �ngers beginning from (xs; ys; zs) the second node worksas an attractor until it is reached. Now the next node comes into play and the procedure isrepeated for all nodes of the trajectory structure. A criterion is needed to test, whether a nodeis passed or not. For this a plane de�ned by the position of the node ki:(vx; vy; vz) and thestored increment ki�1:(dx; dy; dz) is used. When the robot continues to move the �ngers it istested node by node whether the respective plane is passed. For a position (xp; yp; zp) of the�ngers the di�erence vector (xd; yd; zd) = (xp; yp; zp) � ki:(vx; vy; vz) and the scalar product sbetween (xd; yd; zd) and ki�1:(dx; dy; dz) is calculated. There are three cases to deal with:� s > 0 =) �90 < j 6 ((xd; yd; zd); ki�1:(dx; dy; dz))j < 90� s = 0 =) j 6 ((xd; yd; zd); ki�1:(dx; dy; dz))j = 90� s < 0 =) 90 < j 6 ((xd; yd; zd); ki�1:(dx; dy; dz))j < 270



(x  ,y  ,z  )’p     p     p

(x  ,y  ,z  )p     p     p

k .(v ,v ,v )
i x    y    z

(0,0,0)

i-1
k    .(dx,dy,dz)

(plane passed)

(plane not passed)

planeFigure 11: Testing whether an intermediate position of the demon-strated trajectory is passed or not.If s < 0 then the �ngers have not yet reached the plane belonging to a certain point of thetrajectory, if s = 0 then the plane is reached, and s > 0 means that it is passed.Figure 11 illustrates this criterion. Finally the orientation of the gripper at a certain point onthe trajectory has to be found. This is done by �rst calculating the distances to attractingnode ki and preceding node ki�1 asdistv = q(xp � ki�1:vx)2 + (yp � ki�1:vy)2 + (zp � ki�1:vz)2and dista = q(xp � ki:vx)2 + (yp � ki:vy)2 + (zp � ki:vz)2and then computing the orientation of the gripper as weighted mean of ki�1:' and ki:' :'0 = dista � ki�1:'+ distv � ki:'(dista + distv)Figure 12(a) shows a simple example of the path from node to node. Furthermore, �gure 12(b)shows an interesting behavior if a certain intermediate point can not be reached exactly, maybedue to an obstacle at that place. In this case the subsequent node attracts the gripper and thusit comes back to the original trajectory. Therefore, the course of the robot gripper can partiallydeviate from the learned trajectory at local areas due to certain requirements and adaptivelyreturn back to the target trajectory afterwards.4.3 SmoothingUsually the positions extracted from the images are unprecise, because of resolution limit ofthe image or errors in calibration. To get a smooth trajectory a simple method can be used byconsidering the position of the neighbouring nodes. For a node ki the position is adjusted by�rst calculating the distance between ki�1 and ki+1 asd1 = q(ki+1:vx � ki�1:vx)2 + (ki+1:vy � ki�1:vy)2 + (ki+1:vz � ki�1:vz)2
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seperating planeFigure 12: Example showing the resulting movements beginning in the startingpoint (a) or somewhere beside of it (b).Then (xm; ym; zm) = ki�1:(vx; vy; vz) + d12 � ki�1:(dx; dy; dz)is the point in the middle position between ki�1 and ki+1. The distance between ki:(vx; vy; vz)and (xm; ym; zm) is d2 = q(ki:vx � xm)2 + (ki:vy � ym)2 + (ki:vz � zm)2To do the adjustment two parameters "1; "2 2 [0; 1] are de�ned. "1 de�nes whether a correctionhas to be done (e.g. in the case of large distances between points) and "1 says how strong itshould be done. With (xd; yd; zd) = (ki:vx � xm; ki:vy � ym; ki:vz � zm) the new position iski:(vx; vy; vz)0 = ( ki:(vx; vy; vz) + "2 � (xd; yd; zd) ; if d2 � "1 � d1ki:(vx; vy; vz) ; otherwiseThis adjustment is done for the position of every single node starting with k2.5 ExperimentsThe experiments have been carried out with an industrial articulation robot having six rota-tional degrees of freedom and a two-�ngered gripper. Image processing is done in the KHOROSenvironment on a SUN workstation 10/40. Exemplarily, the system was engaged to learn tohandle a screw spanner. This means that a course of the manipulator must be learned such thatthe screw head will be turned around in a circle. In order to automatically learn the requiredtrajectory of the robot gripper the system user steered the robot in 30 discrete steps of 3 angledegrees and according to that a quarter of a circle is approximated. Figure 13 shows for threeintermediate steps on this course some processing results involved in visually evaluating thetrajectory of the gripper �ngers. The three images in the �rst row depict these intermediatesteps. The second row shows pairwise the located regions of the �nger tips of the gripper andcorner points of the �ngers. Finally, the images in the third show the result of computing themiddle straight line and the end straight line of the �ngers and the intersection point betweenboth which is used as reference point. This point is extracted in all 90 images of the quarter cy-cle demonstration and a smooth gripper trajectory is approximated and reconstructed thereof.To get an impression for the accuracy of the learned movement the deviation from the radiushas been measured. This deviation was at most 3 mm for a screw with head radius 15 mm.
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