


Figure 5.12 Denso Robot and the object in an IBVS task

QUARC" is a multi-functional software suite that easily connects with Mathworks
Simulink for rapid controls prototyping and hardware based experiments [43]. QUARC
provides Windows-based procedures to make Simulink-designed controllers to be con-
verted into real-time “Microsoft Visual Studio-based” code that can run on many target
processor and operating systems combinations. Figure 5.13 shows implemented Simulink
models for the experimental IBVS system. Image measurements are noisy, since the ex-
periments are carried out in a standard office environment, without any special illumina-

tion.
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Figure 5.13 implemented Simulink models for the IBVS control system and feature extraction

5.6.1. Image-based Visual Servoing: Stereo VS. Monocular

In this section, an image-based visual servoing system in two cases of binocular and
monocular vision is implemented and the effectiveness of the proposed eye-in-hand ste-
reo visual servoing system is examined and the experimental results are discussed. Fig-
ures 5.14-5.17 are the presented results obtained from monocular image-based system in

a simple servoing task.
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Monocular IBVS: Image Point Trajectories

pixels

pixels

Figure 5.14 Image point trajectories in a monocular IBVS task

Figure 5.14 shows that the system finally converges to the desired feature positions
but it is noticeable that the feature point trajectories are not quite smooth and the dis-

placements are relatively large.

Monocular IBVS: Camera Velocity Components
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Figure 5.15 Camera velocity components in a monocular IBVS task
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Monocular IBVS: Feature Errors
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Figure 5.16 Image feature errors in a monocular IBVS task

From the results shown in Figure 5.15 it can be inferred that the behavior in comput-
ed camera velocity components does not present desirable and stable properties for the
current monocular IBVS system. As assumed in the simulations the feature point depths

in calculating image interaction matrices are assumed to be constant and equal to 1m.
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Figure 5.17 3-D Trajectory of the end-effector and camera optical center in a monocular IBVS task
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The stereo IBVS system was set for the same servoing task with the same assump-
tions to achieve two desired sets of feature points for right and left images. The propor-
tional gain for both cases is chosen to be 4 = —0.4 . Figure 5.18 shows the results for Im-
age feature trajectories for left and right image planes in a stereo image-based visual ser-
voing task. The provided trajectories for the image features in the stereo system seem to

be quite smoother than the trajectories from the monocular IBVS.

Furthermore, according to Figure 5.19 the sensor frame velocity components in ste-
reo visual servoing system do not include large oscillations compared to the camera ve-

locity components in monocular system.
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Figure 5.18 Image feature trajectories for left and right image plane in a Stereo IBVS task
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Stereo IBVS: Camera Velocity Components
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Figure 5.19 Sensor frame velocity components in a Stereo IBVS task

Figure 5.20 illustrates feature errors in left and right images which are approximately

identical and comparing to the monocular case, these errors traverse a smoother trajectory

and less oscillations are appeared. 3D end-effector trajectory during the task of image-

based visual servoing for the stereo vision system is also shown in Figure 5.21.

Sterac IBVE; Feature Esrors In Right Camera Steren IBYVS: Feature Emars in Right Camara
i { { [ [ et s paam 1| | | I T [ e b B g 1|
Wi b bnha e )
. SR ol vl et
b 'F+ oy L :'J H <.-«.¢...w.:u4_'
i -q"

1% \Fr_ [ -_!. {
1= 4 | -!\

|

i (|
= ‘«L ml 3
\ 1 N\
LY = N
wl '\k T ol '\
\, :
" \-H
L M aaf N
Ny S
- T
= - — e S
""""" Y - '.-“-._ e

Wt ':-:.. i T il \.'_f _____________ R —— i, R

e A ST T )
i i ; ] i b ; y i i ; F; i

e lirme

Figure 5.20 Feature errors in left and right images in a Stereo IBVS task
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Figure 5.21 3-D Trajectory of the end-effector and sensor frame in a Stereo IBVS task

The difference in behavior, convergence and stability performance in the cases of
stereo and monocular vision systems is due to the on-line procedure of depth calculation
and updating the exact values of interaction matrices. Consequently, it is possible to gen-

erate the correct feedback command which leads to a more stable visual servoing system.
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5.6.2. Tracking and Grasping a Moving Object through Visual Servoing:

Stereo VS. Monocular

This section is devoted to presenting and discussing the results obtained from the ex-
periments with the 6-DOF DENSO robot and comparing the performance of the proposed
eye-in-hand image-based stereo visual servoing system to a conventional monocular sys-
tem for the task of tracking and grasping a moving object. As performed in computer
simulations, the predictions are carried out on three cases of Kalman filter, Extended

Kalman Filter (EKF) and a Recursive Least Square method (RLS).

