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ABSTRACT o
Control of a Robot Arm Using
Vision Feedback and Tiled Space
3

Henry Polley

In this t‘hesis we present a method of movfng a rpbot arm
suitable for adaptive control vith the usemof visual fee’db/alck. The o
~ method is based on dividing the (vorlispace -Into ‘discrete.
,3-dime'nsional segments called tiles, each associated with a set of
preCGmputed values ;epresenting the inverse Ja'cobian in that region °
),of ti)e workspace. The arm control aigorithm uses these values in its
computation of motor movements, thgs reducing considerably the
computation effort for each step in a multl-ste; trajectory. The
algorithm is desig}led specifically for adaptive control in the context of
a system that would supply position information from a vision
" subsystem. We investigate the behavior of a simulated arm controlled
by this method and com.pare the overhead involved with that of
conventional methods. We show that an .“‘impiementation,of this
me}hod on a physical system is feasible and discuss the design

parameters involved in its implementation. -
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CHAPTER 1: INTRODUCTION : ® ‘

General methods exdst for the transformatlon of the position and
orientation of the end- effector of a mampulator from Cartesian
coordinates to joint space (joint angles) [3.6,10,12,14,19, 21 23,28,
31,32,33,35). We use the term manipulator in this work to signify a
robot arm of five or six degrees of freedom. By end-effector, we mean
' th_af part of the arm beyand the wrist, including the work tool (for
example, a grlpper).‘

Most of the present methods are very time consuming to
compute which is due largely to the number of matrix multiplications
that are involved. Also, if velocity computations are performed, there s
the need to compute the inversion of the Jacobian matrix [8]. : ”

; Classical methods are based upon the use of homogeneous
transformation. matrices [3.10.19.21.23;24.31.32.33] to make the
transitiens between joint and Euclidean space and vice versa. In the
geometric method, the arm geometry 1is resolved into sets of
equations. )which are subsequently used to translate displacement in
space into a movement. Since there are more degrees of freedom than
dimensions in space, constraints must be introduced to-arrive at
specific solutions. These constraints are again dependent on the
natore of the arm. This appro/acﬁ to the kinematics problem has been
used by many ressarchers [5.6,7,9,13,15,16] but has the disadvantage
that; specific solutions must be found for each type of manipulator.

- In‘the classical method, a coordinate frame s associated
" with each joint of the manipulator. There is a homogeneous

transformation matrix associated with each joint relating it to the

prevlous coordinate frame. To solve the forward kinematic problem,



that is to find the i)osition of the end eﬁector of the manipuiator given
its position in joint spacé (transformation from joint space to Cartesian‘
space), as well as its orientation, the transformation matrices for each
frame are multiplied together. The assignment of the coorg]inate
frames to the joints is specified according to I’l:llCS presented in
[3,15,23]. The inverse kinematics problem is much more difficult to
solve b); this method since the inve?se transformations must be found
to yleld the joint values when given the end-effector position in
Euclidean space ahd lts\orientat_ion.

Since it is most often the inverse kinematic solution that is

: required, we come to a second method of solving the kinematics
. » s

problem. This method is a geometrical method whete the
relationships between joint and Euclidean space can be expressed by,
using trigonometric equations. These equations can be used to -

compute the joint parameters given the position and orientation of the

_end-effector in Euclidean space. A second set of equations can also be’

formulated relating the joint space positioﬂ of the arm to the
Euclidean position and orientation of the end-effector. This methéd
offers improved qomi:utationalﬂoverhead but suffers from the problem
that it is not a general solution. This means that the klnemaiic
equatlc;ns must be derived each time a manipulator with a dlf'fei'ént
geometry is to be used.

Featherstone's method [9], which is a moﬁ]caﬂon of the
geometrical method, is one of the most efficient lmplementations of
this method to date. It is still a geometrical analysis method but one
that is specifically designed to take advantage of the spherical wrist

found in many manipulators to reduce the computational 6Verhead. A
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spherical wrist is a joint with three intersecting axes of rotation [13].

In this method, the wrist position Is first computed from the end-
effector position and orientation. The problem is then simplified by

separating it into two sub- problems The spherical wrist allows the -
' compmtation of the inverse kinematics to be partitioned so that the

first three joint po/siu(ms are solved independently from the joints in
the wrist portion: of the manipulator. After solving the first three

Joints, the joint positions of the wrist are determined using spherical

trigonometry. This type of computation is not possible without a
§bherical ‘wrist. '_The type - of computation done by' Featherstone
becomes much less. efficient if the links of the manipulator are not
éoplanar since the method becomes _ite'r'ative *under these
ci;cumstances. Also, it may hot cqm;erge’ near aeadpomts which may
present a problem. >

Featherstone's method as appljed by Hollerbach and Sahar
[43] to the Stanford arm required 64 multlphcations 38 additiéns and

10 transcendental function calls. In thls work, Featherstone's method ‘

has been reworked using the same method of specifying the end-

effector position.and orientation as Paul [23] to provide a common

basis for -comparison of the computational overhead involved in the

two methods. )

Much of the literature deals extensively with the dynamics
of the mantpulators [3,9,12,13,14,15,19,20,21,27, 35]. These
methods deal with the variations in performance caused by loading of
the manipulator, They,ﬁre also concerned with controlling' fhe velocity

“and acceleration of the joints during movements of the arm. They deal

" with compﬁting ‘torque and force requirements for the motors

' [

-

P



controlling the joints to produce some desired i%rajectory with a given

velocity or acceleration. Since the force requirements constantly

. change with the changing configuration of the Joints, these methods -

require’ feedb’ack}t'rom the arm so the values can ‘updated to
cornpensate for changes. Therefoi‘e. these methods fequire the Tapid.
re-comliutation ‘of the dyhamic equations so the number of
cdmputations must be minimized. ’I‘he number of computations in
these dynamic methods is as high as 66,271 multiplications and
51,548 additions using the Ucker/Kahn [12] method for a sfx degree -
of freedom arm. Other methodsehave been successful in reducing the
computation such as the Newton-Euler [12] method which reduces
the computational overhead to 852 multiplications and 738 additions

"and the Horn, Raihert [12] method which yields 468 multiplications

»

and 264 additions.

In adaptive cdntr()I (for- example, grasping a moving object)
there is the need for feedback. on the position of the target.‘A suitable
method of providing this feedback fs vision. Several papers describe
the use of vision for feedback-of 'the end-effector position of the arm
il.4.15.22.26;2.8.31.32.33]. ,’I:he vision function in these systems was
also used to obtain the position of the target. However, the actual’
control of the arm was done using conventional methods with high
computational overhead. This overhead slows the recomputation of the-

ontrol paraméters . wiﬂch then reduces the accuracy of the system
because the -error - that will accumulate before recomputation of a
corrected trajectory will be larger.. -
The method that we present in. this thests is based on &16

precomputation of differential values fmm‘conventional methods of



kinematic solutions at discrete locations in the manipul‘;tor
‘workspace We study the behavior of a manipulator controlled using
‘this method and plot the variance and error in the system The system
has no need of geometrical information about the system since it reliés

.on Rartial preeomputatibn of arm movements. This method also has

the advanta’ge that it is not dependent on the links of the manipulator

A

being coplanar as in the case of Featherstome's method and there is

also 'no assumption that the wrist is spherical. Another advantage of

this method is that the only sensory information that is required will -

be spet:iﬁed by the cameras so there is. n‘Qneed fof position sensors at

the joints of the manipulator. The input from the camera system is

also capable of supplying the needed. information on the velocity of the’ '

‘arm which can be used in the control of it's traject'ory. In this work.
we have not studied the vision systein itself. We assume that vision
input capable of supplying the position information to the control
algorithm is available. Also we have not considered the dynarnics

involved in the control of a robot arm but have developed a system

suitable for point to point control of robot arms with stepper motors.
P 73 PP

Since the stepper motors are an open loop 'system, we use visual
feedback to give.a closed loop system. /

In the system that we présent, the inverse kinematics have been
- ¢liminated from the control of the robot manipulator ‘We have

managed to redu\ce the computational effort to 20 multiplications, and

21 additions Mtﬁh\% e»;eﬁminatiqn of all transcendental functions for

moving the arm based ne frame of visuat information.
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. CHAPTER 2: THEORY

In ordei' to move a robot manipulator from one position to
another, We must-be able to compute the individual motor movements
requireei at each j'o‘int’ of the manipulator. To compute these

movements, it is necessary to know the effect the motor produces per

~ step (or other input unit for types other than stepper motors) on a

joint. In addition we must know the amount of movement required by

- the joint to reach the desired position. ‘

This is the basic problem in robot arm control; making the

" -transformation of a movement specification to the joint space of th"e

manipulator. This is necessary since movements are generally

described in terms of Cartesian coordinates while arm motion is.

controlled by inputs to joint motors. This is known as the INVERSE -

KINEMATICS problern. The reverse of this process (transformation
from joint space to Cartesian space) is the FORWARD KINEMATICS
problem L - , h

In summary, the inverse kinematics praoblem is: given the
position -of the end-effector of the manipulator in Cartesian space find
the corresponding joint positions. The forward kinematic problem is:

given the joint position of the manipulator (from sources such -as joint

" position encoders), find the position of:the end effector in Cartesian

space. . \ - - !

