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a b s t r a c t The In-Vessel Viewing System (IVVS) project assumes that a long reach deployer equipped with a probe penetrates the ITER chamber to perform periodic inspections. By giving the operator the capability and ﬂexibility to examine unplanned targets, man-in-the-loop technology would be very helpful. But vibrations due to the high ﬂexibility of the structure are probably the main problem in such a master-slave mode, which therefore needs the integration of a high level compensation scheme. However the ITER RH equipment will be confronted with strong electromagnetic interferences as well as a cumulated radiation dose up to several MGy. Short of costly developments, these constraints limit the use of dedicated electronics such as accelerometers or strain gauges. Our main idea is to control the vibrational behaviour of the ﬂexible carrier without considering any extra sensor apart from its embedded probe. In this pre-study we propose to use the kind of rad-hardened viewing system already developed for the AIA demonstrator in order to feed an oscillation observer with visual information. The visual data are extracted from the environment without a priori knowledge of the examined scene. Our approach is quite open-ended and can be extended to other ﬂexible systems. Moreover it has been designed to damp the oscillatory behaviour of the arm whatever its origins may be. As a consequence it should yield good performance when vibrations result from a critical trajectory imposed by the operator, from an interaction with the environment, or from internal dynamics of the carried process, e.g. the rotating prism of the IVVS 3D Inspection System. Experimental results validate the proposed strategy.



1. Context of the study 1.1. Long-reach arms for the ITER maintenance Inside the ITER torus fusion reactions between Deuterium and Tritium isotopes will produce high-energy neutron ﬂuxes that irradiate the structure. Because of this neutron activation, which forbids human access inside the reactor, the in-vessel plasma facing components will have to be inspected and maintained remotely. Due to the size and the arduous accessibility of the reactor the robotic arms designed for its maintenance will have to be long-reach arms, sometimes able to manipulate heavy loads and to bear high forces, but they will also have to be light and slender structures. Regrettably the structural ﬂexibilities of such robots pose a challenging problem by limiting positioning performance. The In-Vessel Viewing System (IVVS) project assumes that a long reach deployer equipped with a probe penetrates the ITER
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chamber to perform periodic inspections in a short time between two plasma shots. A feasibility analysis drove the design of the Articulated Inspection Arm (AIA) demonstrator [1], which is an 8degree-of-freedom 8-m-long 160-mm-wide carrier with a payload up to 10 kg (see Fig. 1(a)). If this arm will certainly never enter ITER, it is for the time being one of the rare fully operational demonstrators of the IVVS deployer. In 2008 the robot equipped with a vision process was qualiﬁed by deploying and realizing a video inspection inside the French tokamak TORE SUPRA which operates in the same vacuum and temperature conditions as ITER. At this stage a quasi-static model-based control has been developed [2] and will be implemented in 2010 after the ﬂexible model calibration. To equip the future IVVS deployer, various probe prototypes have been developed. The 3D Inspection System [3] aims at performing sub-millimetric 3D images during maintenance. In this process a laser is transmitted to the target via a rotating prism. When the scanning head is stable the measure accuracy is up to 0.1 mm at 1 m. Unfortunately this value drastically decreases when the scanner is at the tip of a carrier since the rotating prism induces vibrations in the whole structure. The In-Vessel Transporter (IVT) is another RH system consisting of a vehicle travelling along a rail deployed inside the vessel. It
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Fig. 1. Examples of long-reach arms for operations in tokamaks: (a) deployment inside TORE SUPRA of the AIA equipped with the viewing system, (b) installation of the ICRH antenna in JET, and (c) the in-vessel transporter (IVT) prototype.



entails a telescopic manipulator capable of accessing all in-vessel areas except the divertor area. It has been designed for general in-vessel maintenance tasks among which, in particular, the maintenance of the 440 4-ton shield blanket modules (BM). The Japanese team working on the IVT proposes to simulate the expected deﬂection by using pre-deﬁned positions. In that way, the load conditions at the removal are based on the opposite load conditions encountered during module installation. The main drawback of this approach is its high sensitivity to the measurement uncertainty and its poor adaptability. Indeed as the end-effector position will have to be determined by an external device (e.g. a laser tracker) before any activation of the torus, the pre-deﬁned positions won’t be able to take into account the changes due to local erosion or defects. 1.2. Motivation Man-in-the-loop technique would provide very useful help, for example during inspection, giving the operator the ability and ﬂexibility to locate and examine unplanned targets. It would also ease peg-in-hole tasks such as the installation of heavy modules. But vibrations due to the structure high ﬂexibility are probably the main identiﬁed problem in such a master-slave mode. As a consequence it needs the integration of high level compensation schemes to complete the tasks within the requirements. More loosely, a stimulation of the structural modes can result from:



tip displacement induced by vibrations is estimated exploiting a simple physical model of the manipulator. Thanks to the camera mounted in an eye-in-hand conﬁguration this model is then readjusted using direct measurement of the oscillations of the tip with respect to the static environment. The all-in-one method proposed in this paper solves the problem of vibration suppression using visual features from the in-vessel environment without using any a-priori knowledge or marker [6]. This paper, which deﬁnitely puts the emphasis on robustness and adaptiveness, is organised as follows. After this overview of the context and constraints of the study, part 2 presents the components of the vibration estimator: the two-time scale Kalman ﬁlter, the robust tracker and the real-time interaction matrix estimator. Our control strategy is experimentally validated in part 3, which is followed by concluding remarks in part 4. 2. Vision based vibration estimation In this section we consider the problem of designing an on-line vibration estimator using a camera and without any knowledge of the environment (see Fig. 2). First a tracker extracts and tracks features from the camera images. From this set of features an Mestimator rejects the outliers possibly resulting from the extraction



• a critical trajectory imposed by the operator; • a collision or interaction with the environment (load transfer, e.g. during the BM installation); • internal unmodelled dynamics (from carried processes, e.g. the rotating prism of the IVVS). Input shaping techniques [4,5] are very efﬁcient to avoid critical trajectories by adjusting the input to the actuators in such a way that the vibrational modes are not excited. Considering the two other origins, the vibrational behaviour of the arm cannot be foreseen and it needs to be damped as soon as it occurs. Most of the time additional sensors can be added to a system to control its ﬂexible states. Unfortunately the ITER RH equipment will be subjected during a shutdown to a cumulated radiation dose in the order of several MGy. This constraint limits the use of dedicated on-the-shelf electronics such as accelerometers. In addition the use of strain gauges would suffer from the inherent high noise due to electromagnetic interferences. The main idea behind this paper is to control the oscillatory behaviour of the ﬂexible carrier without considering any extra sensor apart from its embedded rad-hardened vision process. The



Fig. 2. Principle of the vibration estimator.
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Fig. 3. Modiﬁed Kalman ﬁlter.



noise and gives a robust estimation of the environment overall displacement seen by the camera. Afterwards this signal is ﬁltered and its low-dynamic part is used to reconstruct the interaction matrix, which relates the motion of the environment in the 2Dimage and the motion of camera in the 3D-world. In the last step of the proposed algorithm the on-line estimated interaction matrix and the high-dynamic part of the image features displacement both feed a discrete time Kalman ﬁlter. Due to the long processing time of visual data the Kalman ﬁlter is modiﬁed to deal with delayed measurements. 2.1. Design of a modiﬁed discrete-time Kalman ﬁlter Let’s consider a ﬂexible planar arm consisting of several joints. Since this paper deals with relatively slow motions we assume that the centrifugal and Coriolis torques and forces can be neglected. Moreover the inﬂuence of the deﬂections on the gravity terms is ignored. Lastly high order vibrational modes are neglected. The features velocity ˙ can be split in a low dynamics component ˙ low and a high dynamics component ˙ high . It is plausible to assume that ˙ low mainly results from the articular movement whereas ˙ high mainly results from the vibration. Making such assumptions the vibrational dynamics of our arm can be fully described by a continuous linear model around a given steady position [6]: ˙ x(t) = Ax(t) + w(t)



(1)



z(t) = Cx(t) + v(t)



(2)



˙ ] and z T = [ meas ıhigh ].  is the joint with xT = [  ˙ ¨ ıe ıe angles vector, ıe is the deviation of the deﬂection variable e from its static value e0 , and ı high is the linear approximation of the features fast displacement  high . A and C are respectively process and measurement matrices. w(t) and (t) are white, zero mean Gaussian noises. We chose to incorporate , ˙ and ¨ into the state vector. It enables the acceleration reconstruction from the encoder data as part of the Kalman ﬁltering, rather than using low-pass ﬁltering which often smoothes excessively transient dynamics. Being given this model a linear state observer of the deﬂexion deviation ıe can be designed using a discrete steady-state Kalman ﬁlter whose gains are optimized for the above assumed noises. But compared to other kinds of sensors used in robotics, vision devices have the disadvantage of a long processing time. It leads not only to delayed measurements, but also potentially to low update rates. In our case ı high is delayed of about one sample and is approximately updated every 60–70 ms. On the other hand the estimation of ıe is expected to be done at the servo rate, i.e. between 1 and 10 ms. Such an issue cannot be solved using regular Kalman equations but it requires modiﬁcations in the structure of the ﬁlter. As a con-