Since generating a motion with sinusoidal trajectory for the object requires some cer-
tain instruments, the object is manually and randomly moved within the cameras field of
view with a relatively small speed. As it was mentioned previously, the tracking and
grasping task is performed by pre-defining desired positions for the object image features
such that the robot moves and aligns the end-effector with the object and reaches towards
it. Figures 5.22-5.23 show the cameras view of the desired image features in the instant of

grasping in both cases of monocular and stereo vision system.

126



Figure 5.22 Desired image feature points for grasping task in the Monocular case

Figure 5.23 Desired image feature points for grasping task in the Stereo case

The results of using a monocular visual servoing system with various estimators to
track and grasp a moving object are shown in Figures 5.25-5.27. Figure 5.24 illustrates
the procedure of tracking and grasping a moving object through monocular image based

visual servoing using 6-DOF DENSO robot.
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(iii) (iv)

Figure 5.24 The Procedure of tracking and grasping a moving object through monocular image based visu-
al servoing using 6-DOF DENSO robot

In the case of using Kalman estimators and according to Equation (3.13) and consid-
ering a =0.1 (m /sec’) and AT =1 (sec) the following assumptions for the process

noise, covariance matrix of the measurement noise and the initial condition for estimated

error covariance are taken into account as:
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The results of using the monocular visual servoing system with a Kalman estimator
for grasping a moving object and the image feature prediction errors are shown in Figure
5.25. As mentioned in previous chapter, this feature prediction error is the difference be-

tween actual positions of projected points in the image plane and predicted ones.
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Monocular IBVS Tracking and Grasping with Kalman Estimator: Image Point Trajectories Monocular IBVS Tracking and Grasping with Kalman Estimator: Camera Velocity Components
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Figure 5.25 Experimental results for the Monocular IBVS system in a procedure of grasping a moving ob-
ject using Kalman Estimator: (a) Image feature trajectories (b) Camera frame velocity components (c) Im-
age feature errors (d) Robot end-effector 3D positions (e) Tracking Errors
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Figure 5.26 illustrates the experimental results of using a monocular visual servoing
system with an Extended Kalman Filter (EKF) estimator for grasping the same moving
object. The state transition noise covariance matrix, Q, and the measurement noise covar-

iance, R, are as follows:
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Figure 5.26 Experimental results for the Monocular IBVS system in a procedure of grasping a moving ob-
ject using Extended Kalman Filter (EKF) Estimator: (a) Image feature trajectories (b) Camera frame ve-
locity components (c) Image feature errors (d) Robot end-effector 3D positions (e) Tracking Errors

Figure 5.27 presents the experimental results of using a monocular visual servoing

system with a Recursive Least Square (RLS) estimator for grasping a moving object.
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Figure 5.29 Experimental results for the Stereo IBVS system in a procedure of grasping a moving object
using Kalman Estimator: (a) Image feature trajectories in left and right images (b) Image feature errors for
left and right cameras (¢) Camera frame velocity components (d) Robot end-effector 3D positions (e)

Tracking errors in left and right images

The experimental results of using the indicated stereo visual servoing system with an

EKF estimator for tracking and grasping a moving object are illustrated in Figure 5.30.
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Figure 5.30 Experimental results for the Stereo IBVS system in a procedure of grasping a moving object
using Extended Kalman Filter: (a) Image feature trajectories in left and right images (b) Image feature
errors for left and right cameras (c) Camera frame velocity components (d) Robot end-effector 3D positions
(e) Tracking errors in left and right images

Figure 5.31 illustrates the results for the task of tracking and grasping a moving ob-

ject with the stereo IBVS system using a RLS estimator.
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Stereo IBVS Tracking and Grasping with RLS Estimators: Tracking Errors for Left Image Stereo IBVS Tracking and Grasping with RLS Estimators: Tracking Errors for Right Image
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Figure 5.31 Stereo IBVS system with tilted (non-parallel) cameras behavior in a procedure of grasping a
moving object using a RLS Estimator: (a) Image feature trajectories in left and right images (b) Image fea-

ture errors for left and right cameras (c) Camera frame velocity components (d) Robot end-effector 3D po-
sitions (e) Tracking errors in left and right images