Most often it is the inverse kinematics of a manipulator that
must be solved, since the position of a target or a trajectory is likely to
be specified using Cartesian coordinates which must then- be
transformed into joint space. yormally;‘the position of the end-

effector of the manipulator is specified by the point in. space (x,y,z)

-
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. -and the orlentation of the end-effector. The orientation of the.end-
., effector is a vital blece of informatlon. since with a four or five degree
S of freedom manipulator. there is an infinite number of possible
positlons ln jolnt space correspondlng to a particular point in
- ‘Cartesian space. By specifying the orientation that the end- effector
must{ assume at this position, we narrow down the posslbllmes ‘of joint
positions. For some joints, such as rl)tational joints, there may still be a
choice between two positions (a positive and neg'atlve angle) as is
shown in FIG— 1. Thls ls no: problem since we can establlsﬁ? rule to,
\always talge elth,er all posltlve angles or all W angles in solving

the inverse klnematlcs . oy

’

\

The orientation of 'the end effector and target can be specified
using one of two methods?, The first method lnvolves speclfylngs

orlentatlon by three. angles y;. Y¢ and- y, = ls the rotation relatlve to
/
/

¢ - . ) o
, )

—_
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the wrist of the end effector projected onto the XY-plane. If the wrist

. and end effeetor are projected onto the same point on the plane, the

angle is measured relative to the _origln. which is the base of the arm.
Y¢ is the angle that the end effector makes with the negative Z-axis of
the coordinate system and 7 ieuuseh to give the rotation of the end _
effector. ' | |

%

"The second method replaces Yx‘and Ye With a unit vector that has

its base at the end -point of the arm.’It points towards the wrist. The" '

wrist posltlon, is computed hy scaling this vector bvy the length of link

L4 which is the end effector of the arm. The vector system was chosen

_as ityls easler for the vision ‘system to measure a vector norx‘nal to the -

target rather than cdmputing angles-to specify the orientation of the
target , < R . - .

The klnematics of the manipulator may be solved by a number of

"'methods. The conventional me_thod. which is used in many industrial ~

roho/ts. is homogeneofﬁ?; transforms. This method is useful in that it
provides a general solution to manipulator kinematics. It suffers
however from a large amount of computational overhead.

Using this method a coordinate frame is assigned to each of the
links of the mampulator. A homogeneous transformation matrix i$ then
used to describe ea’ch coordinate frame v'vith. respect to the coordinate
frame of the previous link in the manipulator. The coordinate frame at |
the base of the arm then has a homogeneous transformation relating it
to: some refer:ence coordinate system. A complete description of the
methodology is gtyenn in Lee [15] ‘orTPaul [23]).

To t_zompute the-poeltlon of the end-etfector. the hox‘nogeneous,

transformations are thenvapplied in serfes from the base of the
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manipulator to get the final result. The inverse kihematics 'solu'tion is

more difficult since the inverse transformations that describe the

reference frame with respect to the current frame must be found.

Because of the h\l‘glkcomputational overhead of the homogeneous :
transformation method a second method has been extensively used.

This is the geometrical method -[5,6,7,9,13,15,16]. In this method,

.the kinematics of the arm are solved’ using geometrical analysis. The

disadvantage of this method is that it does not constitute a general
solution since the solution is dependent on the manipulator geometry. |
Some researchers ([9]) have develo_ped this method for a class of
manipulators possessing a spherical wrist.

"In Featherstone s method, the solution of the inverse kinematics

. is divided into two parts. The ﬁrst part deals with the first three joints

of the manipulator and the second part deals with the last three joints
which serye to orient the end- effector This partitioning of the
manipulator geometry significantly reduces the a ount of
computation,

With this method, as applied by Hollerbach & Sahar [13] to the
Stanford rnanipuiator, the first step is to compute the position of the

‘wrist by solving for the first three joint angles of the manipulator. In

the second step the orient&tion of’ the hand relative t the forearm

\rnust be found. Lastly, the ﬂnal three joint angies are computed on’ the

basis of this orientation. Using this method, a/computational

complexity of 64 multiplications, 38 additions and 10 transcendental

function calls was achieved in solving the inverse
- ) /

manipulator [13]. K )

—— 4
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~In our investigation of the problem of /manlpulator control, we

first examined the application of two variations of Featherstone's

method: orientation of the end-effector specified using orientation
angles and an orientatjon vector. " .

The manlpulator that we have chosen is a modiﬁed Heathkit arm

. because our lab is @lready equipped with them. Also, because of its less

than ideal geometry (due to-the obllqixe shoulder joint), it serves to

demonstrate that the éomputational overhead in our control algorithm

is, not dependent on the arrangement of the links or joints of the

manipulator. .

Our'mani'pulator ‘has 5 degrees of freedom. The \motors in our
arm are all stepper motor types. It is composed of 3 links, (Ll.Lz. 3)
5 joints, UOJI' j4) and controlled by 5 motors, (mo. preg).

Link L, (refer to FIG-2) is joined to the base of the manipulator
by rotaﬂoﬁal jolﬁt Jo: This joint allows L, to rotate around the base in

the xy-plane. (Note that the reference coordinate system has been-

placed so its origin coincides with this joint.) Then, link Ly, which is a
translational link (able to retract and extend), Is connected to L, by
joint J; &t a fixed oblique angle. This is the shoulder of the
manlpulator 3 allows L, to rotate about an axis parallel to L,. Joint j,
is the translational joint of link L2

% The final link Lg (the end-— effector or gripper) ls joined to L2
"by joint jq. Lg is-able to rotate about this joint in a vertical plane
,parallel to link L,. This joint forms the wrist of the manipulator. L, is

- +also able to rotate about an axis parallel to itself on joint j, for the final

- - degree of fiteedom. The wrist of our rflanipulétor exhibits the same

’u\ ,... N "\

L

N
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it is lacldng one degree of freedom.

/ characteristics as the spherical wrist used by Featherstone except that - ,

/ ' Using orientation ,angles, we followed the same- type -of

partitioning approach used by Featherstone. The analysis is as follows

for solving the inverse kinematics of our manlpulator First, using “

- three orientation angles and the point (x.y.zi to’ specify the position
| " Tafd orientation of the end-— efl’ector we must find the position of the
wrist. Referring to FIG-;. the length of A is.
A= ILgsin(y)! .
~ similarly, the z-coordinate of the wrist (z) is: -
zy =z + Ly cos(y,) iy

* and tHe x and'y coordinates of the wrist are found from:
i-l =x-A cos(yx) '
'yq =¥ - Asin{y))

'J' Now that we have the wrist position—in Cartesian space we can

4 D
- . !

solve for the first three joint values.” We begin by solving for the
‘coordinates (x5.y5) of the shoulder joint i Cartesian space. First, we
find the slope (m) of the line L2xy formed by projecting link lzjgn\
-the xy—~ plane
ms= tan(yx)

¥

and from the linear equation of a line (¥ = mx + b):
bl = yl-m.xl . / .
. which gives us a linean equation for L 2xy" )
' Then, since the slope of a line perpendicular to L2xy —-1/m

and the line passes through the origin making b = O for the equation of
this perpendicular line,, the intersection point (x4,y4} of the two lines

. can be found from

< - -

i
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x4 = (m*b1)/(1+m?) .

Then, if the slope m is zero, we know that the y coordinate of
the Intersection point must be the same as the y coordinate of the
end— effector of the arm. O/(ﬂLrMse, the y coordinate must be
computed from: - v

' y4 = -x4/in - ' - .
\ since the equation of the perpendicular line is y=(—l/m)x

" Now we must find the distance G frg;n the intersection point

(x4,y4) on the line L2xy to the shoulder (xz.yz) G is computed from .

