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Laboratory Worknotes



Homogeneous transforms

The transformation, trandation and/or rotetion, of a frame F; with respect to
another frame F; is represented by the (4x4) homogeneous transformation matrix 'T;.
Trandation is defined by Cartesan coordinates, but different representations are
avalable for rotation, eg. Euler angles, Roll-Pitch-Yaw angles and quaternions. In the
following, unless otherwise Sated, orientations are given in RPY angles.

Asfor other conventions, lengths are expressed in meters, and anglesin radians.

1. Define the world frame as TO = ht, and draw it with pl ot (TO,  0").
Axes are color-coded: x is red, y is green, z is blue. The second parameter
(optiond) of the plot function is a text labe which is displayed next to the
frame arrows.

2. Defineanew frame with a pure trandation
T1 = ht(‘xyz’,0.5, -0.4, 0.3)
and plot it, holding the previous one.

3. Define anew frame with a pure rotation about the x axis
T2 = ht(‘xrot’, pi/6)
and plot it, holding the previous one.

4. Compose the previous framesinto a new one
T3 = T1 * T2

5. Veify the non-commutativeness of frame compostion
T3b = T2 * T1

6. The end-effector of a robot am is located a point (-0.2, 0.3, 0.8) with
orientation /6, p/2, -p/12). A camera is mounted on the end-effector at the
relative coordinates (0.03, -0.02, 0.5) and orientation (p/4, 0, 0). Write a
script named f r anes. m to create and plot the world, end-effector, and
cameraframes.

NOTATION: names of Matlab variables for homogeneous transforms.
Let transform ' T; be stored in avariable named Ti
Let us define the following one- character labels for frames:
» ' 0" istheworld frame,
» ' e' istheend-effector frame, and
» 'c' isthecameraframe
Solution:
TO = ht
clf
pl ot (TO, " world")
hol d on
TOe = ht('xyzrpy',-0.2,0.3,0.8,pi/6,pi/l2, pill2)
pl ot (TOe, ' end-effector')
Tec = ht('xyzrpy',0.03,-0.02,0.5,pi/4,0,0)
TOc = TOe * Tec
pl ot (TOc, ' canera')
axi s equal



Polyhedrain space

A polyhedron is defined by its vertices, i.e, asgt of rigidly-attached points, each
point being defined by a (3" 1) column vector of Cartesan coordinates, with respect to
the world frame. Homogeneous coordinates are used to store the vertices. Optiondly,
faces can be stored, and their edges will be plotted too.

1. A gngle-faceflat squareis crested with

p = pol yhedra(]
0.25 -0.25 0;
0.25 0.25 0;
-0.25 0.25 0; .
-0.25 -0.25 0],
[1 2 3 4])
and drawnwith pl ot ( p) . Writeascript named pol y0. m which does
that, and displays the frame too.
Solution:
TO = ht
p = ..
cl f;
plot(TO, world');
plot(p);
axi s equal ;
2. Severa polygons are pre-defined:
» polyhedra('tetrahedron', |ength);
» pol yhedra(' pol ygon', edges, |ength);
» pol yhedra(' pyram d', edges, |ength, height);

3. Polyhedra can be plotted with respect to a given frame by usng
pl ot (p, T), where T is the homogenous tranformation of such frame.
Write a new script named pol y1. m based on the previous one, which
defines a new frame TOo, trandated by (0.9, -0.7, 0.8) meters and rotated by
(-p/3, p/2, -p/6) radians with respect to the world frame, and plots a new
polyhedron with respect to that new frame.

Solution:

pol yO;

TOo = ht('xyzrpy',0.9,-0.7,0.8,-pi/3,pi/2, pil6)
hol d on

pl ot (TOo, ' object');

pl ot (p, TOO) ;

axi s equal ;

4. Now the polyhedron is located 1.5 meters away from the camera frame (as
computed in exercise 6 of previous section) dong the zaxis. Write a new
script named pol y2. m to define the object-to-camera frame, compute the
transformation between the object and the world frame, and display them dl.
Solution:
frames;

p = ..
Tco ht (' xyz',0,0,1.5)
TOo TOe * Tec * Tco
hol d on;



pl ot (TOo, ' obj ect');
pl ot (p, TOO) ;
axi s equal ;



Motion of arigid body

The veocity of a body in pace is described by a screw, which consgs of two

components:

V; representing the linear velocity at O; with respect to the fixed frame Fo;
w; representing the angular velocity of the body with respect to frame Fo.

