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ADDENDUM

An additional comment on the solution method

presented under Section 4.5




1. Summary

This addendum is a brief note which discusses the
effects of round-off and other errors which arise in
the kinematic solution method discussed in Section
4.5.

The absolute and percentage errors are tabulated and
it 1s shown that, wunlike conventional solution
methods, the errors which inevitably arise in any
computer based solution have a self compensating
effect with the new method rather than accumulating
as with conventional methods. It is also shown that
the new method will generally produce a very accurate
result for orientation of a robot manipulator despite
any intrinsic round-off errors for individual joint

angles.

2. Discussion of Errors for RM501 Manipulator

Table 4.5.1 shows a numerical comparison between the
solutions satisfying a prescribed target location
obtained from the sinewave simulation presented in
Section 4.5, and those, numerically exact, calculated
from conventional arithmetic expressions for the same

target location.

The table shows a discrepancy of less than 0.4 degree
between the two sets of solutions with the sinewave
simulation result of the global positional error

percentages reaching 0.59% maximum. However, the
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orientation part of the error matrix is remarkably
close to the ideal complexion of a (3x3) unity matrix
to within at least six significant digits in the
actual computer printout, indicating that an
orientational exact solution has been closely

approached with the sinewave simulation method.

Two distinct features of the new solution procedure

are discernible from the table.

First, the step size, one degree in the sinewave
program example, determines the error limit. The
sinewave simulation would yield solutions deviating
from the exact ones by a half, one or two degrees
maximum, if the step size had been chosen to be a
half, one or two degrees, respectively. This effect
is known in quantizing systems and is consistent with
the fact that the smaller the step size (or the
higher the quantizing resolution) 1is, the more
accurate the solutions will be. However, there is a
trade-off to be made between solution speed and
solution accuracy, as smaller step sizes require more
iterations to be performed in arriving at the

solutions.

For the example presented in Section 4.5, it has
turned out that the step size of one degree is a good
choice. This integer step size minimized the
programming iterations while at the same time,
keeping the solution errors well within the one
degree limit, resulting in negligible global position
errors as Table 4.5.1 shows. Also in this table, the

accuracy of the error matrix using integer solutions



resulting from the sinewave simulation is remarkable.
Thus, a step size smaller (or a variable resolution

higher) than one degree would have been unnecessary.

3. Discussion of Errors in General

Table 4.5.1 also indicates an immunity of the new
solution method against progressive accumulation of

numerical positional errors. In particular, the
error caused by rounding the solution for 93 does not
contribute to the position error which 1s caused by
the integer rounding of 62 for the following reason.

Indeed, by referring to the comparison Table 4.4.1,

page 98, it is realized that in arriving at the
solution for 6,, the only criterion is to make

IOTRL5I|2 as close to |°TRL5DI2 as possible. A

solution for 62 is found, when IOTRLSI|2=|°TRL5D|2;
and, in general, this equality can be achieved even

if the solution for 0, is inaccurate, for example due

to the use of integers for this variable. The same

applies for the solution of the remaining positional

variable 91. The particular errors of 91, 92 and 63

will <contribute to the global position and
orientation errors. However, these errors are
independent from each other as Section 4 shows, which
in turn has the effect of compensating rather than
accumulating the errors of the position vectors. The

main reason for this 1is that this method



From (2), we can find the solution 0 where

3E

subscript "E" indicates that the solution is exact.

As an error e; due to integer rounding is introduced,

a constrained solution 92C, indicated by subscript

"C", is found from:

OfSI(93E+e3,92C) = const, (la)

Introducing an error e, to 92C’ the constrained

solution elc is obtained from:

5f5I(93E+e3,92C+e2,91C) = constg (3a)

In (la) and (3a), the integer rounding algorithm is

such that ey and e, have been found so as to minimize
| 1f5I (63gte3) -consty| and [%fg(B3p+e3,0,-+ey) ~consty |,

respectively, where 93E+e3 and 92C+e2 are integers.

Very much like the conventional method of matrix

comparisons, an error ey of 93 does affect the
solution for 92C which deviates from the exact one

92E as much as to satisfy (la). However, it is also

seen that the Dbasic constraint (1) can still be

satisfied despite the error ej. Thus, the deviation



of 62C from 62E has the effect of compensating rather

than accumulating, as far as the magnitude square of
the relevant vector OTRL5I is concerned. Similarly,
elc can be found to satisfy constraint (3) and to

minimize error of 5TRL5I.

The artificial errors e, and e3 caused by integer

rounding are independent from each other as they
stand in no functional relationship to each other.
The only mechanism affecting them is the integer

rounding algorithm. Therefore, theilr error

contributions on °TRLg;; are independent.

In particular, if e, and e; were not independent from

each other, e, could be found from €3 and an integer

solution 92I would be found from 921=92c+e2,

regardless of the condition that
| ®£51 (0,5+e3,0,;) —const,| be minimized. Hence, e, and

e5 must be independent from each other.

To find the relationship between the error e; and the

actual deviation dj,[es] of 92C from 92E’ (la) 1is

rewritten as:

Of:;(B5p+e3,0,.tdy[e3]) = constg (1b)

e3E

Similarly, from (3a):



SEo1 (0, +es, 0, +d, [eg]+e,, 0, +dy[ey,e5]) = constg

(3b)
Where d;[e,,e;] represents the solution deviation of
elc from the exact one due to the errors e, and ej.

d,[e3] and d;[e,,e3] do depend on each other and are

systematic errors due to the constraints (1) and (3).

Thus:
0,. = 0,5 + dyles] (4)
elC = elE + d1[62,e3] (5)

Using the above equations, it can be shown that the

following applies in the proximity of the exact

solutions GZE and 63E'

a6,
d2[e3] = —=—= e3 (6)
a0,
a8, a0,
dyleprez]l = - e3 + -—== & (7)
a8, a0,

(6) expresses the fact that the deviation of 62C from



92E is zero only if e; is zero. However, (7)

indicates that an exact solution for 91 is still

possible despite the particular errors e, and ej.

Adopting (7); the deviations from the ideal

"one-values" of the particular components of the

T
trace vector (nx_error,oy_error,az_error) of the error

matrix are given as:

10



11

dx_error(el’eZ’ cver€g) = L o= Nx error ©i (8)
i=1 591
5 d
dy_error(el’eZ’ ceer€5) = L - Oy_error €3 (3)
5 d
dz_error(el’e2’ coer€5) = X == 8z error ©i (10)
i=1 060

In the program presented under Section 4.5, since the

quantity:
diff_trace_square
- (1- 2, (1~ 2, (71— 2
- (l nx_error) +(l Oy_error) +(1 az_error)
= 2 2 2
x_error) +(dy_error) +(dz_error)

has been minimized to near zero by adjusting 94 and

0

57 those trace deviations must have approached zero
ideally. This explains the perfectness of the error

matrix despite the presence of the rounding errors

el, e2, LR 4 e5.
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ABSTRACT

This work involves the theoretical development of a new real-
time matrix manipulation method and the practical proof of the
new theory. There is a need for such a method because it has
not yet proved possible to provide non-recursive solutions to
robot dynamic problems in real~time. This is because the matrix
products and matrix derivatives required are, as is well known,
too time consuming to numerically compute in real-time, due to
the large number of additions and multiplications involved in
the matrix manipulation.