Pythagoras theorem as: ,

g= sqrt(Ll - x4 yf) |

Now the scaling factor 8 can be - comexted to scale the vector
from (x,,y,) to (x.y) to a’length of G. This scaled vector when added to
(x4.74) yields the shoulder point (x5.¥5). | ’

The scaling factor is found by taklng the proportion of the length
of the vector from the intersection point (x Y 4) to (x,y) that is
represented by g. '

s = g/sartlmx® + Grve?d)

Then, the shoulder posttton is:

5]

X2'= x4 + 8%(x1-x4)
Y2 = Ya +8*y1-Va)
' _Now. we- can begin COmputing the actual joint values of the

manipulator. Joint jp 1s a rotational joint so its value can be found using
- the two argument arctangent functlon and the shoulder position in
-Cartesian space. , ‘ i

y :
"0 'W(Yz-le ’ ) . d o

&0

E T

N ""\ﬁ{f\‘;'

ey




'R

-~

2 13 .
\ ‘ “
Joint j,, the Jength of link L, can be found as the distance
between the shoulder and wrist points

. 3y = sartlingxa)? + (1¥2)? + 219

Next we -find the value of joln‘t' I the- shouldei' rotation angle, “

The angle o, is the amountt. that the shoulder offset angle is greater
than 90 degrees.
ay=m/2-8,
so this makes the length b:
D= L2 . cos(al) v
this allows us-to.use the arcsine function to obtain the value for
. joint jl. the shoulder rotatiop as: |
jl = sin" (zllb)

Fmally we solve for joint j3 the wrist rotation angle. We have :

part of this joint value in the gnentauOn angle y, so we solve for the
other part of the angle as a2 .
| a2 = cos (zlle)

and the joint value is the sum of the two:

Ia= Yz + 0y

The value of joint J4 is given directly in the orientation

e

specification as ¥, 80!

14' ‘Yr ' .

Our second variation, using an orientation vector, follows
Featherstones method much more closely than the first method.
Using the unit. vector method of orientation specification we were

able to eliminate’ all of the trigonometric functiops in the computation

of the wrist positlon. So, to find the wrist position, we scale the

¢

(.

-
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orientatjon vector by the mgrutude of link Lg to obtain the position of
the wrist, (xl,yl,zll in C&x‘fesian coordinates (refer to FIG-3): :

,’ now. we - can find the length of ltnk Ly (also the value of joint ip}

’ : , 15 Co
. . "\\ . » -

x;=x+ L3 x

y1-y+L3‘vy‘ ’ . .
zl"'”fa"'z S
Then distance b is: o o ‘ _ =

.b=sqrt(xl +y12+z12) . . S

and the angle 0y can be found from the law of slnes as:

oy =sin’ 1(1,1 * s1n(0 )/b)

andazis
0‘2‘7‘9"11",‘ | o ' ;

from the law of sines: e ' =S

1 4

: needed) can be found

”

from it to get the proper value for jolnt jo

. then angle a4'is:
Qg = eq -n/2

. aa = cos L((f- e - le)/(-z * sqrt(e) * L,)

Ly=b* sin(az)/sin(e )
Now the square of distance f (on]y the square of the distance is

;j{ {’ X

. Y
f=L,? -2 ) ' , -~

- -

and the square of distance e is: ' g

2 2 . : ' i
e=x, +¥, : ‘ ‘

and using the law of coslnes we get angle g

> e

Now the value for joint jo can be found from: /
jo = atan2(y1,xl) a3)
If this walue is greater than 360 degrees. subtract 360 degrees

[ —_

-
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“To get the value of joint jl' the shoulder ' joint, we must first find
the distance da:

d=L p) * cosoey) ‘
so the value of §, is found using the arcsine function:
3y =ein" 1z /)

Now we must.find the value of joint g, the wrist joint. First we

find the angle B,:
| 7By =cow”He /L)

and Bz is:

By = cos” Yz - zl)/L3)

Now, if the length of the vector to the wrist (xl.yl. 1) 1s less
than the length of the vector to the end- eﬂ'ec_tor (x,y,z) then the value
of Joint J4 1s the sum of B, and By: | |

J3=By+By |

otherwise, link Lg is positioned so that the angle formed with
the vertical axis is negative and By and B, must be subtracted to get
the proper joint value for Ig:

J3 =By -By ER )

As in the previous case;the value of joint §, is simply the value of

. the orlentation angle v,.

' In the case o‘f“theeforward kinematic solution, both oriéntation
methods use the same prpcedure to get the end— effeptor position but
provide different orientation informatiorm.

~

The first step in the forward kinematics is’to find the shoulder

position. Thls is easily found from the lengh of Ink Ll and the value

" of joint -’0 as:
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R Xp=L;* ;:0800) ‘ | ‘ »
y = L ] ‘muo) o ) , .

. - and z, is known to be O since link L, lies in t.he xy-fslane of
Cartesian spate. Then, to solve for the wrist position, (xl.yl.zl). we
first find the z-coordinate of the wrist. To do so, we need the angle 0yt

Gl = ea -_1!/2 ‘
and the length b:
. D= 2 cos(al) N
. which glves z, as: . , ,
S . 2y =b*sinf;) ‘ ,
then we need to ﬁnd t.he distance d
] g,
and c¢is:"
c=L,"s (al)

then we cotjipute g from:

® | ,'gi = sqrt(d2 + le)
. and find angles a, and ag: . ’
o = atan2(dL;) L
og =Jo + % *

~ . Then the intermediate point (xo.yo) is:
g_ * cos(ag) .
Yo = § * sin(ag) ) : L

~ o which gives the x and y toordinates of the wrist position as:.
x, = xo + ¢ * cos(iy) ‘ "o . ' '
y1-y0+c sin(j) " . o -

The final point that must be found is (x.y.z) to find this point we
must compute the length' of the vector from the' shoulder to the end—
‘ L '{, N . -

e
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effector when p‘rojeéted ontd* the Xy— plane 'and compute"a scaling

factor to scale the vector from tfie shoulder to the wrist posltlon in
the xy— plane (which has already been solved) to give the x.and y
coordinates of the end—effector of the manipulator

So, the angle a4 is:

A
R

o, -13 coo (zll ) ‘ ‘
and the z- coordtpate of the end— effector is: p
z=2z, - L3 . cos(a4) .

The length h of the vector from the wrlst to.the end— effector in

‘the xy—plane is: .
haly®sinfo) : _ ,
and nthe length 1 of the shoulder to wifst vector| in the xy— plane
to AN \f ! . \
is:

£ = sqrtliny - 2% + @y - 77, '

" And the scaling factor s is the proportion of the total length to
the length of 1: ‘ ‘

s=(h+i)/i S Coa,

This . gives the coordinates of the end-—effector when the
.- o, ?
shoulder to Wrist vector is scaled and added to the shoulder position:

x-xzi-(xl-’xz)"o

Y"Yz*'(yl 72) s

The gﬁ'nal item to be computed in the forward kinematics is the:"
orientation speclﬂcatlon For the a_n‘gular method, . the Tg value has
already been computed as'Ag So

e "“4 : k o o

The Tg orientatlon angle is computed ln two- different ways. If

link Lg 4s posltloned vertlcally. then the orientation angle is computed

-
[ Y \ .
- s

,
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frcfn‘g the vector fr’om the shoulder to the end— éffector in the xy—plahe

using the 2 argument arctangent:
Yy = atan2(y - y,.x - x2) . o
Otherwise, the computation of v, is obtained from the direction

of the vector from the ‘wrist to the 'engl— effector:
Y = atan2(y - ¥q.X- xl) . : : i

4

In the case where a unit vector is used to specify the orientation

of the end— effector, the vector from the end— effector to- the wrist is
scaled to a Jength of 1 to give}he orientation Vectpf V:

= (x, - X)/Lg) o
Vo=l -9/ . N
Vz = (zl - z')/L3)

"In both methods of orientation, the final orientation paraméter,

LN ——

Yy is equivalent to the value of joint j 4
The .computational overhead for the forward and reverse
kinematics using the two methods of orientation specification that

have ben discussed are summarized in the following table:

| | L l INVERSE I SQUARE
METHOD | D | MULT I T | TRIG I ROOT
==:===============.'===============‘_============~====='
Inv.kin 1] | 13 1 29 ~ | | 5 | 2
Inv.kin.[2] | 16 | 37 | .2 | 6 | 2 ,
Fwd.kinf1]1 158 | 21 | 16 | 3 { 2 ~
Fwd kinf2] 1 17 | 27 1. 12 | 2 I 2

y

-~

"
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- The diﬂ'erehces shown in the next table ai;e the an_gulér method
_minus the vector method. . L * ‘
DIFFERENCES(between two methods of orlentatlon)

| ! 1 | INVERSE S
*METHOD [2-1] | ADD | MULT I TRIG | TRIG | R
----.-----.---.----ﬂlﬂl----BBI*BIBBESIBBBIBBE"E'B==a ===
Inv. kin, 1 3 1 8 1 -4 S | 17 "0
Fwd. kin, I 2 1 6 | -4 1 -1 1.0

From this, we can 'see that there are fewer transcendental

functlon calls in uél’ng the unit vector method "of orientation

i speclﬂcation in both the forward and reverse kinematics of our arm at

"-the expense of several addlt{ons and multiplicatjon. .