sequence we consider a two-time-scale Kalman ﬁlter composed of 4 blocks (see Fig. 3): • Block #1: the time update equations are executed at the servo rate and estimate the state as fast as needed to perform a stable and quality control. • Block #2: the measurement update equations regarding the encoder are also executed at the servo rate and correct the acceleration reconstruction. • Block #3: a ﬂexible delay compensator extrapolates the measured visual data to the present time using past and present estimates. • Block #4: the measurement update equations corresponding to the camera are executed at the visual data refresh rate and reﬁne the state estimation regarding the measured image features displacement. An important point to be noted is that Block #1, which is intrinsically stable, never stop predicting the state vector. As a result this method is robust against visual troubles such as partial occlusions or failure of the camera. We now have at our disposal a dynamical model of the arm vibrational behaviour. Its output is the reconstructed measurement of the tip deﬂection that we want to control (see Section 3.2). The inputs of our model are the measurements of both the joint angle and the environment fast movement seen by the camera. In the next subsection we are going to explain how this measurement is taken from the camera images. 2.2. Tracking of features from the environment In order to evaluate the speed of the environment in the camera basis, and thus to deduce the speed of the camera in the static environment basis, we chose to implement the Lucas–Kanade–Tomasi (KLT) feature tracking algorithm. We assume that no a-priori knowledge on the environment is available as well as no markers have been placed on it. As the manipulator moves, the tip camera moves and the patterns of image intensities change in a complex way. This image motion can be represented by an afﬁne motion ﬁeld ␦X = DX + d where D is a deformation matrix and d is the translation of the window’s centre. Given two images, tracking means determining the parameters that appear in the deformation matrix D and the displacement vector d. The particularity of the KLT algorithm [7] lies in the fact it is designed to select features that are more than traditional “interest” measures, which are often based on a preconceived and arbitrary idea of what a good feature is and consequently do not guarantee to be the most reliable for the tracking algorithm. From the KLT point
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where J and Je refer to the Jacobian matrices of the end-point with respect to the articular positions and the deﬂexion variables respectively, and where Jimage refers to the interaction matrix [8], also sometimes referred to as the Image Jacobian. It is used to linearly describe the differential relation between the motion of the image features and the camera motion. Determining this matrix analytically is not simple since it takes into account the depth estimation as well as the intrinsic parameters of the camera (focal distance, image centre coordinates, aspect ratio, distortion coefﬁcients). To deal with changing or unknown environments, many online Image Jacobian estimator have been proposed [9,10]. In these algorithms the Jacobian is estimated recursively by just observing the process without any a priori knowledge or “calibration” movements. Then the goal is not to estimate the true physical parameters of Jimage but to provide an estimation ˆJimage that satisﬁes at any time the relation: ˙ low = ˆJimage J ˙ Fig. 4. Example of tracked features in an unknown and “untrimmed” environment (a tokamak vessel wall).



of view the right features cannot be deﬁned independently of the tracking method and are exactly those that make the tracker work best. As a result, the selection criterion is optimal by construction. This idea is the real strength of the KLT and makes it extremely robust. While tracking the selected features through a sequence of images the algorithm deﬁnes a measure of dissimilarity that quantiﬁes the change of appearance of each feature between the ﬁrst and the current image. If it has changed too much, it is discarded. When features are lost our algorithm replaces the lost features by ﬁnding new features in the new image and consequently keeps a constant pool of features. To ensure that the new detected features do not correspond to already detected features we build a mask image containing the current pool of tracked features and we ﬁlter out those of the new features that match it. To avoid optical distortion, features in the image borders are also junked. At last, to secure a representative estimation of the environment displacement, a minimum distance between the extracted features is set (see Fig. 4). Thanks to this KLT algorithm, we can track features from one image to the other. Concretely we obtain for each image a set of N coordinates corresponding to the N tracked features. But as stated in Section 1.2, the quality of the vibration reconstruction is based on the accuracy of the environment displacement measurement. Indeed, because of the features extraction noise, outliers can corrupt the state observer. To minimize the inﬂuence of these outliers we employ robust statistics, which enables the determination of the structure that best ﬁts the majority of the data while identifying and rejecting deviating substructures. To obtain a proper estimation of the environment displacement in the image we chose to implement an M-estimator, which completely rejects detected outliers by giving them a zero weight and thus preventing them from having any effect on the displacement estimation. The output of the above-described M-estimator is ı, which can be ﬁltered and used as one of the two inputs of the Kalman ﬁlter described in Section 2.1.