It is shown that the partial orthonormality of the standard
Denavit/Hartenberg matrices used in the robot control equations
allows them to be expressed in sinewaves such that real-time
matrix manipulations are performed simply by phase shifting the
sinewaves rather than by numerically calculating the matrix
products. The development 1s introduced Dby initially
considering two-dimensional kinematic descriptions and this is
then extended to three-dimensional kinematics and later to the
finding of partial derivatives used in robot dynamics.

The way in which the sinewave method allows a general systematic
and non-intuitive approach to robot inverse kinematic problems
is also described. '

The practical proof of the new system is performed by Pascal
simulation and also by hardware implementation. The hardware
implementation involves dedicated digital hardware whose basic
structure has cascade characteristics and possesses an
address/data/control bus somewhat like that of a digital
computer. In this hardware, sinewaves representing the various
relevant matrices are stored in individual random access
memories such that they can be read in a controlled manner to
simulate the information about the matrix elements to Dbe
manipulated. '

The time it takes for the hardware, which is named the
Sinusoidal Matrix Processor (SMP), to stabilize whenever the
joint variables are being changed is a linear function of n

compared with n4 for conventional technigques, where n is the
number of degrees of freedom of the manipulator. In this time,
the SMP provides all relevant first and second order partial
derivatives which are involved in the inverse dynamic
calculations and so a substantial. potential time saving 1is
provided and in fact, the computing time becomes comparable to
that of the recursive formulations involving the use of (4X4)
matrices. Unlike recursive formulations, however, the states
remain available explicitely so greatly facilitating the
application of advanced control schemes.
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LIST OF SYMBOLS USED

J'-‘1Ai: Elementary homogeneous joint matrix describing
orientation and position of the i-th Jjoint coordinate
system with respect to the (i-1)th joint coordinate system.

i—lAi =
0O 0 0 1
where
n = [nxlnylnz]T o = [Ox,Oy,OZ]T
a = [agsay,a,]T P = [Px/Py/P,1T

n, o, a and p are the three-dimensional Cartesian normal,
orientation, approach and position vector, respectively,
embedded in the A-matrix. '

The same naming conventions apply for the vector
partitioning of the T-matrices.

JT;: Homogeneous joint matrix describing orientation and

position of the i-th joint coordinate system with respect
to the j-th joint coordinate system.

Il

JT; jAj+1 . j+lAj+2 .o l—zAi_l . l_lAi for i>j

' j - i+ i+ P
T, = L N 2. SFERE ALy ¥ for i<j

For writing simplication, T; means the same as ©°T; and A;
the same as i-la;

JROT; « = [n,o0,a] Orientation matrix subpartition,
) orthogonal
ITRL; « = p Positional vector subpartition.



(Substitute "D" for "*" in the case of direct, "I"™ in the
case of inverse manipulation. Leave out "*" in the case of
the A-matrices and their inverses)

J, Jgi, g : The Jacobian, its inverse and time
derivative, respectively.

n: Number of degrees of freedom of the robot arm.

Denavit/Hartenberg parameters/variables:

0, Rotation angle about the (i-1)th z-axis.

d; Translation units along the (i-1)th z-axis.

aj Translation units along the (i-1)th x-axis.

oy Rotation angle about the i-th x-axis.

dir dir qi : Generalized coordinate of the i-th

coordinate system expressed with respect to the (i-1)th
system, its velocity and acceleration, respectively.

d/dqj: Operator of standard derivative with respect to dj
S/qu: Operator of partial derivative with respect to dj

dzﬂkﬁz : Second order operator of standard derivative
with respect to dj

8%@q¥k : Second order operator of partial derivative
with respect to d5 and gy

A;', A" : First order and second order standard
derivative of A;, respectively.

A’ = d/dqg; (Ay) A" = d2/dg;? (ay)
ROT; '= d/dg; (ROT;) ROT; "= d2/dq;2 (ROT;)
TRL; '= d/dq; (TRL;) TRL; "= d?/dq;? (TRL;)

kf 1 : Magnitude square of KTRL ;



Ko : Magnitude square of XTRL,p

DE, : "Error matrix"

Trace (T) : The trace vector of the orientation submatrix
of the transform T, dimensioning (3X1).

diff trace_ square : The square of the magnitude of the
difference vector between the trace vectors of "E, and T

Q (n) : n-th order general derivative matrix operator
QT (™) : n-th order translation derivative matrix
operator

QR (n) : n-th order rotation derivative matrix operator
Uy : First order partial derivative of T, with

respect to the generalized variable qj

Upsk : Second order partial derivative of T, with
respect to the generalized variables ay and gy

~ kTp : Velocity and acceleration of the p-th
coordinate system seen from the k-th system, respectively.

Ky

F; : Generalized force acting at joint i, representing
scalar component of the force/torgque vector that has only
the z-component at joint 1i.

Dj 5 : Inertia "dynamics projection function".

Disx ¢ "Dynamics projection function" of the centrifugal
and Coriolis forces/torques.

Dy : Gravity related "dynamics projection function™.

Jp : (4X4) symmetric pseudo inertia matrix.



: Mass of link p.

: Mass center vector of link p with respect to the p-
coordinate system, dimensioning (4X1).

Gravity vector dimensioning (4X1).

Period of sinewave carriers.

Machine cycle.

: Bit number of angle resolution.

Bit number of data resolution.
: General designation for time delays.

: General designation for time variable.



Chapter 1

INTRODUCTORY REVIEW



1,1 Survey of Relevant Literature

Table 1.1 illustrates the diversity of backgrounds required
in robotics research. For sophisticated robot systems, zall

the six aspects listed in the table are equally important.

In sections 3.) and 4.), of Table 1.1, the following five

major areas of research and development have been identified:

- Kinematics and dynamics,
- Feedback control,

- Trajectory planning,

- Compliance

- Task planning.

These five major areas involve the most important problems of
manipulator planning and control, and this thesis 1is
particularly concerned with kinematics and dynamics of robot
manipulators. Interest is concentrated on the real-time
manipulation of the matrix equations involved in kinematic

and dynamic calculations of robot manipulators. -

Firstly, the inverse kinematic problem is defined.



Major Research/Development Aspects of Robotics

1.) Representation, Modeling.

a.) Objects,
b.) Laws of Nature.
c.) Processes,

2.) Sensors.

a.) Hardware, '
b.) Interpretation.
c.) Interaction.

3.) Manipulation.

.) Robot Design.

.) Kinematics and Dynamics.
.) Feedback Control.