- . 4 . .,
. , n
) .
~ A + .
* ) !
’
» .
" "' -
A
L
¢ ! s 4 - )
g s .
’ o
>
]
13
. . .
’ \ .
— e - ! '
-
. - - - -
- »
~ ., i .
. o - A
'
4 N A3 '
[}
-~ ' e @
. Ll
A ]
. -
.
¥ - *
B
x
‘
P
*
-
. A d
" -
L4 . .
. . .
. N
L /
. M ’
R
s :/
- P ' * -
I N ] : >
- , . 4
' L & N -

Al

0

B

-



[N

- system ‘that' we study in this work.
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CHAPTER 3: TILED METHOD, *

7

-

In‘systems where the frequent recomputat.ion of the mantpulator
kinematics is necﬂary the overhead involved' becomes a very
important‘facto'r. This is true of systems that aré using vision as a
means of feedback for adaptive control and error correction as in the

In our system design, we have two cameras that provide visual
informatfon to the system on the position of the manipulator The

.cameras are positioned so t.hat one is viewing the xy- plane of the

. reference coordinate system and the other is viewing either the xz or

yz plane. The cameras feed visual information to the visfon processor
which in turn supplies%h.e) control algorithm with the required
positional information “The actual image processing involved in this
portion of the system is assumed to be available. The image processing
function s outside the scope of this work and Is not examined here.

» As'can be seen. from the above computations of the forward and
inverse kinematfcs of our arm, there is a larMerhead in the number
of computations including many transcendentaj function calls. /This
represents a high computational burden in a system capable ‘of
adaptive movement. This is because in an adapt_ive'system. the tax;get
may not be stationary but may. m%e during the course of the
manipulator movement to grasp it. In a non-adaptive system, this
would cause the manipuiator to be mg d ‘to where the target was

~

supposed to be, missing the actual target. If we add visual feedback to

_ the system and frequently recompute the required trajectory to the °

target, the movement of the target' presents no problems'in grasping

the target (assuming that the manipulator is capable of moving faster

-

— - -
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than the target). In, thls type of system, it is therefore the
computational overhead involved in the inverse kinematlcs will limit
the rate at which the trajectory is to be recomputed from the visual
informatfon. This led us t? develop a method that would reduce this

i

) overhead {

-
In our method, an object seen by the cameras will have position

Pa (p; :P2:-++ +Pm) In pixel space Stnce each camera provides the
coordlnate of a point in its image plane, m will usually be twice the
number of cameras in the system: Since thé¢ manipulator has n joints
dnven by n motors, its position in joint space will be R = (11,72,..., Th) -
where 7,is the value of the iq! joint of the manipnlaitor; _ ¢

In principle, we could  derive a relation between the vectors P

‘and Kdescrtbmg a point belonging to both pixel and joint space. This

relatlon ‘can be derived by the techniques discussed above, modiﬁed by
the mapping of pixel space into Euclidean space. This method is not
exclu_sive. as a form of self- calibrat&on could also be used [4]. This is
not developed in this thesis, but is discussed in chapter 9. We can
assume therefore, if the grlpper is at position Pin pixel space, the -
correspond/lng joint conﬁguration Ris uniquely determined.

Two observations about the, geometry of the systéem are. of

~
. Interest. The first is that we never actually use Euclidean space. The

second is that both pixel space and arm space are discrete This

meanﬁwth\t both can be represented as integers, ,resulting in potentlal ‘

savings of both computation and storage. N

Assuming that the vision system can supply us v@th the posltion
of the gripperdnd its orlentation, the m@nipulator wrist position and

.the target positton and orientation in pixel space, the problem‘ is to
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move the gripper from Pp to P; In pixel space. One ‘way of

' accomplishing this is to make the transformation to joint spacc

producing ve&rors Rn and 9{; The vector Rs - Rn then defines theu

movement -required by each joint. This, however, inwvolves the

»,
. Suppose that Riw - ‘R,‘"' is small Let AR = Ryw - Rw. The

corresponding vector in pixel space 1s AT We have a first order

computation of the coordinate transformations tHat we wish to avotd.

. approximation, Aﬂ{, JeAP where ] is the Jacobian matrix of joint
space with respect to pixel space:

on. -
.zlj: ap'i ’%‘\ ' .

Y

The value'of Jis a f&ction of position. Thus AK!S‘a first order
approximation to the movement required in joint space. Consequently
we can interpret Aﬂ{ as an instruction to move the motors of the
manipulator. e instructions, will, of course, be accurate only if 1API
is small enoqghmto ensure that the non-linearity of the coordinate
systexﬁ and arm motion is unimportant. If IATI is large, this
' assumption does not hold. There is no reaso 5 to 'suppose that the arm
ovement AR would move the grippe to the target because the
t,ransformation is non-linear. ‘We hypothesiZe, however, that the
directiog indicated by’ Ai’(,will be approximately correct. Thus AR is
used to rnove the ‘arm through a small distance, after which Py is

measured again and the process repeated.
| Th/e same approach is repeated on the gripper of the

manipulator to obtain the «correct orientation. ‘

..‘(
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The algorithm that we developed is based on the concept of -

. ,dividlng the workspace of the manipulator into non— overlapping,

c_bntlguous regions which we call tiles. ‘.

As in Featherstone's method, thé system is partioned at the .
wrist of ‘theémanlpulator, which ylelds two types of ﬁling : Primary
tiling for the joints posit.lonlng the wrist and seco:r‘ldary— tiling for the
orientation of the wrist. m;;lze of the tiles is detemﬁn;d by a factor
we define as the tile size. The tile size defines the length of the edge
of a tile in the primary tiling and the\height 6f the tile in the
secondary tiling. To determine which tile a particular point in
Cartesiah space falls into, a mapping function is used to assign indices
to the tile. For primary tiling'. the mapping function will convert an

" (x,y,2) Cartesian coordinate into a tile index.

~

. HG-4
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The positioning of the tiling with respect to the reference

l\coordlnate system is irpportant. The method of dividing the space into

(23

tiles originally placed. the tile (0,0,0} centered on-the origin (base of
the arm). Tiles that lay along the axis thenﬁhad the axis passlng
through their central point as in FIG-4. S

This method had a serious drawback for larger tlle sjzes as tile ~

zero could cover some of the reachablé space of the arm. The problem
with this was that the central point of the tile where the coefficients
for the tile are computed is also the center of the inner unreachable
space of the arm. This meant that if the arm moved into this tlle there
would be no coefficients to compute the next portion of the move
with. Also, since the tile covered all eight-qﬁadra_nté ‘of the space, a
coefficient eould not be ‘computed for it in the reachable pemon of thf:
tile since it ;vould' be diﬂ‘erent in each of the quadrants.
This p_rob‘lem is unlikely to occur in practice because the size of
the tiles would be considerably, smaller than the unreachable region.

Nevertheless, we regard this as a problem that should be solved.

To overcome this problem, a new method of arranging the tiling

was introduced. It involved moving the tiles so that they were no

longer centered on the origin. The tiles along the axis now have their
edges at the akis so they are distributed as in FIG-5.

An index for a ’t{e\gcontains an en&y for each axis. This means
that the x coordinate of a point is mapped to the x index for a tile with

‘the same assignment for the other two axes. This mapping is done by

the function compute_ tile which takes a coordinate (any axis) and
converts it to an inﬂlex value “The tiles were originally indexéd from

" zero. In this instance, the mapping function divides a coordinate on an
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- axis byth/ t.ile size to praduce.the index to the tile on t.hat axis. Since
- the Indices. ieo the tiles are’ integers only the integer portion of the

division is retained

s
f

& ‘ “ VX
—_— | h'l‘ . ‘ EG-5

. . X .
This method still had one undesirable feature in that it created
- o eight tiies indexed by (0 0,0). To solve this problem, the indexing was
changed to begin at 1 to avoid the confusion of multiple-tiles for the
same index. The new mapping function, then became slightly more
complicated in that there is a separate function for values less than
yz¢ro. The function for values greater than or equal to zero increments
the coordinate by the tile size before the division by tile size and for
‘ negative {ralues it decrements ‘The purpose of this is to prevent any
. s index from having an absolute value less than 1 which will give all tiles

. —a-unique setof indices, - g =~

o
L]
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The secondary tiling was introduced into the algorithm td
reduce the computatlon required when the orientation of the end—
‘effector 1s speclﬁed as a unit vector. The tlling for this- motor iIs not
} relative to the base of the arm using the same tiles as the primary
| motors.. Instead this motor uses its own relocatable t&llng system. If it
had used the same tiles, as the primary motors, then it would have
been necessaxy to have a set of sub-tiles for each tile since the wrist
motor effect is based on the 0qnent wrist joint position. This would
lead to too many tiles and hence excessive storage requirements.