It is quite remarkable from experimental results that in comparison with the monocu-
lar system, the trajectories of the points in the images from the stereo system are smooth-
er and the camera velocity components do not include large oscillations and start from
smaller values. It can be also inferred from the results that the case with the EKF estima-
tor shows better tracking and convergence performance and has a better behavior in end-
effector 3-D trajectories. The camera velocity components in the system with EKF in

comparison with the system with RLS estimator starts with relatively lower values.
Once more, the image feature trajectory behaviors in all of three systems seem to be

almost the same but the system has a faster convergence. This better performance is at-

tributed to the fact that it is possible to calculate the exact image interaction matrix at any
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position without knowing a model of the target object. The speed of convergence will be

faster and the oscillations of the graphs will be smaller if more precise calibration is per-

formed for the cameras and most importantly stereo rig. If the transformation matrices are

not properly calculated, there exists a persistent rotation velocity around z direction, w,,

due to calibration error.

Table 5.2 shows a summarization of the comparison results for all the tracking and

grasping cases.

Table 5.2 Comparison the experimental results for all the IBVS cases for tracking and grasping of a moving

object
Convergence | Sensor Frame | Sensor Frame | Maximum
IBVS Case Time (sec) Angular Vel. Linear Vel. at Tracking Er-
att=0 s t=0 s (cm/s) ror
(deg/sec) (pixels)
Monocular+Kalman 8.8 101 42 91
Monocular+EKF 6.5 94 32 26
Monocular+RLS 11.8 109 45 110
Stereo+Kalman 7.2 39 19 77
Stereo+EKF 5.5 31 15 11
Stereo+RLS 10 41 21 108
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5.7. Summary

In order to verify the simulation results, this chapter has been devoted to describing
the experimental setup including the 6-DOF Robot, controller, vision system, stereo rig
and camera calibration process and also results for proposed image-based stereo visual
servoing system for various servoing tasks and most importantly for a mission of tracking
and grasping a moving object. In this chapter the visual servoing control system and the
tracking algorithms are implemented with three different estimators: Kalman Filter, Ex-
tended Kalman Filter and Recursive Least Square. All three estimators have been added
to both Monocular and Stereo systems and at the end all of the cases have been compared

to each other and the results have been presented and discussed.
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Chapter 6 : Conclusion and Future

Works

In this chapter, the main conclusions and contributions of this thesis are summarized
from the obtained results and then some possible extensions and future works are sug-

gested as well.

6.1. Contributions and Research Conclusion

This thesis presents a novel eye-in-hand image-based stereo visual servoing system
for a real-time task of tracking and grasping a moving object in an uncalibrated environ-
ment. The main contributions and conclusions of this research work can be listed as fol-

lows:
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An image-based visual servoing (IBVS) approach based on stereo vision has been
presented and mathematically discussed and compared to the case of Monocular
IBVS.

The effect of having a moving target and corresponding feature points on visual
servoing system and governing equations has been considered and mathematically
discussed.

The method for stacking the proper image interaction matrices for the case of im-
age based stereo visual servoing has been developed for two cases of parallel and
non-parallel cameras and the exact depth information has been extracted from the
geometry of the vision system and used in image interaction matrices.

A method for trajectory estimation of a moving object has been proposed to pre-
dict the position of the object which is used in an image-based stereo visual ser-
voing for a real-time grasping procedure. The system dynamics of the object has
been modeled in both linear and nonlinear description in image plane instead of 3-
D space. Various trajectory estimation algorithms such as “Kalman Filtering”,
“Recursive Least Square” and “Extended Kalman Filtering (EKF)” have been
used to predict the position of moving object in image planes.

The robustness of the proposed visual servoing system has been examined
through computer simulations and experiments. The precise depth estimation of
the object and new image interaction matrices have been used as well as various
motion predictors such as: an extended Kalman filter, Kalman filter or a recursive

least square method.
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6.2. Future Works

Although the effectiveness of the proposed image-based method in tracking and
grasping a moving object has been examined in the current research work and verified by
the computer simulations and experimental results, there exist a number of limitations in
practical tasks and real-world applications. Accordingly, the most important problems are

identified and addressed as follows:

e Due to speed limitations of the 6-DOF robot joints, the target should not have a
high speed. Thus in some cases such as a flying thrown object, this method cannot
show a very successful effort.

e The advantage of using an eye-in-hand camera configuration is that there is no
need to calibrate the environment and measure the geometry of the framework.
Since the cameras are mounted on the robot, the fields of sight are limited and
cannot cover the whole environment around the robot. Thus, the space for the tar-
get maneuvers is limited.

e The classical proportional IBVS scheme cannot deal with nonlinear constraint

such as joint limits, actuator saturations and visibility constraints.