Those components can be concatenated to form the kinematic screw vector Vi, dso
caled twist or spatial velocity.

1.

o 0

Write a script named scr ew. m which computes the motion of each point of a
tetrahedron located at the origin of the world frame, when the screw (-0.05, O, O,
0, 0, 0.5) is applied to it, and displays the result graphicaly. Use the fallowing
gatements.

clf;

TO = ht;

p = polyhedra('tetrahedron',0.5);

pl ot (TO);

pl ot (p, TO);

vi = vfield(p,[-0.01 0 0]",[0 O 0.3]");

pl ot screw(p, vf);

axi s equal ;
Run Camer aMbt i on smulaion modd. Initidly, the camera is frame is located
a (0, 0, -1.5) meters. The screw congsts of just a congtant linear velocity of 0.3
m/s dong the zaxis. Since the default smulaion time is 10 seconds the find
camera frame will be located a& (0, O, 1.5). The camera frame is a Smulink
sgnd, which is stored in Metlab workspace, in a variable caled TOc. It holds a
dructure with various information, including obvioudy the sgnd vaues which
aegvenby TOc. si gnal s. val ues. Writeascript named cam t r aj . mto
plot the trgectory, usng the following statements:

n = size(TOc. signal s. val ues, 3);

clf;

pl ot (ht (TOc. signals.values(:,:,1)), 'start’);

hol d on;

for i=2:5:n-1

pl ot (ht (TOc. signals.values(:,:,i1)));

end

pl ot (ht (TOc. signals.values(:,:,end)),"'end");

axi s equal ;

axis off;
A smdl camera can be added to the plot with the following Satements
C = canera,
pl ot (c, ht (TOc. signals.values(:,:,1)));
pl ot (c, ht (TOc. si gnal s. val ues(:,:,end)));
Change the value of thescrewto [0.2 -0.4 0 O O O] ', rerunand display
the resulting trgectory.
Try now apurerotationwithscrew [0 O O O O 4. 5*pi/180]"'.
Command artrgectory with trandation and rotation, using the screw
[1.5*pi /10 0 O O -pi/ 10 0] .Wha motion isgoing to be executed?
Recall that the screw is expressed in the current camera frame
Experiment yoursdlf with more complicated screws and trgjectories!



Camera viewing

The image of an object observed by a camera is built upon the perspective
projection of the points onto the image plane, i.e. a Smple pin-hole camera modd.
Intringc parameters (Fy, K, W, W) and image resolution (Hres, Vres) need to be input to
the modd.

In order to generate an image, both camera and object frames need to be
provided, as well as thecamera intrindc parameters, and the polyhedral object model.
Camera parameters can be included in the definition function call:
¢ = canera(Fy, Fy, Ug, Vo, hres, vres)

1. Based upon the data computed by script pol y2. m write a new script named
vi ewl. m which shows the object as seen by the camera with the following
datements.

c = canera(1000, 1000, 256, 256, 512, 512);
figure (2); % figure 1 displays the 3D setup
view(c, TOc, p, TOO);

2. Open Obj ect | magi ng smulation modd. Since the pose of the camera might
change, and the ouput signd will be dso cdled TOc, rename the input varidble
holding the initid camera pose to:

TOc_0 = TOc;

before dating the smulaion. While running, the newly opened window is the

object image, as seen by the camera.

3. [Initidly, the camera dightly approaches the object. Change the screw in order to
obtain other trgectories. The camera trgectory can be displayed with the
previous script cam traj, or usng the function traj ectory(c, TOc),
while the trgjectories of image points are plotted with pl ot i mg(c, i ng) .



The visual servoing browser (vsbr owser)

The purpose of this tool is to manualy move a camera around an object, and
visudize smultaneoudy the camera image and the poses of both the camera and the
object in 3D space. In this way, it is easy to define the starting and desired positions of
the camerain avisud servoing task.

When the command vsbrower is issued, a file didog appears, where a MAT-file
needs to be input. Thisfile must contain the following variables:

C camera object

TOc poseof the camerain the world frame
p polyhedra object

TOo pose of the object in theworld frame

For example, use the predefined file vsdeno. mat . The user interface dlows
the motion of the camera in discrete seps, trandating / rotating the camera aong /

around the Cartesan axes of either the camera frame or the object frame. Steps are
measured in meters or radians, and are fully editable.

The current setup (variables ¢, TOc, p, and TOo, though only TOc changes
actudly) can be saved a any moment, or discarded by loading another setup from disk,
or closing the window.