' ’I’herefore a tiling system was devploped that is base re]atlve to
. the wrist posmon In‘this way, the tiling system becomes relpcatable.
The tiles are actually arcs on the circumference of a circle, as in
FIG-6, wit_h a radius being a unit length ,@pecto;' like the one used for

orientation speciﬁcauon
'}..
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'l'here are two. indices f'or each of the tiles. The ﬂrst index is the

- -

z component of the orientation vector for the end-effector. The z value

however gives two possible tiles smca it is symmetrical across the &

axis. A second index is then used to dlsttnguiéh between these two
tiles. It ‘is derived from, tiling the x-y plane into four large tiles as
shown in FIG-7. ‘ |

-

-

Bf ldoklng'at tixe slghs of the x and{ y compkrents ‘of the
orientation vector and the sign of the k and y- coordinates of the wrlst
positlon it is posslble to determlne which of the tiles -that the wrist is
in. Then the signs of the xand y compcnents of the orientation vector
can be ﬁsed to determine wﬁich sidé of the circle that the 'c'urrent

owrist motor tile belongs to. This is determlned from the following

a4

table:’ o - U

o

. o
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TILE |IWRISTx |WRIST-y | Vxy+ | Vxy-

T EEREENEEREEREEEREESSENESNS S RISENEIEREEEN SN ER
A | | + | +x,-y | -x+y

. B | - | | +x+y | -x,-y

" C | | - |l -x+y | +x,-y
D | + | | -x-y” | +x,4+y

Then, the index to the tlllng is simply the z component of the’

orientatipn vector for the end-effector and whether Vxy is'a plus or a

‘-minus (which could be represented by a boolean value). The

coefﬁcients for each tlle represent the change that is made to t_he z

component of the orlentatlon vector by the application of one pulse to

the wrist motor. -This ls the only component that it is necessary 'to

check since the circle that is made with llnk Lg is a.lways in a vertical .

position so the orientatjon of the link is dependent on the slze of the z
component of the orienitation vector. " '

- With each prlma{ry tile there is a corresponding set of

coefficients (CI'CZ'Ca) for motors (~mg.inl.m2} that repre_sent the.

Jacobian of the manipulator in this region. The coefficients ax':é
obtained for the central point of the tile with each coemcient C, being
composed of (cix'ciy'ciz) It is assumed that the size of the tlle will be
small fenough that the coemcients will be a good approximation of the
. actual values throughout the tile.

-A coefficient represents the components of the vector:from the
center of the tile to the posltion resulting from th&app}lcatlom of a
single puls'el'to the corresporrding motor. The px:imary tilirig 1s used to
position the wrist of the manlpuletdr in the position requlred' by the
" end— effector to reach the target with the correct® oriéntation. We solve
for scaling factors (pl.pz,pa) correspondlng’to motors (mo,ml.mz)
such that the resulting vector P*M is equal to the vector from the
current to the targe.t positior; of the wrist. The vector P contains the

Tooa
e

-
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scaling- factors. It should be noted that the scaling factors are integer

quantltles representing the m\mber of pulses to be sent to the motors.

The target posmon of the wrist is found by the same method as

«in the geometrical approach to the inverse kinematics by scaling the
. orientation vector by the magnitude of Lg. The. current wrist position
'is assumed to be supplied by the vision system. It is not expected that

the pulse vector P applied to motors M will ‘move the wrist to the
begin to move the wrist towards the target wrist position. “
.- 'This brings us to the concept of frame size The frame size S is
defined to be the maximum number of pulses that can be sent to any

motor during a frame. A frame is defined to be one iteration of the

__control algorithm which processes the information from one snapshot

by the vision system,

'™ )
Therefore, ih order to ensure that the entire P vector can be

! delivered to the motors in a single frame, the maximum absolute value

Pmax. of any component of vectdr P is obtained. Then a scaling factor

is computed that will reduce P to the frame size if it is larger than
the frame size. If P aax IS less -than the frame size, then no scaling of

the pulse vector P {s done. In the first case, P {s multiplied by the

_ scaling factor to reduce the number of pulses to each motor. If the

compon‘ents of P are‘simply truncated to the frame size, the control
algorithm may fail since the wrist may be moved in an entirely
different direction from the target. Scaling P ensures that the
proportion of pulse‘s are the same as the original vector. This will
cause the wrist to move on that part of the frajectory created by the
original pulse vector that moves in the direction of the target. The

target position but that the proportions of the pulses to each other will -

+
14 ’

-
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smooﬂi:less of this movement depends on the frame §ize(\that is
selected. A large frame size will allow the wrist to move farther along
this path which may cause the resulting trajectory to the target wrist
p,osition.to be ragged. In eictre'me cases, the wrist may never reach its
intended destinationt due to oscillations induced by trying to move too
* far without recomputing the trajectory. -

A second part to ‘the algorithm deals with orienting the
end-effeclor of the manipulator. Since our, manipulator has only 5
degrees of freedom,the secondary tiling is only used to control motor

mg in our system The indexing for the secondary tiling, is different
than the primary tiling as is explained above. The coefficient that is
stored in the secondary tiling is for miotor mg which is the Az
produced by one pulse. The objective in the secondary, tiling is to
move the end effector so that” difference in the z z components of the
curre’ht and the target orientation vectors becomes zero.

‘I‘he problem with this ig that the motor may move in" the ‘wrong

direction if the “current ‘and target orientations place link Lq on .
opposite sides of a vertical axis passing through the wrist. In this case,

there is, the need to insert a way-point into the trajectory within the
secondary tiling. This way-point must be a point on the vertical
position just'o'ut of reach;.o'f the end-effector so that it will not reach
the  way-point but pass it and continue-on to the original target The
need for the way- point is explained by the fact that the z va)ues are
N symmetric on both sides of the vertical axis. The algoriqim always
tries to reduce the z error (difference between the z components of
the current and target orlentation yect,ors) in the secondary tiling 8o it
-will not go throdgh the part of the movement t{lmt‘will increase the z

* ' |
¢ i
Y.
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\ £posltion. these féctore are ,then.sealed down to the frame size so the
'\ioints will begih to move in the direction of the target. Then, the
\ : - e :

» _:_ o 32.

error in getting to the same side of the vertical axis, but will reduce

the error to zero on’ the wrong side of the. vertical axis without the

way-point. N o A :
The numbegof pulses given to, motor m4 is truncated to the’

frame. size Af it is larger than the frame size since there is no other A

motor being used in this tiling system |

In summary, the manipulator is controlled by divlding the joints

. into two groups, primary and secondary. The prlmary joints whi¢h

position the wrist of the manlpulator are cOntrolled by flndmg scaling
factors for each of the coefficients in the current prlmary tﬁe}jsa that

' 4

their sum,is equal to the" vector -from the current to target wrist .

s:t;ali'ng factors are recbxﬁputed using new visual information. Similarly,

th¢ secondary :jointsbare controlled in a similar manner using the

_Inf ation in the secondafy tiling to correctly orient the end-effector

ofotl'le\(nanlpulatox". S - .

sy
4




" 'STEP 7: Compute secondary tile index.

- STEP 10: Send pulses to motors.
. \
STEP 11: If target moving then GOTO 1

"STEP 1:

33
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CHAPTER 4: THE ALGORITHM. .

Instead of implementing our elgorlthm with an actual

;manipulator, we chose to simulate the system. The algorithm is'similar
‘ to an actual i_mplementation. This section describes the aslgonthm,. the

implementation problems encountered and thetr squtlons.'

In pseudo code format the algorithm is as follows:

STEP 1: Compute target wrist position.. ”

STEP 2: Determine +/- index for target secondary tiling:

STEP 3: If current minus target position < PREijION then STOP. '

- STEP 4: Compute primary move vector. - T «

STEP 5: Compute primary tile index. |
STEP 6: Compute orimary pulses. ' oo S ’ ,'

éTEP 8: Compute secondary pilses.

.STEP 9: Scale primary pulses. e

Else GOTO 3.

4.1 EXPLANATION OF ALGORITHM:

Determiné the posltlon of the wrist at the target Thls glves the pomt‘
where the wrist must be’ positioned, in” order to'reach the target with
the proper orientation It is accompllshed by scaling the orientatlon"
vector of the end-— effector at the target posmon by the length of link"
Lj (the end-eﬁ”ector) to yield the target wrist poslt.lon ’

el
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STEP 2: , .
The plus/x)nlnus index for the secondary ’ttll_ng at the tafget CVfist
posmon must now be determlned. It is ‘determined ae described io

: the section on tiling and is based upon the the wrist vector arxld,‘the
orientation vector at’the target position. ‘
STEP 3: ' ‘

If the difference betwern thé current pdsltt'h and the target -poé’ttion

_is less than PRECISION then the target has been reached and the
movement stops PREQISION is a factor that deﬁnes the maximum
error that can be tolerated on an axis and still be successful in

) reachi.gﬁ'he target S
STEP 4'

The Tiéxt step is to compute' the primary move vector. which is the .
~di'splacemex14:-‘v'eetao:--(fl-om the cu;’rent ppsftlon of the wrist (known

from the vision system) to. the destination position of the wrist‘

(computed in step 1) '

STEPS: - _

Now; the tile that the current wrist positioxt is contained in must be
_ detei'mlned. This is determined by“computmg the lndefoor each axis
of the tile. The indices will range from minus infinity to -1 and 1 to
infinity. There is no tile zero due to the considerations described in
chapter 3 a})ove. To compute a; index, the coordinate is decremented
by the tile size and the'n divided by the tile size if the coordinate is

less than Zero. Otherwise if the coordinate is greater than zero, it is

. mcremented by the tile: size and then divided by the tile size. This

| yields the index for a coordinate. The three ind;ces areghen used to

access the stored coefficients for that tile. '