.) Trajectory Planning.

o o O 0

4.) Intelligent Superstructure.

Organization.

Robot Programming Languages.
Compliance.

Task Planning.

Artificial Intelligence,

O o O U Q
N N e

5.) Locomotion.

6.) Integration and Rpplications.

Table 1.1.



The formula for the transformation of the n-th coordinate
system of a kinematic open-chain robot arm with n degrees of

freedom (d.o.f.) into the zero-th coordinate system is given

by T, = A, A, A,...A, Eg.1l.1

where in Eq. 1.1 we make use of the four-parameter/variable

‘representation of Denavit/Hartenberg:

cos8j —sinB;jcoscK; sinB8jsinog; 8;C0s6;
1’—1H_ — sinBj  cos8jcosccj -c0sBisincK; 8j sing;
] 0 sineg; cosecy  dj
0 0 0 1
Eq. 1.2

which expresses orientation and position of the i-th
coordinate system with respect to the (i-1)th coordinate
system. The meanings of the four parameter/variable 6, q, a
and d can be found in a number of literature !» 4. 5., If the
i-th Jjoint is rotational, the generalized variable q; of the
matrix Eqg. 1.2 will be 8;. However, 1if the Jjoint is

translational, the variable will be q; = d;. g; 1s called

the generalized coordinate of the i-th Jjoint. Thus, the set

of n generalized coordinates gq; for i = 1,2,...,n denoted by
a=(q,,92, - --,9,) T 1s called the position vector of the
generalized coordinates in the space R . Correspondingly,

the vector



5

q = (4, das+-.+3,)T is called the velocity vector of the
gneralized coordinates in the space Ry", and d = (4,
&2,...,§n)T the acceleration vector of the generalized

coordinates in the space Ry".

Assuming all the geometric parameters of a robot arm with
n degrees of freedom are known, the most general statement
of the 1nverse kinematic problem of this robot is

formulated as follows.

If the motion characteristics of the robot arm at a
particular time are defined by:
a) the position and orientation of the n-th coordinate

system expressed with respect to the zero-th coordinate
system °T,,

b) The Cartesian velocity v=(vy,vy,v,) T and the angular
velocityw= (W, ®,,®,)T of the n-th coordinate system seen

from the zero-th coordinate system,

c) the Cartesian acceleration v and the angular

acceleration @ of the n-th coordinate system realized form

the zero-th coordinate system.

Then the problem is to find the vectors q, ¢ and § in the
space Rg", Rg" and Ry", respectively, such that the
characteristics of the motion of the n-th coordinate

system at time t coincide with the desired ones.



6

For simple manipulator types, the usual method for deriving
the solution by a given °T, 1is to compare matrices or matrix
compositions obtained in some intuitive ways from Eq. 1.1 on
the basis of element by element where, as indicated, the
solution derivation may require geometric intuitions beéause
there is no algorithm for obtaining the solution. The
solution q 1is sometimes called "inverse kinematic solution
for position" or, preferably, "inverse geometric solution™
because it only considers the geometric configuration of the .
robot manipulator. For real-time applications, this solution
is of the "utmost importance" 3 and can be found sufficiently
quickly as, typically, for practical manipulators, it
involves only some ten additions and multiplications, and

about ten/twelve transcendental function calls 5. 6, 43, 44.

In general, the inverse kinematic solution for velocity,

namely é, can be obtained by the inversion of

x =J. q Eq. 1.3

where x = (v,®) T such that

q=J! x Eq. 1.4

J is known as the Jacobian matrix of dimencion 6xn relating
the first order differential changes between the cartesian
coordinates and the generalized coordinates of the robot arm

(with n d.o.f.). Note that when n<>6, the matrix J will not



have square form and thus some mathematical measures
("pseudo-inverse") must be devised such that Eq. 1.4 is
defined. However, even when J 1s a sgquare matrix, the
inversion of J in Eg. 1.4 represents an undesirable
computating operation considering that, for example, J may
become singular. In addition, it should also be said that
‘very often only the solution is of interest but not the
Jacobian itself. A practical derivation of the Jacobian and
its inverse can be found in Ref 007 and Ref(044.

The inverse acceleration solution q can be derived by first

differentiating Eq. 1.3 to obtain X = J.§ + J. q which then

yields:
g=Jl. (x - J. q Eq. 1.4.b

As can be seen, this solution involves not only the inverse
of the Jacobian, but also its first order time derivative.
In addition, it also requires the knowledge of the inverse

velocity solution q.

If the inverse kinematic solution for velocity is seldom
performed due to impractical computation procedures
assocliated with the Jacobian matrix, the inverse kinematic

solution for acceleration is performed less often.

Unlike robot kinematics that deals with the motion of the

robot without regard to the forces/torques which cause the



motion, robot dynamics deals with the mathematical
formulations of the equations of robot arm motion that take
those forces/torgue into account. Such motion equations are
indispensable to the development of suitable <control

laws/strategies.

The Lagrange dynamics formula is 4.3.8-.

n n

1j 95
Eq. 1.5
where
n - 3 6
= Trace _ U . s ==
DU Z, (UPJ Jp p1) P oq. P
p:max(l,J) ) J
n 2
T b3} s}
L, = Trace _ _ U ==
ijk z (UkaJpUpl) pjk aq.aqk P
p=max(i,j,k) J
n T
_ -m_-q - T
D, = 2 mpeg-Ugieny
p:i

This formula represents a set of n second-order, nonlinear,
highly coupled, ordinary differential equations which, in the
"inverse dynamic calculations", involve a number of
multiplications and additions of the order 0(n?) too time

consuming 23 to compute in real-time. Luh, Walker and Paul



state that a FORTRAN simulation takes 7.9 seconds on the
PDP11/45 to compute a single set of the generalized forces F;
i=1, 2,..... 6; for a robot with n=6 d.o.f. This is, in the
most optimistic estimation, several hundred times too slow
for some manipulation tasks which require a sampling
frequency of, for example, no lower than 60Hz (or 16.67 milli

second sampling time-interval).

By contrast, using an improved version for the Newton-Euler
dynamic formulation (forward/backwérd recursions), the
authors state that it only takes 33.5 milli seconds in the
FORTRAN implementation. This 1is mainly because of the
recursive nature of the Newton-Euler formulation. The
computing time can be reduced to 4.5 milli-seconds if the

procedure is written in assembly language.

Such computational efficiencies lead to methods of solving
for the relative Jjoint accelerations?? given the input
torques/forces and trajectory pre-specified by gq and qg.
Such calculations are of interest to robot simulation as a

computing cost of order n3 and n? is still involved.

Let us stay with the "inverse dynamic problem". The re-
formulation of the Eg. 1.5 using recursive formulas reveals
equivalence between the Lagrange and the Newton-Euler
formulation ? reducing the number of multiplications and

additions to the linear order O0(n) so that in principle it
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should be possible to compute the Lagrange dynamics in real-

time 8,22,

However, the recursive formulations whether Lagrangian or
Newton-Euler destroy the structure of the dynamic model. 1In
particular, the state variables q, é and a disappear from
those recurrent dynamic equations so making it more difficult

to apply advanced control laws.