In [6] we proposed a self-adjustable Image Jacobian estimator. ˙ that settles a comIts particularity is to include a memory term () promise between information provided by old data from previous movements and new data, possibly corrupted by noise. As a consequence this forgetting factor can be designed so that it self-adjusts depending on the range of the camera rigid motion: • If the camera does not move (J ˙  0),  is set to 1. The new information is averaged with all past data, the system is hardly insensitive and very stable. • If the camera moves fast (J ˙  0),  is set to 0. The system gets sensitive to observed data only. • Between these two extreme cases,  linearly varies between 1 and 0. The old data are weighed less and less, and the estimator tracks the time-varying interaction matrix. This method performs a robust estimation of the Image interaction matrix, with a quite low sensitivity to noise and a relatively high repeatability. Indeed this adaptive algorithm displays great stability and improves sensibility to sudden movements of the camera compared to classic ﬁxed-parameters Broyden-based methods. 3. Experimental validation 3.1. Description of the experimental setup Before implementing our vibration suppression scheme on the real AIA, a validation campaign has been carried out on the experimental setup shown if Fig. 5 [11]. This mock-up mainly consists of



2.3. Real-time interaction matrix estimator The velocity ˙ of these 2D features can be related to the tip camera velocity, which depends on both the rigid motion ˙ and the elastic motion e˙ of the arm: ˙ = Jimage J ˙ + Jimage Je e˙



(3)



(4)



Fig. 5. Close-up on the tip of the ﬂexible beam.
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an actuated 3m-long circular beam equipped with a calibrated tip mass. The joint (capacity  1000 N m) is driven by a motor through an Harmonic Drive based speed reducer. The measuring devices are a 5000 cpr optical encoder to measure the joint position, and a USB uEye camera manufactured by IDS. The tip position can be validated thanks to a laser tracker Leica LTD800 (accuracy = 5.10−5 m, frequency  500 Hz). The controller runs on the real-time OS VxWorks at a sampling time of 10 ms. The overall vision-based application is based on the ViSP software [12] and runs at around 15 Hz. The joint friction and gravity torques applied on the beam have been compensated considering measurements from a rigid bar of the same weight. 3.2. Controller design The control problem is to drive the actuator so that the joint rotation vector  tracks the desired trajectory  d with a good accuracy while ıe converges to zero as fast as possible. Thus we can regard each joint as a single-input multiple-output (SIMO) system. A common approach in the control of such systems involves the design of linear quadratic regulators (LQR). The LQR technique involves choosing a control law which stabilizes the vector of the controlled outputs to its desired values while minimizing a given quadratic cost function. This function comprises penalty matrices that constrain either the system state or the control. Due to the coupled dynamics of the arm, the control of the lowdynamic rigid motion subsystem will be made much easier if the fast-dynamic elastic vibration subsystem is controlled as fast as possible. Indeed once the vibration is suppressed the arm can be controlled like any rigid manipulator. As a consequence the part of ˙ must be chosen large in the penalty matrix related to ıe (and ıe) ˙ comparison with those related to  (and ).



Fig. 6. Angular step response for different adjustments of the controller.



3.3. Validation of the vibration suppression scheme The KLT algorithm has been implemented using the OpenCV implementation which is computationally the most efﬁcient at the present time. The tracker contains a pool of 20 features. The minimum distance between them has been set to 30. The robustness of the environment displacement estimation is greatly improved by the use of the Tukey M-estimator. For example the displacement estimation of a static scene disturbed by ﬂeeting partial occlusions yields temporal standard deviation  in the order of 0.012979. In comparison the same estimation made by a classic mean yields  = 1.619542. Then we can compare the behaviour of the link with and without vibration suppression scheme. As shown in Fig. 6 the response of the controlled system is very sensitive to the choice of the LQR penalty matrix. The green curve illustrates the case when priority has been given to the position control. The desired joint position is reached quite fast but a slight overshoot occurs on ıe. On the red curve, priority has been given to the vibration compensation. The joint is a bit slower to reach its desired position but the vibration is much better damped. 3.4. Radiation tolerance of cameras Before concluding it can be interesting to say a word on the radiation tolerance of cameras. As already reminded the ITER environment will be characterized by particularly high gamma dose rates, up to 10 kGy/h, with RH equipment that needs to resist a total dose around 10 MGy. We can ﬁnd nowadays several industrial cameras, which are rad-resistant up to 1 or 2 MGy. And one can bet these cameras will be even more reliable in a couple of years. At the present time, [13] describes devices that are quite