YRS




STEP 6: _ ‘ ;
We can now pmcee& to' coml;ute tﬁe total nﬁmber of pulse§
(coeff;‘clent scaling factors) requii'ed for the primary joints (first three
joiﬁfs) of the arm that would produce the desired move vector at the
wrist. This is a'ccompllshgd "“by solving the ’foilowlng system of

> simultaneous equations which will detérmine scaling factors for the

/:oefﬁctents for each motor so that their sum wilt be the v’ector from

_ the current to target wrist posltion oy

-

Ax-p c + PaC « SULE

1%1x* x 3-3x Ve N

. Az:plcly P2°2 y * P3C3y o
PiC1z* Pz"zz + Pscsz ,

These can be solved by niulﬂplying the inverted coefﬁcient

matrix bj} the displacement vector since the coefficitip}’ matrix has

been inverted before if was stored. The solution then becomes:
S o 1 | o
wheré AV is the vectyr from the current to farget wrist position.
STEP7: L |
ol To compute the secondary ﬂle index for the current position of
the _end-eﬂ’ector, we first consult the table fo:t_he plus/minus index to
- the .tile. Then, the other index is c;)mputedafrom the z~combon'ént 'of
_the orien~ta“tl'or'1 vector. '\Thisﬁ is computed by éddlng half of the
secondary tile size to the z value and dividing by the secondary tile
size. Then, the table of secondary coefﬁcm’nts can be consulted to
obtain the coemcients for the secondary motor. |

STEP 8 ) g
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The pulses to be sent to the secondary motor are computed by
first determining the difference in the z— components of the current
and the destination orientation vectors. If the plus/minus index of the
target orientation and "the eurrent orlentation are not the same "then
the way— point must be inserted as explained in the secondary tiling.
The difference in the z-components is then rt_alative to the way— point
instead of the t.arget. The nfamber of pulses is then the z difference
divided by the coefficient. If the z difference is less than zero and the
plus/mlhqé indices of the tiles are not the same, then the sign of the

‘number of pulses must be switched to give the proper direction for

the motor niovement. Finally, if the absolute value of the number of

pulses is greater than the frame size, then the value must be truncated

\ to th\frame size. : T ;

STEP ©: SRR | ,
The pulses obtained in STEP 6 must now be scaled down to the

frame size. This is accomplished by first finding the maximum absolute

.value of the number of pulses to be sent to the first three motors. Any

motor that'is at a limit and will not move away from the limit is not
considered in this maximum. Then, the scaling factor is computéd

from this maximum divided by the frame size if the maximum is

. greater than the frame size. Otherwise, no scaling is done since the

values would increase and make tie move longer than it was supposed

to be. All of the pulses for the ﬂrst three motors are now divided by

) the scaling factor to get the actual number of pulses to be sent in this

\

, frame.

b
STEP 10:

-
»

The pulses-are now sent to the motors.
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STEP 11: ‘ ,
i If the object is moving, then the target wrist position will have
changed so it is necessary to include the first two steps into the loop.
Otherwise, if the target is stationary then we can proceed directly to

[

STEP 3 on subsequent 1terations through the loop.

)/

4.2 COMPUTATION, OF PULSES: PRIMARY MOTORS |

The numner of pulses that is to be sent to each of the motors is - .
computed as described in the description of the algorithm. In an
earlier version, the pulses to be sent to the first three motors were
determined by a different approach with results that ‘were much
noorer. In that‘syst'em, the pulses were distributed by first computing

the contribution that motor one couldl make to the n;ove by
determining the number of pulses that would be requvire.d to give. the
required x-displacement, then the y-displacement and finally the z
.displacement. The number of pulses that would be sent to motor mg
would be the amount which had the minimum absolute value of the
three. Then, to go the rest of the required distance, the process was
repeated for motor m; and then ‘again for motor m2. One of the major .
problems in using this method was that ifa motor could not contribute

to a specific direction of movement (such as z movement for motor
mg, the base), then movement in that direction would have to be
excluded in determining the number of pulses for that motor.

Besides the extra computational” overhead lnvolved ln this

method, there was also a considerable amount of extra logic involved
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to compute the number of pulses compared to th; present method
-using matﬁx inversion to solw}e the syétem of equations. <
The present method uses matrix inversion to solve for\ the
number of pulses. Thé _ébeﬁ’iclent matrix is stored in its inverted form
so all that is required to selve for the number of pulses required to
produce a particular movement of the wrist 18 a matrix multiplication
of the movement vectpr by the inverted cifmclent matrix. Once the
number of pulses has been obtained, it is necessary to scale them to
the frame size if the maximum number of pulses is larger than the

frame size. The scaling factor is comf)uted so that the largest absolute

value reduces to the frame size. In deterin;ning the largest absolute

value in computing the scaling factdr.' motors that are aéalnst a limit
are not included in determining the maximum uhles; theyyvill move
away from the limit in this frame. Without this feature, if a mogor that
could not move in the computed direction has a number of pulses that
was much larger than the other motors, it' would create a scaling

factor that would reduce the remaining serviceable motors to zero and

prevent the arm from moving. The arm would then deadlock in this

’

_position.

-

4.3 COMPUTATION OF PULSES; SECONDARY MOTORS
The pulses computed to motor mg were originally computed
from the dlfferences in th vy, orientation angles at the current position

and the target position. This method is not possible with the unit

" vector orientation method. since the angle difference is not known -

(this was a leftover from the inverse kifematics). Since the new

_method eliminated all of the inverse kinematics from the system, the
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‘wrist angle is not known. To compute the number of pulses sent to
motor mg, the tﬂ; was first determined. Then, if the'plus/,mmus index
for the current position was not eq\ial to the index )at the target, then
-2 way— point was inserted into the local trajectory of motor mg. This
was peces”sary to make the motor rotate ih the proper direction.
Otherwise, the motor would rotate until it obtained the correct z
component for its orientation vector which would be on the opposlte
side of the vertical axis from the target due to the symmetry in “the
system. The way point"that was inserted in this. case was a point that
would be slightly below the position of link La when it pointed straight .
down. It was slightly below this point so the arm could never reach it
and stop. In trying to reach it, ﬂue arm will pass the vertical position
and switch to the actual targe\t for its destination, The number of
pulses is determined by taking the difference in the z components of
the orientation vectors at the target and the current positions and
dividing by the coefficient for the current tile. If the number of pulses
is larger than the frame size, then the number of pulses is truncated to
the frame size. It is sufficient to truncate the pulses for this motor
since there is only ohe motor involved in the secondary tiling. If a-six
degree of freedom arm was 'used, then it would be Jnec'essary to
compute the scaling factor as in the primary till_ng to ensure that the
end effector moved along the ‘desired Uajeciory. Also, if the current
and target positions are on opposite sides of the vertical axis and the.
_difference in the z components of the oriéntaéion vectors is negatlve. ’
then the sign of the number of pulses is switched to create the proper

direction i - \

4 .-



" the segmentation functions.

CHAPTER B8: THE SIMULATION

By definition, a control program based on the seg‘m\entat!on of
the mapping function of vision space into arm movement will exhibit
ngnlm.ear behavior:- The full investigation of this bghavior Is greaﬂy
facllitated by simulation. Through simulation, not only typical behavior
can be examlnéd. i)ut‘ also extreme cases, both in trajectorleg and in
o ~

The ‘results of this simll.llatlon' not only a;sist with an
l*nderstand\lng of the behavior of the system, but also highlight ‘ision
functions which must be examined analytically. In this chapter, we
d{escribe the simulation program and discuss the results. .
5.1 THE SOF'I"WARE:

- In the simulation program, the relevant robt;t arm parameters*

are st;)red a; a linear array. These paraméters are the iengths of the

links of the manipulator and its joint positions. The measurement of

the joint values is as follows: Joint j;, the base rotation of the arm, is

.measured couriter clockwise from the positive x-axis to link Ly. The

.shoulder' rotation Joint jl. is measured from the x-y ﬁlane to a line

that represents link Ly if the angle of the shoulder, Theta-A, was 90
degrees. The angle between link L2 and-link Lg is the vélue of joint
js. the wrist. rotatjon The rotation of the end effector j4. has nqt‘

' been included ln the simulation, ’I‘he program variables THETA-1,

THETA-2 and THETA-3 correspond to the values of Joints Jg, J1 and

 Jg respectively. From the difference-in the current and target

gamma~—r orjentation angles, the -pulses for this motor can be

computed knowing' the motor step size in degrees. ’5"he number ‘of
, . / .




41

pulses to this niotor is the'angular movement required divided by the

_motor step size. The simulation neglects this rotational ability of the

end effector sl'pce’ it is not involved in the movement a]gbrithni.

There are three sets of arth description barémeters in the

- system. The first, arm, represents the current position of the arm.