The purpose of robot arm control is to maintain a desired
dynamic response of the robot arm. In general, the control
problem consists of obtaining a suitable dynamic model of the
robot arm necessary for the design of the controller and
specifying control laws/strategies in order to achieve the

desired system response and performance.

The formula of Eg. 1.5 represents the general formulation of
the explicit state equations of robot arm dynamics. It is
motivated by the fundamental idea of feedback control which
states that the control inputs will be computed from the
state of the system because, by definition of a dynamic
system, the state incorporates all information necessary to
determine the control action to be taken for a desired system

behaviour.

Various control schemes exist. One of these, related to the
fundamental idea of feedback control is the "inverse problenm"

control scheme (or"computed torque" control scheme).
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Consider the Eq. 1.5. we may write it in the form

F =D (q). & + H ;q, q + G (q) Eq. 1.6
Where
F : (nxl) vector of generalized forces.
D(qgq) : (nxn) acceleration-related inertia matrix.
H(q,&): (nxl) velocity-related vector involving all

the nonlinear and coupled terms of the

equation.
G (q) : (nxl) gravity-related vector.

Basically, the "inverse problem" control technique is a

feedforward controller and assumes that we can accurately

compute the computer parts of D(q) , H(g,q) and G(q).
The desired input torque/force is computed fromt®
F = D.(q).{qq +K, (dq~q) +K, (qa-q) }+H, (q, ) + G.(q) Eq. 1.7

c 1s used to indicate computed quantities.

4 18 used to indicate desired quantities.
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where K, and K, are (nxn) velocity and position feedback gain

matrices, respectively. Fig. 1.1 (slightly revamped from

Ref016) shows the block diagram of the "inverse problem"

control system.
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This technique is an effective method of manipulator control

provided q converges to qy. Ideally, we wish to have the
computed values D.(q), H.(q,q) and G.(q) exactly equal to

their actual counterparts

D.(q) = D(q) Eq. 1.8
H.(q,Q) = H(q,q) Eq. 1.9
G.(q) = G(q) Egq. 1.10

Assuming, Eq. 1.8, Eg. 1.9 and Eg. 1.10 are satisfied, then
their substitution into Eq. 1.7 followed by a comparison with

Eq. 1.6 yields:
D(q) . {da=q + K,(3a-Q) + K (ga-q}} = 0 Eq. 1.11

Let eq = g-qg and consider that the inertia matrix D (q)

is nonsingular, then Eq. 1.11 reduces to
eq; + Keg + Keg, = 0 Eq. 1.12

If K, and K, are so chosen that the characteristic roots of
Eg. 1.12 have negative real part, then e, approaches zero
asymptotically. Note that the convergence relies on the
validity of Eq. 1.8, Eq. 1.9 and Eqg. 1.10, which, however,
for real-time applications are very difficult to use because

they are nothing else than the particular parts of the
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complete dynamic equations of Eg. 1.5 which take 7.9 seconds

to be computed.

Adopting the idea of the "inverse problem" control, Luh,
Walker and Paul (1980) developed the Resolved Motion
Acceleration Control technque (RMAC). Basically, the RMAC is
a technique for position control of the manipulator in terms
of the position and orientation of the end effector where the
computation of D, (q), B.(q,q) and G, (q) is avoided and
thus the satisfaction of Eg. 1.8, Eq. 1.9 and Egq. 1.10 for
the purpose of convergenceq --> q4 1s "immaterial". The

basis for the RMAC is the following equation 16;

g =J1. [x - J.q] Eq. 1.13

where J°1 and J are the inverse and the time derivative of

the Jacobian matrix, respectively.

In this control scheme, § is specified while @ and q are
measured; recalling that these state variables are needed in
the "inverse problem" calculation resulting in the required
forces/torques whereby, however, for real-time reasons ;he

Newton-Euler dynamic formulation is used.

In a particular simulation on the PDP11/45 the authors stated
that this control scheme made a sampling frequency of 87 Hz

possible.
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One major drawback with the RMAC is the involvement of the
inverse of the Jacobian matrix as well as its time-
derivative. It is therefore not surprising that this method
has not been applied for n<>6. Johnson states in a review
that the practicality of RMAC-implementation must be

questioned 25,

The RMAC has been an improvement of the RMRC: the Resolved
Motion Rate Control technique, which was developed by Whitney

13, The basic equation is:

.Qo
I

9
=

b

Eg. 1.14

In this method, the velocity é is specified, the position g
is measured and the acceleration & is obtained numerically.
The involvement of the inverse Jacobian in this control
scheme represents a setback as in RMAC because additional
computations and all the problems associated with matrix

singularities arise.

Another -system, the Resolved Motion Position Control (RMPC)
technique relies on the solution of Eq. 1.1. In this method,
the Eg. 1.1 provides the position vector q. However, the
velocity é and the acceleration g are obtained numerically;
based on this information, the RMPC closes n position servos

around n joint actuators.
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Fig. 1.2 shows a "popular" joint servo used in today's
industrial robots using this technique. This simple form of
"linear de-centralized independent Jjoint control scheme"
works well and is more reliable than present multivariable
methods 2°5. However, adequate disturbance rejection requires
very-high power actuators which tend to be over-powered at

low manipulation speeds giving undesirable vibrations.

K " Noise
' )
+
L Motor ﬁc?l'bnott Sensor
+
, H
q q|

Fig. 1.2.

Let us return to Eg. 1.5." Due to excessive computational
requirements, attempts 1° have been made to simplify the
dynamic mbdel. However, such simplified models apply only
for a particular robot's geometry. In the same sense of
reducing computational regquirements, where the structure of

the dynamic model is retained, the Cerebellar Model

Articulated Control Scheme has been developed.
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The Cerebellar Model Articulated Control CMAC is a table
lookup method* . It computes control functions by referring
to a table stored in the computer memory rather than
computing analytic expressions. However, before useful
applications are possible, several problems such as memory
size management and accuracy need to be solved. The table 1is
entered for a particular robot and becomes useless as soon as
the effect of unknown loads comes into account 8, especially

when the load changes suddenly.

Concurrently, Adaptive Control Schemes for robotic

applications have also been developed. 1In this relation, we
would like to state the prominent names of Dubowsky (1979)
and Lee (1982), for example, from Ref01l5 and Ref021. These
control schemes fundamentally face the problems of
parameter/variable estimation and identification which, as is
known, may take considerable efforts. It is not surprising
that we are provided only with bare simulation results as the
methods have virtually not been applied in real-time

environments yet.

Ref(017 is a relatively recent development. One feature of
this Resolved Motion Force Control Scheme (RMFC) we should

mention is that the transpose of the Jacobian is involved

rather then its inverse.