1. Use the data computed in sript vi ewl. m to define a setup named
vl set up. mat,andvisudizeit usng the browser.

Solution:

Vi ewl;

save vl setup c¢c TOc p TOo

(loadv1_set up inbrowser)

2. Based on vsdeno. mat , move the camera and save different setups changing
its pogtion and / or orientation. Name the resulting files as pose2, pose3, elc.
Predefined files pose0 and posel contan two setups for testing purposes.
All these poses will be used in next section for visua servoing Smulations.



A first visual servoing model

In this section a predefined Smulink modd of a visud servoing task is used.
The objective is to learn how to st up and run one such smulation. In the next section,
the code corresponding to the Jacobian matrix and control law will need to be
developed.

Open modd | BVS. It is a dample 2D-point visud servoing task, where the
camera has to reach adesired position.

Block colors use asmple code according to its main purpose:
- Red blocks are inputs.
Green blocks are outputs.
Yelow blocks contain smulation code corresponding to the physical part of
the task.
Magenta blocks are the smulation code of the computing part of the task, i.e.
the code which should be run on the computer in a red-world task.

Let us now define the data for a task going from posel to poseO, asdefined in
the previous section, with the following commands:

| oad poseO

TOc_x = TOc; % desired canera pose

| oad posel

TOc_0 = TOc; %initial camera pose

| ambda = 0. 125; % gain of the control |aw

Run the dmulation. Besdes displaying the camera image a runtime, data is
gtored in the output varigblesi ng, i ng_x, cVc,and TOc.

Consequently, al the information of a visua servoing task can be stored with the
sngle Matlab command:

save <filename> TOc_0 TOc_x c¢ TOo p lanbda inmg inmg_x cVc TOc tout
Results can be graphically analyzed by means of the following functions
ploting(c,inmg {,ing_x})dsplays the trgectory of points in the
image plane
trajectory(c, TOc) digplaysthe3D trgectory of the camera

ploterr(ing,ing_x) dsplaystheeror of the feature vector (s—s*)
pl ot screw( cVc) plots the kinematic screw (trandation and rotation)

Perfom other smulations using the camera poses defined in the previous section.
Severd assumptions have been made in thismodd:

The smulation is continuous, though it can be turn to discrete easily by
changing the Sampl e time parameter of the block Camera view to any
positive value in seconds (- 1 returns to continuous).

Depth of pointsisdirectly extracted from their 3D coordinates.

Red (not estimated) cameraintringc parameters are used in the
computation of the Jacobian.

The target image is generated from the desired camera pose.



Coding the visual servoing control law

Now, the code corresponding to the Jacobian matrix and control law has to be
developed. Open mode | BVShandcoded. The only difference with that of the
previous section is the subgtitution of the blocks which compute the Jacobian and the
control law, by a single block named “Hand-coded control law”. This block is just an
envelope for the user function Cont r Law. m which has to contain the Matlab code to
compute the kinematic screw of the camera

Sating from the skdeton of this function ContrLaw _skel et on. m
complete the necessary code and test the smulation modd with the task defined in the
previous section. Hopefully, the results must be 100% coincident.



Modifications to the visual servoing loop

Based on the firg visud servoing modd | BVS, this section introduces some
variations on the modd gructure, in order to smulate more advanced setups.

| BVSeq: computes the interaction (Jacobian) matrix with the target
(equilibrium) instead of the current data.

| BVSt r ack: adds motion to the object, and a proportiona-integral control law.
Take into account that the camera dtarts at the eyuilibrium point, i.e, TOc_0 =
TOc_x.

| BVSendef f : introduces the end-effector frame, different of the camera frame,
You should define the following vaiables Tec, TOe_ 0, TOe_x. Sample
definitions are given in MAT-file t ask_endef f. Output variables are now:
eVe, TOe. Some scripts need to be modified to plot the camera frame
appropriately.

| BVSst er eo: bassd on the previous one, uses a multicamera modd to
samulate a stereo setup. As in the previous setup, some new variables need to be
defined, namdy: Tel ¢, Terc, | ¢, rc. Sample definitions are given in MAT-
flet ask_st ereo.



Visual servoing with 3D features

This section introduces 3D information in the visud servoing modd. Such
information is obtained from a CAD modd of the observed object, and a 3D
recongruction adgorithm (Dementhon’'s). Two kind of features are used:

PBVS: the feature is the pose of the object, as obtained by the reconstruction
agorithm.

| BVS3Dp: the features are the 3D coordinates of the points in the object,
obtained from its pose and the coordinates of the CAD modé!.