- joint paré'meters at the current position of the arm and at the .

The second, start, represents the position of the arm where all the

motor register counts will be zero (all “motors at thelr.negétlve

*'limits), The third, arm2, represents the target position of the arm.

This third.-set is ' required becausé the simulation asks for the

* target position. This is because with five degrees of freedom, it Is

_difficult for the user to specify the correct orlentation vector since

.convert to Euclidean space. -

Y

" the arm’is not ‘ca'pable of reachipgapoint from-any orientation. If

the user specifies an incorrect orientation vector, the stmulation .

. : {
would not work properly so the user inggit has been specified in

joint space 'and"“:{th,e forward kinematic functions have been used to

'

4

Other parameters that must be specified as input’ to the
sim(nlatlon are the tile and frame sizes to, be used. There s a
separate tile size for primary and secondary tiling.

Point-l is the current posltton of t_he end»— eﬂ'ector of the arm
[

and point-2 is the position of the'target. Wrist-l is the current wrist

position and Wrist-2 is the target wrist positlon. \Z | and V2 are the

. orientation vectors for . the current and target orientations

respectively. !

Delta-x, delta-y and delta-z arethe x,y and z displacement

N

———

respectively to reach the target wrist position from \the current wrist

4
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kinematics of the arm diseassed earlier in chapter 2. '

: ) '1.42
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/fosmon. Pulses is the number of pulses, that are to be sent to .each

of the 'motors. MOTOR is an array of displacement values for each

of the motors-in joint space. Motor—register contains a register for -

eacn motor that includes a'llmlting number of pulses that can be sent
to that motor. It contains a second register. for the nnmbern of pulses
that have bee t to a motor to reach its current position relative
to the start i)osmon for that motor. Finally, there is TILE which is
an grray representing the differential coefficients for the motors in
the current tile. There is only a set of coefficients for the current
tile avallable‘at any one time in the simulation since they are
computed when required in the simulation and are not stored

The simulation begins by initializing the three sets of arm
'parameters. the MOTOR array, setting the motor register limits

and the start position of the arm. Then, the frame size, tilg size, and

the current and destination posittbns (in joint space) must be‘

entered. All of the angular values are accepted in degrees and
then converted to radians - by the simulatlon From the jolnt space
positions, the ‘current and destination posltions and orientations are

computed in Euclidean space by the function called computepos.

This function takes as arguments the current position in joint space

and returns the ' current - position in Euclidean space, the

orlentatlon vector, an array of Cartesian polnts representing the ends

~of each link which is used to drive a graphical display of the arm

position. Thig function is an implementation of the forward

4

Now we compute the at the target wrist position using the
~ function compute wrist The parameters to compute wrist are the

!

.
v



" . wrist position in Euclidean space by scaling t.he orlentht,lon vector by |
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arm parameters (which provides the length of La) the Cartestian

position of the end ‘effector and the orfentation vector‘ It retums the

the length of link La and.adding it to the end-effector posltjon
Then, the motor registers must be , initialized to reflect the
position of the arm at the begtnnlng of the move. The motor count 1is a

.. counter that ke°eps track of the ritifnber of pulses that have been sent

to that motor. ’I‘hjs means that pulses that are to move the motor
in the posittve direction increment the. counter and those ln the
other direction decrement the counter The motor reglsters contain

3

the upper 1imlt of thé number of pulses that a’'motor can receive

with zero being the mintmum. In this way software limit switches .
“have been created since when the motor count is zero, the arm is at
the. limit . of-travel for that motor in _one direction and when the .
count” equals the motor -register it is at the other einétremit’y of

movement for that motor The current values of the motor counters

can be determtned by taking the difference between the current

position and the zero position of each motor and dividing by the

'motor step value, whlch is the movement that one pulse to a

motor creates, (angular or linear). This gives the current value of the-

(- B

motor counter.
'I‘hls is done by the function compute_registers with the arm
parameters for * the current position and the start positlom(zero.
position) ‘o&the arm as arguments. It initializes the motor' reglster
count for each motor using the global array MOTOR for the motor step
sizes. Co - o

KN
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The last item to be done before enterin the\loop that s

exeq[uted until t.he arm ctmverges or stops moving," is {o set the tile

indexes for all. of the axds to MAXINT Thls is to force a new tile when

the first check: for a tile change is made. This is necessary so that the

coeflicients for the starting tile will be evaluated since the coefficients - '

are computed only when the wrist enters a new tile. This is to save

computation in the simulation because when the wrist is still in the -

same tile as the previoue frame, the coefficients do not have to be re-

computed. -
Now, we loop until the function called converging retums
zero. Converglng takes the current posltlon of the end effector and

target (in Euclidean space and computes thelr dlfference as a vector.

If all of the components of the vector are less than PRECISION, -

which is the convergence tolerance on an axis, then the function
retums zero. Otherwise, it returns non- zero.

‘Then, the current position of the wrist s evaluated by the

.function compute_wrist and the trajectory vector from WRISTI to”
WRISTZ is 'compuied by compute‘veeter The priméry tile index is .

then computed for gll of the' axds by t_he function compute tile. If gae

wrist Is no longer in the same tile, the coeﬁ‘icients fo the new tile are

. computed using the function compute_coe_t)'i The arguments to this

function are the -arm parameters for the current arm position, the

‘trajectory vector of the wrist and the coefliclents are returned in_the

third parameter . B

"The first step. n compute coeff is to make a local copy of the

" current arm parameters 80 they will not be altered. The reason

N\
they are required as .parameters«is s0 ~ compute_coeff can access the

\
’ A

S
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constant pa‘rar%eters that are contained in them such as the lengths

" of the fixed /linlts Next, the center :of the current. tile i

computed using the function tile center. Tile_center converts the
axis index using the tile sizing into the coordlnate of the center of
the tile by reverslng the compute_tile functlon Using theSe

T coordinates for the center of ‘the ttle, the function compute_arm2

compu.\‘.es the joint values for the manipulator up to the wrist based on
the wrist being positioned at the center of the tile.’ ¢ T

A copy of the arm parameters for the center of thé tile is
made.so that the values at the center ,of the tile do not thé to be
recomputed for to obtain the coefficients for. each primary “motor.
Then, the. coefﬁcients for each motor are deiermined by addlng one
pulse to t_he Joint parameter for a motor. The new posltlon of the wrist
is then determined ?y the. functlon compute_posz which solves the
forward kinematics up to the point of the wrist. - This function s

responsible -'gpr solving the fométrd ’klnem.attcs of the arm lup to the

wrist. The vector from the center of the tile to the new position is

then computed and its three components become the values of the
coef cients for "the motor The procedure is repeated for the other
two \primary motors. The coefﬁcients are?then returned as the
-result of compute_coeff. - \ o

~ Now, we must compute the number of pulses that are' to be

sent to the prtmary "motors in thts frarne using - the -function

compute_pulses. The coefficients for the current tile and the wrist *

trajectory vector are the arguments and "it returns the array pulses

rcontalnvi'ng the number of pujlses that would be requtred‘ for the entire

Y

v

-
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In this simulation. the nomber of pulses txqs been solved for by

) : -2
\ using Cramers Rule instead of matrix inversion since there was no

rreadﬂ)'r available matrix inversfon™ routine on-the system. All of the

" results in thls routine are rounded off to the nearest integer. | .

The number of pulses required in the secondary tﬂing (the wrist
joint, 13) during this frame are ceémputed by the function
alter_theta3. The current a;nd target orientation vectors, the
current position ‘of the end-etfector and wrist position, the
current arm paremeters, and the plus/minus index for the target
secondary tile are required as parameters. It piaces the number of
pulses to be sent to the wrist motor in the prope&[‘)osition’ of the
PULSES array. : o .