" The relevant names encountered in the literature are Raibert and Albus.
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1.2 FEmphasis of this Research Pro-ject

None of the above-mentioned multivariable control algorithms
is sufficiently mature to be applied in the practice 25, A
common method employed in today's robot control is the linear
independent Joint control scheme 27. Improvements can be
achieved by independently applying nonlinear control laws for
each joint drive 26; however, the strategy of decoupling the
robot's joints still remains the same. And the computation
burdens (see Fig 1.1) associated with the "complete"
explicit-state Lagrange dynamic equation have been‘the main
reason for the development of the various control algorithms.
Even though it is not necessary to insist on the complete and
exXact dynamic model it is desirable to kéep the explicit-
state structure of the model so that the system states are

available for use in implementing control strategies.
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In order to provide a solution to the Lagrange inverse
dynamic Problem in real time, the overall strategy is to
locate the computation burden "outside" the computer as much
as possible. The recent literature also shows this tendency
36,37,38,40. . However, one common characteristic of all these
approaches is that they still employ conventional arithmetic
operations which are executed on the external hardware. 1In
the research work to be presented here this 1is done by
developing a real-time matrix processor to perform the

function as indicated by'the shaded box in Fig. 1.3.

In this thesis a strategy is developed to avoid arithmetic
operations such as additions and multiplications as far as

possible.

In particular, let us consider the-following:

Examining, Eg. 1.5, we realize that the coefficients D;, Diy

and Dj4x of the robot's dynamic differential equation system

are not constant quantities, but they vary with every robot's

position. This is, indeed, because they involve the first

and second order partial derivatives Ugy and Ugy, which are

given as:
. o= o 1 j=1a' p-1
Uy A, . Ay... I7A 5. A,
= o 1 j-1pt k—1pt ~
U = °ny A, I-1p A Pia,
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3, k=<p and p = 1,2,..., n

where 371a' y and *"la'y are first order derivative of the
matrix 37!a; and k-la, with respect to the generalized

coordinate g3 and qg, respectively.

As 1is known, calculating those derivatives involves a number
of additions and multiplications of the order 0(n3) and 0O(n?%)
representing the substantial computing costs of the dynamic
equations. Thus, 1t would be a substantial and potential
saving on the total computing cost if we could reduce those
orders 0(n3) and 0(n?% to a lower order, say 0(n2?) or even
linear O(n), without unnecessarily neglecting any terms of

those derivatives.

It would be best if those number of additions and
multiplications could be eliminated entirely. Saying this,
we 1inevitably arrive at the idea of implementing those
derivatives using some simulation technique on external
hardware rather than employing conventional arithmetic
expressions on the digital computer. The computer would then

be released from the task of calculating U,; and U,y.. This

is necessary towards the real-time computation of Eg. 1.5.

Thus, in this thesis, we focus on this problem with the

ultimate aim of enabling the application of advanced control
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laws for robot control in the fundamental sense of feedback

control.

If the A-matrix of Eg. 1.2 is examined. It can be seen that
it is made up of four successive elementary transformations

as shown below:

cosB8; =-sinBj O O 10 0 O
1—1H _ sinB; cosB; O O O 1 0 o©
T o 0 1 ol]lo o 1 4
| 0 0 O 1 |0 0 0 1
[ q r n
1 0 0 a 1 0 0 0
O 1 0 O | 0 cosxj -sinj O
O 0 1 0 0 sinxj cosec; O
| 0 0 0 1 || O 0 0 1
Eq. 1.15

Examining this matrix multiplication and bearing in mind that
the two (orthonormal) elementary rotations primarily involve
trigonometric functions such as sine and cosine, an approach
which expfesses particular matrix elements in the form of
some orthogonal time signals, for example sinusoidal signals
is developed.A The manipulation of the relevant matrices is
then performed by diirectly manipulating the signals rather
than by numerically computing conventional arithmetic

expressions.
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This approach is introduced in the following chapters by
considering a new method of describing robot kinematics,

initially in 2-dimensions followed by a generalization to

three dimensions.

It is shown that this technique has several advantageous
novel characteristics when applied to robot kinematics. The
method is then applied to the development of robot dynamics

to overcome some of the problems with existing techniques

described above.



Chapter 2

THE TWO-DIMENSIONAL ROBOT JOINT DESCRIPTOR (2D-RJD)

25
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2.1 INTRODUCTION

Let wus consider the following general homogeneous

transformation matrix

—~ e
Ny Ox dx Px
T = n, Oy ay Py
n, Oz 4y Pz
K o o lj. Eqg. 2.1.1

In order not to define new phrases unnecessarily, we will use
the same term "equation" (abbr.: Eqg.) for some definitions

such as Eg.2.1.1 as well as for "true" equations.

The subscripts "x" "y" and "z" in Eg. 2.2.1 indicate the
general cartesian components of the four particular column
vectors of the transform. The (4x4) transform is homogeneous
in the sense that a particular perspective projection will
recreate the three-dimensional space. Indeed, the three-
dimensional cartesian components of the vector [py, Py, Py
11T are found by taking division of its first three elements
by the fourth element. In the same sense, a vector of the

form [ny, ng ng,, 0]T is a vector at infinity and represents a

direction or orientation since the addition of any other
finite vector does not change its meaning in anyway. We will

only consider those transforms whose first three orientation



27

vectors constitute an orthonormal right handed coordinate
system. It has become customary to call the vectors [(ng, Ny,
n,1T, [oy, Oy, Oy 1T, [ay, ay, 2, 1T and [py, Py, Pz 1T the

normal vector, orientation vector, approach vector and

position vector of the transform T, respectively.

The homogeneous transformation matrices are used to describe
one robot joint coordinate system with respect to another.

In the interest of <c¢larity, the matrix indices are

indispensable. Thus, let us introduce the notation IT;.

The leading superscript j and the subscript i of 3T; will

denote the transform T describing the i-th coordinate system

with respect to the j-th coordinate systems of the robot arm.

Immediately from this, one sees that any transform 3T,
describing location (location = position and orientation) of
the i-th system with respect to itself is a unit matrix.

"System" means here the same as "coordinate system".

i=0,1, 2 .... Eq. 2.1.2
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There are special cases of the difference between 1 and
being +1 or -1, in which we use to use the traditional
notation A for the transforms rather than T. These are
known as the elementary "A-matrices", whereby each of them
describes position and orientation :of one robot link with
respect to one of its adjacent links. "Elementary" in the
sense that the transform cannot be divided further into more
primitive functions, concerning its function as the complete
orientational and positional description of the geometrical

relationships between adjacent links *.