As the related future research works and to overcome the mentioned problems and

limitations, the following topics are suggested:
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Using an active (actuated) eye-to-hand stereo vision system to extend the vision
system visibility constraints.

Utilizing Adaptive or Fuzzy time series-based prediction and trajectory estimation
for a better tracking and prediction performance.

Using new image features such as lines and image moments to improve the ro-
bustness of the visual servoing system.

Employing a new IBVS scheme based on model predictive control to deal with

nonlinearities.
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Appendix A: 6-DOF DENSO® Robot and

Quanser® Controller

This chapter is devoted to presenting some general specifications and descriptions of the

DENSO robot and QUANSER controller unit and QUARC control software.

A.1. Denso 6-Axis Robot Specifications

The Denso 6-Axis robot system includes a 6-DOF robotic arm and a Quanser control
module. The Denso arm consists of six joints and corresponding six encoders that meas-
ure the angular position of the six motors. The encoders and motors specifications are
summarized in Table (A.1). The encoders resolution, motors gear ratios, motors torque

constants, and joints hard stop limits are listed in this Table.
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Table A.1 Motor and encoder calibration specifications for Denso 6-Axis VP6242G [68]

Motor / Motor Encoder Torque  Joint maxim- Joint minim-
Encoder  Gear Ratio v ge . Constant  um stop limit um stop limit
Starti Calibration N d i
J / A o, o
A 'mmn(g (count/deg) N.m/Amp (deg) (deg)
with Base
1 120:1 43690.666670 0.38 160 -160
2 160:1 58254.222220 0.38 120 -120
3 120:1 43690.666670 0.22 160 20
4 100:1 36408.888890 0.21 160 -160
5 100:1 36408.888890 0.21 120 -120
6 100:1 36408.888890 0.21 360 -360

Figure A.1 demonstrate the robot joint coordinate systems including the world frame
0 and the joint frames which are used to define the kinematics/inverse kinematics and Ja-
cobian matrix. Link lengths are also illustrated in Figure A.1 where the robot is in a com-
pletely straightened up situation. In this configuration, all the joints encoder values are
zero and the axes in frames 1, 3, 4, 5, and 6 are parallel to their counterpart axes in global
frame. The joints 2, 3, and 5 are zero when the robot is completely straightened up as de-
picted in Figure A.1. Figure A.2 demonstrates the Denso robot workable space from right

and top view.
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Figure A.1 World frame, joint frames and dimensions used for kinematics calculation [68]

155



Workable space
defined by point P

Workable space
defined by point P,

75

210

280

(Unit : mm)

Figure A.2 Denso robot work-space [68]
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A.2. QUARC® Software

QUARC® is a multi-functional interface software which is able to connect to Sim-
ulink for the purpose of implementations and hardware-in-the-loop experiments [70].
QUARC provides Specific Simulink block sets so that the Simulink can establish a con-
nection with the hardware. These block sets vary depending on the hardware and it capa-
bilities. In order to implement various experiments with the Denso robot, QUARC pro-
vides two prepared Simulink blocks for; “Denso Read” and “Denso Write”. Denso Read
starts a connection with the Denso robot controller to read the robot joint positions and
state and send it to other parts of the Simulink files. Denso write sends the joint com-
mands to the control unit and also gives the ability to set the PID controller gains for po-
sition and velocity control mode of the robot. The feed forward current command can al-
so be sent to the robot using this block. User has the option of using potion control or ve-

locity control through the function of this block.
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Appendix B: Design and Implementation
of a Controller unit for 6-DOF PUMA®
260 Robot

The Department of Mechanical and Industrial Engineering at Concordia University,
Canada had, for a number of years, a functional PUMA 260 manipulator robot with its
original control hardware and human interfaces. This chapter describes the procedure of
designing and implementation of a controller unit consisted of interfacing the robot arm
with a PC and developing software for the purpose of real-time implementation of a visu-

al servoing system.

The PUMA 260 is a six-degree-of freedom robotic manipulator that uses six dc ser-
vomotors for joint control. Joint positions are measured using encoders and potentiome-
ters. Three large motors provide control of the waist, shoulder, and elbow, while three

smaller motors position the orientation of the wrist. A picture of PUMA-260 and original
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hardware is shown in Figure B.1 while Figure B.2 shows a schematic of this robot and

Table B.1 includes the technical specifications.