Fig. 7. Perspectives: vision-based trajectory tracking using geometric shape recognition.



relevant with our needs: the problem of browning of the optics has been solved, the light sensitivity is quite low, and the weight is still moderate (1.8 kg). Provided that the camera inner electronic components are actively cooled as it has been done for the AIA viewing system (shown on Fig. 1(a)), such a video feedback is perfectly suitable for equipping the IVVS in ITER. 4. Conclusion The main objective of this project is to provide the RH groups from F4E and ITER ORG with a pre-study on the problems occurring when operating a ﬂexible manipulator for the maintenance of a fusion reactor. A few promising solutions have been highlighted and could be used as the basis for in-depth developments having concrete outcomes in ITER or even DEMO. In this paper a robust vibration control has been presented for a ﬂexible inspection arm moving in an unknown and unmarked environment. The whole control scheme has been validated on a single-joint mock-up until the availability of the AIA arm makes possible to implement it on the real 8-DOF system. As each joint of the complete arm enables an elevation and a rotation, the control of its end-effector can be considered as a collocated problem. The estimated vibration will thus be projected on an orthogonal basis and suppressed using only the motion of the ﬁfth module. Of course this strategy cannot prevent middle parts of the structure from oscillating. Therefore we rely upon internal damping to sta-
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bilize the whole structure as long as the diagnostic tool plugged at the tip is not vibrating. Eventually these results could be extended to more high level tasks. Indeed it could be possible, using suitable algorithms, to extract not only dot features but more complex geometric shapes (Fig. 7). We could then not only reject perturbations, but follow trajectories deﬁned thanks to the in-vessel component, such as the edges between two blanket modules for example. That would be vision-based trajectory tracking. References [1] L. Gargiulo, P. Bayetti, V. Bruno, J.-C. Hatchressian, C. Hernandez, M. Houry, Operation of an ITER relevant inspection robot on Tore Supra tokamak, Fus. Eng. Des. 84 (2–6) (2009) 220–223. [2] D. Keller, P. Bayetti, J. Bonnemason, V. Bruno, P. Chambaud, J.-P. Friconneau, Real time command control architecture for an ITER relevant inspection robot in operation on Tore Supra, Fus. Eng. Des. 84 (2009) 1015–1019. [3] C. Neri, L. Bartolini, A. Coletti, M.F. de Collibus, G. Fornetti, S. Lupini, The in-vessel 3D inspection system for ITER, in: Proc. of SOFE, 2007, pp. 1–4.



[4] N.C Singer, W.P. Seering, Preshaping command inputs to reduce system vibration, in: Artiﬁcial Intelligence at MIT, 1990, pp. 128–147. [5] A. Khalid, W. Singhose, J. Huey, J. Lawrence, D. Frakes, Study of operator behavior, learning, and performance using an input-shaped bridge crane, in: IEEE CCA, 2004, pp. 759–764. [6] G. Dubus, O. David, Y. Measson, Vibration control of a ﬂexible arm for the iter maintenance using unknown visual features from inside the vessel, in: Proc. of IEEE IROS’09, 2009, pp. 5697–5704. [7] J. Shi, C. Tomasi, Good features to track, in: Proc. of CVPR, 1994. [8] B. Espiau, F. Chaumette, P. Rives, A new approach to visual servoing in robotics, IEEE Transactions on Robotics and Automation 8 (3) (1992) 313–326. [9] K. Hosoda, M. Asada, Versatile visual servoing without knowledge of true jacobian, in: Proc. of IROS, 1994, pp. 186–193. [10] M Jagersand, O. Fuentes, R. Nelson, Experimental evaluation of uncalibrated visual servoing forprecision manipulation, in: Proc. of ICRA, 1997, pp. 2874–2880. [11] T. Gagarina-Sasia, O. David, G. Dubus, E. Gabellini, F. Nozais, Y. Perrot, Remote handling dynamical modelling: assessment on a new approach to enhance positioning accuracy with heavy load manipulation, Fus. Eng. Des. 83 (10–12) (2008) 1856–1860. [12] E. Marchand, F. Spindler, F. Chaumette, Visp for visual servoing: a generic software platform with a wide class of robot control skills, in: IEEE RA-M, 2005, pp. 40–52. [13] R981/c981 compact system camera datasheet.
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