The notation A, will have the same meaning as 171a; if we

sometimes omit the leading superscript for writing

simplification.
Assuming, a vector quantity g 1s given in the (i+1l)th
coordinate system

T = [Iy Ty T, 1,7 Eq.2.1.3

where two cases are possible for r,:

0 implying r is direction vector with 0</r/<1

1 implying r describes space point Eg.2.1.4

In both cases, the following applies:
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The transformation of r into the i-th system is performed as

follows:

s = iA;,,. T Eg.2.1.5

The next transformation to the (i-1)th system will be:

t = i-la;.s Eg.2.1.6

Substitution of Eq.2.1.5 into Eqg.2.1.6 yields:

t = i_lAi. iAi+l.r Eq.2.l.7

It is obvious that & = [ty ty,t,,t,]T

where t,= { 0 0<[t]< 1 if r is directional

{1 if r is positional

we may write:

t = ilT..,.r Eq.2.1.8

which implies:

Rl FETEE N S R V) Eq.2.1.9

and 1is interpreted as the representation of the (i+1l)th

system With respect to the (i-1)th system, as the matrix
A;,; 1s nothing else than a composition of four column

vectors in the sense of Eg. 2.1.3 and Eq. 2.1.4.

If t had been given in the (i-1)th system, we would have

found its representation in the (i+l)th system to be

r = [i;a;,q171. (i-lagl ok
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where we might write
r = 1+l i-1 t
implying

itles g = (A gy 71 opitlag ! Eq.2.1.10

and is interpreted as the representation of the (i-1l)th

system with respect to the (i+l)th system.
Obviously 1+l 7 ;_1 = [i-1my,q7 -1 Eq.2.1.11
We may generalize Eq.2.1.9 and Eq.2.1.10 to:

kp, = kpy o Jry Eq.2.1.12

for any i, j,k of interest.

In this, if we substitute k = i, we find iTi = iTj jTi

or i, = [ Jry] 1 Eq.2.1.13
which is a generalization of Eg.2.1.11.

We may write jT; in the following ©partitioning

representation:
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JROT; JTRL;
T, .
0 1 Eq.2.1.14
L J
which has the general form:
-Orthonormal ]
Rotation Translation
Sub-matrix - Vector
(3x3) (3x1)
jTi =
Perspective Scaling
Transformation ‘Factor
| ax3) (1x1) Eq.2.1.15

In this presentation, the homogeneous transformation matrix
can be considered as comprising four sub-matrices: The upper
left (3x3) orthonormal sub-matrix represents the orientation
and t@e upper right (3xl) sub-matrix or column vector the
position of a co-ordinate system with respect to some
reference system; the lower left (1x3) sub-matrix or row
vector is the perspective transformation and the lower (1x1)
"sub-matrix" consisting of one scalar element is the global

scaling factor for the position or translation vector.
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We are interested in the partitioning representation of
Eq.2.1.12. 1In this equation, however, let us apply k=m and

i=n>m to have:

an — r'nAm+1. m+1Am+2. .. n_zAn—l' n_lAn Eq.2.1o16

Let us also write for ™T,

[mROT,, mTRL

0 1 J Eg.2.1.17

The manipulation of Eqg.l16 then yields in the partitioning

representation:
mROT, = ©™ROT,,;.""1ROT_ ,,...""2ROT,_;.""1ROT, Eg.2.1.18
mPRL, = ™ROT;;."™"'TRL, + ®™TRL_,; Eq.2.1.19

The proof can easily be performed by direct substitution and

induction (see Appendix I).

The conventions of Eg.2.1.2, Eg.2.1.12 and Eg.2.1.13 also
apply for the ROT partitions without any limitation, as far

as the use of the matrix indices 1is concerned.
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2,2 DIRECT, INVERSE EQUATIONS AND ERROR MATRIX

Eq 2.1.18 and Eg.2.1.19 of the previous section represent the

"direct Equations" indicated by the subscript "D"

®"ROT,, = ™ROT,,;.™1ROT,,
mPRL,, = ™ROT_,;.™1TRL, ,+ "TRL_,,
for n > m and m= n-1, n-2,...2,1,0

from which, the "inverse equations"

subscript "I", follow:

mtIROT,; = ("ROT,_,;) l."ROT,;
mHITRL,; = (™ROT.,;) !. (™'RL, ;- ™TRL_,;)
for n > m+l and m = 0,1,...n-2,n-1

Replacing the index m+l by m, we have

mROT, (m~1ROT,) "1 .™1ROT,;

mTRL_

for n >m and m= 1,2,...,n-2, n-1,n

Eg.2.2.1

Egq.2.2.2

indicated by the

Eq.2.2.3

("~1ROT,) ~!. (™ 1TRL,; - ™ 1TRL_) Eq.2.2.4
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By varying the index m, the "direct equations" represent
the orientational and positional intermediate results of the

manipulation of ©°A;.lA,...n72a _,.n"1p .

In particular

n-lp o = n-lp }
"T2Thp = PTAAL . MIT,, )
} .
-1TnD = 1A;. 2T, }
or., = °A;. IT., } Eq.2.2.5
Similarly, the "inverse equations" represent the

orientational and positional intermediate results of the
manipulation of

DAL, .P71A._,...3R,.28,.18,.0T_;.

- In particular

ITyr = 1A,.0T,; }
2Tpr = 2R;.1T, }
: }
n—1TnI:= n-1p__,,n-2p_, }
ap . = DA _,.0°lT ) EQ.2.2.6
We recall that A; ;. is the inverse of i-lA; for i=1,2,...n.

Further, it is noted the °T ; may have any prescribed value.
The indices of the ?T_ ; in Eq.2.2.6 suggest that this

transform should be unit matrix. However, it will be unit
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matrix, only if by a given 9T,; the particular A-matrices in
the inverse manipulation have some certain, appropriate
values. Thus, in general this transform will differ from the

unit matrix and, hence, is called the error matrix.

Even this indicates that although derived from the mutually

inverse equations, the terms ™ROT,;, and ™ROT,; will, in

general, not necessarily be equal. The same applies for the

position parts ™TRL, , and ™TRL,;.

The problem of how to get orientation and position of the

direct manipulation equal to their counterparts in the

inverse manipulation by a given 9T, ; is, in the terminology

of robot control, known as the "inverse kinematic problem for

position” of a robot arm with n degrees of freedom.

We introduce the notation PE_, for the error matrix ?T,; in

order to distinguish this particular matrix from the

remaining T-matrices.

Let us rewrite the Eq. 2.2.1 and Eg.2.2.2 as

i-1RoT,, = i-1ROT;. 1iROT,, Eq.2.2.7

i-1TRL , i-1ROT;. iTRL,, + i-1TRL; Eqg.2.2.8

for i =n, n-1, ..., 2,1

Eg.2.2.3. and Eg. 2.2.4 are now rewritten as
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iROT,; = (i"1ROT;)"1. i-1ROT_; Eq.2.2.9
iITRL,; = (i"1ROT;)-!. (i-1TRL,; - i-1TRL,) Eq.2.2.10
i= 1,2,...,n—i,n

Fig.2.2.1 shows a graphical representation of Eq.2.2.7 -
Eq.2.2.10 which defines the general Robot Joint Descriptor
(RJD) with the 180° symbol being used to represent the
inversion of i7!TRL; to form - i-1TRL;, as required by Eq.