Figure B.1 PUMA260 and original hardware [41]

WAIST ROTATION 315°

SHOULDER ROTATION 320°
-

8.0in.
(203mm)
WRIST
BEND
236°

13.0in. ¥
{330mm) . -

WRIST ROTATION 575°

Figure B.2 Schematic of PUMA260 [41]
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Table B.1 PUMA260 Technical Specifications

Performance Physical Characteristics
REPEATABILITY +.002 in, (+0.05 mm) ARM WEIGHT 15 Ibs. (6.8 Kg)
LOAD CAPACITY 2.21bs. (1.0Kg) CONTROLLER SIZE 19" x 12.5" x 23.6"
STRAIGHT LINEVELOCITY 49.0in/s max. (1.25 m/s max.) (475 mm x 312.5 mm x 590 mm)
ENVIRONMENTAL 50-120°F (10-50°C) CONTROLLER WEIGHT 801bs. (36 Kg)
REQUIREMENTS 80% humidity (non-condensing). Shielded CONTROLLER
against industrial line fluctuations and human CABLE LENGTH 15 ft. (4.5 m) Standard
electro-static discharge 50 ft. (15 m) Optional

B.1. Robot Arm Kinematics

It is a common practice for the analysis of the robot arm system to define a world
coordinate system and a local coordinate system attached to each joint. In order to design
a joint control system for PUMA we need to derive a forward kinematic model to obtain
position and velocity relations. Defining Denavit-Hartenberg (D-H) parameters and find-
ing homogenous transformations we can obtain following results. Table B.2 contains D-
H parameters for every link of the robot and Figure B.3 shows the corresponding model.

The workspace of the robot’s end effector can also be found in Figure B.4.
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Figure B.3 Puma 260 D-H parameters [14]
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Figure B.4 Puma 260 workspace
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Table B.2 PUMA 260 D-H Parameters

- d fl a Q
El 0 ¢y | O 90°
[ 0 B> | az 0°
L3 || —dz | A3 | O 90°
L4 ca I 0 —9Q°
L5 0 fs | O 90°
L6 de s | O 0°

cCC, -C8,S, S €S0 +CCS, aCC, —dS,

17273 1 27172

op | CCS =858, G 886, +5CS, dC+aSC,| o
U osc-0s, 0 S8 -C8, 0,9, '

0 0 0 1

CC.C -85, —-(5C)-CCS, €S dC,S.
i _|SCC+CS, CC =SS, SS, 4SS,

i — 47576 5 67475 (B2)
.5, S8, C. d +dC,
0 0 0 1
(]7'16 — (]7—'3 37’;) (B.3)

B.2. Hardware Architecture

The designed robot controller unit consists of the following hardware parts:
e A computer with PCI slot
e National Instrument® PCI-7344 Motion Controller Board

e Six Advanced Motion® servo amplifiers (30A20AC) for each joint

162



e National Instrument® UMI 7764 accessory (Universal Motion Interface)

e (ables for motion an digital I-O connectors and related adapters

Figure B.5 shows the hardware components and connections as an architecture over-
view of the system. The software user interface sends signals through PC to PCI motion
controller board and this board sends voltage regulations to servo amplifier and proper
velocity and torque are applied to joint motors with the current and voltage signals sent
from servo amplifier. Figures B.6-B.7 show the final system and hardware connected to

PUMA 260 and a Vision-Based Control test-bed.

Server Complter

PUMA 260

Figure B.5 Hardware components and connections of controller unit
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Figure B.6  PUMA 260 with a camera mounted on the End-Effector

Server Computer +
NI-7344 PCl Motion Control Board

=" powersupply CONTROLLER UNIT

Figure B.7 The final control system and hardware connected to PUMA 260
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B.3. Software and Graphical User Interface

The implemented software architecture is based on National Interface LabView™ and
its related block-sets running under Microsoft® Windows 7. LabView enables rapid de-
sign of control algorithms and establish a stable hardware interface with motion control
boards and also allows specific functions to be implemented in C code as S-functions.
Figure B.8 shows Ni-Motion Assistant software and the GUI designed by NI-LabView to

control the robot joints.
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Figure B.8 Ni-Motion Assistant software and the GUI designed by NI-LabView to control the robot joints
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