First the tile index is computed by calling the function "

tile_thetd:-) which will feturn the plus/minus index from the look-up
of the table described in the previous ‘section on secondary tiling. The
other index compotaetlt is computed using the function tile 3, which
implements the secondary tiling function. The coefficient is
‘determined by coini:utlng the angle that link Lz would make. to
reach the center of the secoridai'y tile and then incrementing it by
the motor step value. The new orientation vector is th&(x computed
from the cosine of the “angle (which is equivalent to the z component
of the new orientation vector) and the coefficient becomes the

difference in the z index to the tile and the z &;mponent of the new

orientation. The function also implements the insertion of the way

point as discussed earlier in section 4.3. The number of pulses is then

the difference in the z components of - the orientation vectors

divided by the coefficient. If the absolute value of the coefficient is
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larger than the frame size. it is truncated to the frame stze Also,
if the plus/minus indices are not the same and the z dlfferen)ee is.
less than zero, the sign of the number of pulses is corrected. _
- The pulses for the primary motors must now be scaled so that
-the largest value is equal to the frame size. No scaling is done if
the values are-all less than the frame size. The ‘function that s
) i‘esponslble for this e;‘)eratlon is called compute _pu!ses ta_send
which takes ‘the number of pulses computed in compute _pulses as
arguments and places the results in the array send_pulses with those
4 for motor ms. The scallng of the\pulses Is as in the section on
computing the puIses for the primary motors (section 4.2).
The pulse contained in the array seretd_pulses can now be sent
‘to' ‘the motors. This'is the functlor; of send_pulse which takes the
arra)‘r’of puises lto,s_er'ld and the arm parameters at the current
position and ‘up_dates.‘the. arm pé}ameters to their resulting values
after the Qulses are ,sent. It'is elso responsible for updating the
_motor registers and enforcing the met‘or.llmits. If the number of
pulses for a moeor would exceed. a limit, the number of pulses is
adjgstea so the motor will stop at. the limit. Also, a flag is or-ed with
the nﬁfnber of pulses tilat are being sent to a motor. This is an easy .
way te keep track of whether any pulses have been sent because
the flag is initialized to zero and will still be zero if no' pulses are
_sent. The -ﬂag is the return value for this function. '
If send_pulse returns zero, the current position is displayed as
.well as the target position and then the program exits 'with the error.

code set to one because it was not able to reach the target within
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the limits set by !;RECISION ‘Otherwise,” the new position is
computed by computepos from the new joint values.

Then, the data is output for the graphical display and the next
frame begins at the start. of the while converging loop.

L co B , , ; '/
5.2 RECOMPUTATION: .
-When a motor is against a limit and 'the‘pulses to be sent to it will not
move it sway from'the llmlt. it 1s not included in the computation of
the scaling fsctor. Itis ver& important to include this motor lnto the
scaling factor when the motor wifl move away from the limit. This is .
due to the case where.it is the largest value of the Set of motions. If
ot included in ‘determintng the scahng factor, the resulting number |
of pulses for that motor would. be larger than the frame size after’

scaling thn the motor is -not going to receive pulses because’ they

will keep lt~ against the limit, it can be excluded from the scaling.
.’I‘his is due to the fact that it may cause the other motors to be

scaled to zero and create an unnecessary deadlock situation. Also,

E there is the: possiblllty in this case to recompute the pulses that are

L0 be sent to the other motors that are not against a- limit to achieve a

trajectory that will be more linear, sinee the removal of a motor

. causes ‘the- ‘resulting trajectory to change. This gives rise to the

problem that the system of equations that must be solved reduces

to three equations and two unknowns so there may not be a unique

'solution. We have tried this method and our experience has shown

that'it is not worth the extra computational effort, since in most
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cases there is no unique solution and the system must revert back’
L'to ustng the orlgmal values that were computed. | r

. In conclusion, the simulatlon of the control algorithm has

helped us learn about the parameters that influence the behavior of

l the’ system The most important of these parameters are the tile and

frame size. We have seen from the various types of plots that 'wg.have

produced how these parameters vary \throughout the~work space of the

manipulator. \ -

5.3 ARM BEHAVIOR: _
| The arm wﬁl attempt to move from the current position of the
wrist to the destination position of the wrist aleng a straight path.
‘ _’Ijhe linearity of the path Iis largely dependent’ on the frame size and -
the tile size. A large ttle size will force the use of one approximation
“.(coefﬁcients are approximattons that are assumed valid over the
volumé‘ of the, tile) over a larger area which means that the _‘
error will be greater. Simtlarly a large frame size causes
extrapolation of the coefﬁcients over a large distance which would be
equivalent to a large tile size With small tile and frame sizes, the tarm
~ is well behaved, followlng a linear path to its destination except when
\‘ the physical constraints of the arm force it to deviate. This is usually
due to a motor reaching a limit of travel in a particular direction. In
. this case, the arm attempts to move towards the desEnatton
without the services of that motor. which will cause the path to '
’ Qdeyiate from its linearity. As soon as it is able to move. the , motor

,-that was against the limit,it does so but no attempt is rhade to
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regain the original path. Instead, the arm takes up a lln'ear path from
the currem“po;slttoh of the wrist to the ‘destination position of the
wri's?. ‘

In the FIG-8, the arm hits: the linﬁt switch and then deviates
to go around the space that the arm cannot reach. |

This is a move on the x-y plane. It is a rc’)tatlon\ 'of - the arm about,
thre base to a point on the other side of the orggin. This move also
illustrates .the fact that 'thg: Jlgorithm does not attempt to minimize

'the motor movem@ts since this move could have been

-

aé&omplished by rotating about the base with motor myg. Instead, the

arm uses both motor mg and motor mg to retract the extender " as

well as do the rotation.
Y

The algorithm is basically a feedback control mechanism - for
the arm-and possesses no intelligence as is. demonstrated in FIG-9. "
In this case: the arm retracts until it hits a limit switch ori
the extender. It should now start rotéting clockwise on motor mgq to
reach its destination but since the linear path is shorter and lies in a

- counter-clockwise direction from the current position, it chooses

this direction and encounters the limit switch. Then motor m; starts
moving. upwards to get t_he~wrist closer tj’ the destination but it also
encounters a limit. At this point ii slnflpkl«y stops since it doesn't
know how to reach the destination. ;l‘hls llustrates that the
algorithm contains no inteﬂ;gence. This illustrates that some higher

level planner with intelligence such as a trajectory or task planner

‘would be required in an operational system. This could direct it to

some intermediate point, allowing. it to complete the move if

possible.
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Plot of ARM POSITION > Camcra view is 3-dimensional.
. FRAME SIZE =20 TILE SIZE: PRIMARY = 1.0 SECONDARY = 0. 0075
- ‘START JOINT POSI’I’IONS J1=90.00 J2= 0.00 J3=50.0Q J4=90.00
END JOINT. POSI’I'IONS 11=265.00 J2= 0.00 J3=50.00 J4=90.00
FIG-8
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" Plot of ARM P‘OSITIO'N. ---> Camera view is of XY plane.
. FRAME S}ZE =20 TILE SIZE: PRIMARY =5.0 SECONDARY = 0.0075

START JOINT POSITIONS: J1=200.00 J2= 0.00 J3=50.00 J4=90.00

‘ ENIS JOINT POSITIONS: J1=20.00 J2=0.00 J3=50.00 J4=90.00

FIG-9
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 Plot of WRIST TRAJECTORY. ---> Camera view is 3-dimensional.

FRAME SIZE = 300 TILE SIZE: PRIMARY = 5.0 SECONDARY =0,0100 o
START JOINT POSITIONS: J1=90.00 J2= 0.00 J3=50.00 J4=90.00 '

' END JOINT POSITIONS: J1=265.00 J2= 0,00 J3=50.00 J4=00.00

FIG10 - - ‘ - L e
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It should be noted that this is an extreme condition that only otcurs

" when a shortest line trajeétory passes through unreachable regions in
. :

a way that brings the arm against a limit of movement, le. the arm

A

attempté to rotate in the wrong direction. ™

5.4 PARTIAL REACHABILITY,

Originally there was some problems when the arm was

@

3

(navigating ™ around the unreachable area. The.arm beh‘aved'
.errate.st:ally in this area some times whfch was later traced to a_
probleni inl the coefficlents that were being computed. The
' problem was arising from the fact that some of the tiles on the
boundar¥ of the inner unreachable - space were only artiaﬁly
reachaﬁle. The centers of the tiles that were giving problems were
on the unreachable side of the fbgundary. This meant that some of .
ihe values in the kinematics that were being used to .compute‘the
, coefficients were becoming undeflned which made the resulting -
coemclents undefined for the tile. This was then the reason for t'he
erratic behavior in this area. |
This problem has been solved by moving the position within\q
tile where t.he coefficients are computed when the center - of the tile
becomes unrea_chable. The position that has‘ been chosen for these
cases 1s }he corner of the tile that is closest to | the xy plane .and
farthest from the origin. The reason for this choice is that this ™
position in tﬁe tile will be the last part to disappear into the

unreachable space and it is easy to compute its location.

R

=
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5.6 EFFECT OF FRAME SIZE:
The frame size is directly reflected in the accuracy of the armn

movements. If the frame size is small, then the computations are

done more frequently than in the case of a large frame size. This is
‘due to the fact that for the duration of a frame (whose length is

~determined by the frame size), the motor movements are assumed to -

be linear. 'In reality this is not the case since most of the joints are
revolute and not franslational. This means that in the case of moving
just one motor, the path that would be expected by the system s~
a tangent to the ‘actual circul path taken by that joint. This 1s
acceptable when the frame size is small because the basic direction

of the movement will be towards the destination. With a large frame

 size, the path will no. longer be towards the target at the end of

the frame. ’I‘hjs means that the arm may zig-zag or wander about on
its path towards the target as in FIG-10 or may even cause the arm

to begin searching. In this case it may .also be possible to encounter a

situation where the arm oscillates back and forth about'the target.

This would be the case in alarge fr size since the arm would
follow a path for an extended distance compared to the smaller
frame size.

Another important factor in the effect of the frame size is the

.