2.2.10.

By inspection, these equations are readéble from the figure.
Thus, as far as the graphical representation is concerned,
the structure of the RJIJD is justified. It is obvious that
the RJDvimplements the cascade characteristics of the
equations. That 1is, staying on the direct manipulationbpath
(subscripts D), one sees that the outputs of the i-th RJD
will serve as inputs for the next adjacent (i-1)th RJD in
arriving at the end result °T,, for the direct manipulation
of Eq.2.2.5, when a number of n appropriate RJDs 1s cascaded.
As is seen, the inverse manipulation paths (subscripts I)
also possesses the same characteristics. However, the

direction of manipulation is reversed.
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The case for n=3 is demonstrated in Fig 2.2.2. In this
figure, the direct kinematic problem of Eg.2.2.5. 1is
represented in the 1lefthand half. A unit matrix is
manipulatéd in accordance with the direct equations to give

the position °TRL;, and orientation ©°ROT;, of the "end-

effector" with respect to the reference.

3TRL;, describing the position of system 3 with respect to

system 3 is, of course, zero, but is shown for completness to
emphasize that the algorithm consists of cascaded joint
descriptors, one for each manipulator linﬁ, So that
manipulators with any number of links can bé accommodated by

the addition of extra RJDS.

The inverse kinematic problem of Eqg.2.2.6 is represented on
the righthand half of Fig.2.2.2, where °TRL;; and °ROT;; have
the meaning of the desired position and orientation,
respectively. If the robot arm 1is 1in the desired

configuration, the outputs from the (2ROT;) ! block produce a

unit matrix. If not, an error matrix is produced.

We note that at this stage, Fig 2.2.1. and Fig 2.2.2 still
have the meaning of a graphical representation of the direct
and inverse equations derived above. Their physical

implementation will be the subject of the next section.
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Fig. 2.22. : Cascaded Robot Joint Descriptors.
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2.3 TwWO DIMENSIONAL APPROACH ING _SINEWAVE SIMULATION

Let us consider the real and imaginary part of the complex

quantity s = re~3(2llft-6)

re{s} = r.cos(2.IL.f.t-0)

r.cos(®). cos(2.ILf.t) + r.sin(®).sin(2.ILf.t)

= x . cos(2.ILf.t) + y .sin(2.ILf.t)

and
Im{s} = - r.sin(2.ILf.t-6)
= - r,cos(0). sin(2.IL.f.t) + r.sin(0) .cos (2.ILf.t)

= - x . sin(2.ILf.t) - y .cos(2.ILf.t)]

(where x=r.cos® and y = r.sinf )

which lead to the following interpretations.

(I) If we interpret a physical sinusoidal signal as the real
part of r.e. 3-(2.0.£.2-8)  yhich is r.cos(2.ILf.t-0), it will
then be constructed by summing the two modulated carriers
together, where the two dimensional cartesian components
x=r.cosB and y=rsin®, represent the modulating information.
In this case, the x-carrier is cos(2.IL.f.t) while the y-

carrier is sin(2.ILf.t).

(II) However, if we interpret the same physical signal as
the negative of the imaginary part of r.e ~3.-(2.IL£.t-8) = yhich

is r.sin(2.ILf.t-0),it will also be constructed by adding the
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two modulated carriers together. But this time, by contrast,
the x-carrier is sin(2.II.f.t) while the y-carrier is

-cos(2.ILf.t) .

Thus once having chosen the x-carrier, the y-carrier is
determined by delaying the x-carrier by 90° as can be

verified. We may prefer the x-carrier to be cos2.ILf.t.

In a direct relation to the information x=cos® and y = sinf

mentioned above, let us also consider the following

homogeneous transformation matrix:

cos (0) -sin(0) 0 0
A = sin (0) cos (0) 0 0
0 0 1 0

0 0 0 L EqQ.2.3.2

The orientation submatrix ROT embedded in this matrix
describes in three dimensions a rotation of an orthonormal
coordinate system about the z-axis by an angle 6. Therefore,
given a three-dimensional vector v, the transformation ROT.v
will not affect the z-component of that vector in any way .
Thus, we consider this as a two-dimensional problem which may
conveniently be made related to the complex quantity s
mentioned above as far as the definition of the carriers is
concerned. These carriers are required in the time signal

representation of Eg.2.3.2.
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Let us briefly examine this "convenience".

If we consider a cosinewave cos((2.ILf.t) with unit magnitude
(r=1) and delay it by an angle 6 to obtain cos(2.IL.f.t-0),

the first two column elements n, and n, of the n-vector

embedded inthe A-matrix of Eg.2.3.2 will be observable at

2.ILf.t=0° and 2.TLf.t=90d, respectively.

In the reverse order, assume that the two elements n,=cos ()
and n,=sin(6) are given. Now, let n, modulate the x-carrier
cos(2.Il.f.t) and n, the y-carrier sin(2.ILf.t) the phase-
shifted cosinewave c(t) is, indeed, formed by adding both

modulated carriers together; let us repeat this for later

reference:

c(t) = cos(8) .cos(2.IL.f.t) + sin(B) .sin(2.IL.f.t) Eq.2.3.3
The orientation vector of Eg.2.3.2 is then implemented by
delaying c(t) by 90°, as it is perpendicular to the normal

vector as can be verified.

A matrix of the form

Fcos(e) -sin (0) 0 - a.cos(0)
A = sin (8) cos () 0 ‘a.sin ()
0 0 1 0
B 0 0 0 1 h Eg.2.3.4
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is then implemented by the extra phase - shifted signal
a.cos (2.ILf.t.-6)

Given the modulating components n, and n,, the production of

the signal c(t) in accordance with Eg.2.3.3 is the function

of the vector combiner.

c(t) may then be phase-shifted to produce cl(t) to simulate
the rotation function of the A-matrix. The reverse process
of recovering the new x/y combonents from the phase-shifted

signal cl(t), is the function of the vector splitter.

Both the vector combiner and the vector splitter are

presented in Appendix 2.

The multiplication of matrices that have the form of Eq.
2.3.4 can then be implemented by successively delaying the
relevant sinewave signals. A description on this
multiplication technique, presented down to the matrix

elements level, is given in Appendix 3.

The inversion of Eg. 2.3.4 is, for the rotation part ROT,
performed simply by introducing the phase shifts in the
reverse order. In particular, the signal cos(2.ILf.t +0)
would represent the normal vector embedded in the inverse

matrix A"l of Eq.2.3.4 as can be verified.



44

The effect of the inversion on the TRL part of the matrix
representation may be explained by first considering the
function blocks *"!ROT; (i"IROT;) ! and i-1TRL;, of Fig.2.2.1
as phase shifters that introduce the required phase angle to

the incoming sinewaves represented by the relevant "direct™"

and "inverse" terms, TRL,;, and TRL,;, respectively, in the

figure.

Let us follow the reference signal Ref = a.cos2.llLf.t. at the
input of i-1TRL;. The output of 1-1TRL; would provide
a.cos(2.ILf.t. -0) which is passed through the 180° block to
yield - a.cos(2lILf.t -0). Let us assume that the inverse
path is being fed with signals representing the unit matrix

such that the same signal would appear at the relevant input

of (i"1ROT;)"!. This then introduces a phase angle in the
reverse direction to - a.cos(2LLf.t -0) so that the result

appearing at the ITRL,; output would be simply -a.cos2.ILf.t.
This signal -a.cos2.ll.f.t. represents, indeed, the position
part of the position vector embedded in the inverse matrix of

Eg. 2.3.4.

To verify, let us write the inverse of Eg. 2.3.4 as follows:

1 0 0 —a.T i cos (8) sin(6) 0 0
0 1 0 0 -sin(0) cos(H) 0 0
A"l =10 0 1 0 . 0 0 1 0
0 0 0 1 i 0 0 0 1 Eq.2.3.5
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Its position wvector [-a,0,01]T 1is, in the sinewave

representation, expressed as -a.cos2.ILf.t.

Fig 2.2.1 and Fig.2.2.2 of section 2.2 may now be physically
realized by essentially employing cascaded phase shifters.
" The direct and inverse equations Eg.2.2.7 to Eg.2.2.10 are

then accommodated by the manipulation of sinewave signals

representing the input conditions (®TRL,, and "ROT_, for the

direct path, °TRL,; and °ROT_; for the inverse path) fed to

the relevant inputs of the phase shift system.

The two-dimensional Robot Joint Descriptor (RJD) as presented
in Fig.2.2.1 implements both the A-matrix and its inverse.
For some applications where the matrix inverse 1s not
required, the complete RJD will be reduced to having only the

direct path.

It should be said that in this presentation, only functions
such as ROT and TRL representing the A and T-matrices are
expressed, but not those parameters, such as the angle 6,that
control these functions. We emphasize that using the RJIDs of
Fig. 2.2.1 and Fig.2.2.2, with the relevant, phase-shifted
sinewave implemented no conventional arithmetic expressions
are involved in arriving at the results of either direct or

inverse calculation.



46

The sub-partitioning representation of the general

homogeneous transformation matrix

x ©Ox 3y DPx ROT TRL

Ny Oy ay Py

with ROT being of dimension (3x3) and orthonormal, has had

the consequence of the intermediate results of the matrix

product °T,, = A; A, ...A ; A,

where the A-matrices are known as D/H matrices and subscript
"D" denotes "direct" manipulation being expressed in the

partitioning representation as

i-lRoT,, = I"1ROT; .  iROT,; Eg.2.2.7
i-lPprL, , = 1-1ROT; . <TRL,, + 171TRL; Eq.2.2.8
for i = n,n-1,...,2,1

The intermediate results of the "inverse" manipulation

nTnI = A—ln A—ln—l .. -A_lz A—ll . OTnI
(where °T_ ; is pre-specified and may have any value) are:

iROT; (1-1ROT;) "1 i-lROT ; Eq.2.2.9
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iTRL,; = (}"!ROT;)"!. [*"I1TRL,; - i-I1TRL_;] Eq.2.2.10

for 1 =1, 2, ..., n-1, n

The index convention of Eq. 2.1.2 (iT; is unit matrix) has
given rise to the resultant matrix PT,; being called the
error matrix "E_, because, in general, it differs from the

unit matrix.

Eq.2.2.7 to Eq.2.2.10 constitute the Robot Joint Descriptor
(RJD) symbolically shown in Fig.2.2.1 which has a fundamental
importance in the new matrix manipulation method being

developed.

Indeed, in the next step we have been interested in finding
the result of either direct and inverse calculation using
some innovative simulation technique rather than employing

conventional arithmetic expressions.

In this sense, we have realized that the projection on the

xy-plane of the normal vector

embedded in the A-matrices, where e,, e, and e, are the three

Y

unit vectors of the principal axes of the relevant right-
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handed orthonormal reference coordinate system, may be

expressed using time-signal as ng.e (t) + ny,.e, (t)

with e, (t) and e,(t) being a set of two orthonormal signals.

However, we have been tempted to use sinusoidal signals of

the same frequency for e,(t) and e, (t) Dbecause the
information about ny and n, carried in the resultant

sinusoidal signal can be manipulated simply by phase shifting

the resultant signal.

The projections on the xy-plane of n and © have then been
implemented using phase shifted sinewaves of unit magnitude
withthe relative phase differemce of 90°. Due to the
Dena?it/Hartenberg conventions (D/H), the projection on the
x/y-plane of the position vector p has the same direction
with that of the normal vectop. Therefore, it has been
implemented using another sinewavce signal which is in phase
with that representing the projection of the normal ‘vector,

however, of magnitude corresponding to the D/H parameter "a".

As can be seen, one limitation of the sinewaves 1is that they
carry only two pieces informations. That 1is, either the
quantities (x,y) of the vector under manipulation 1in the
representation of Cartesian coordinates or, equivalently, the
quantities (r,8) in the polar coordinate representation.
Because of this, we have been restricted to two dimensions

and haven't been able yet to consider the z-components.
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However, we have arrived at the knowledge that

1) The use of time signals to implement the matrices is
essential for the new concept, as then their manipulation

will not involve any conventional arithmetic calculations.

2) Using the cosine-signal and the sine-signal of the
same frequency as a trivial set of orthornormal references
(or carriers) for the implementation, the relationship
between the sinewaves representing the A-matrices and those
representing their inverses is that the sign of the phase

angle accommodated in them is reversed.

3) The basic equations for the manipulation of the T-
matrices in both direct and inverse direction are implemented
simply by cascading an appropriate number of phase shifter
stages and so matrix multiplications are performed without

using any conventional arithmetic expressions.

In this light, the two-dimensional RJD has been presented
which, however, will have only a limited importance because

of the two-dimensional restriction.

Its expansion into three dimensions will be the subject of

the next chapter.

e



Chapter 3

SINUSOIDAL IMPLEMENTATION OF THE THREE-

DIMENSIONAL ROBOT JOINT DESCRIPTOR (3D-RJD)

50
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3.1 INTRODUCTION

Consider the general joint matrix:4.S

C(B) -S(B). C(w) S(0).S(a) a.Cc(®)
S(0) C(0). C(x) -C(0) .S () a.s(0)
A = 0 S () C(a) d
0 0 0 1 Eg.3.1.1

where C(0)=cos () and S(6)=sin (0)

C(a)=cos () and S(a)=sin ()
If the joint is revolute, the independent variable of this
matrix will be q=95 however, if the joint is prismatic, the

generalized independent variable q will be g=d.

This matrix can be considered as the result of the following

matrix multiplication:

A=ROT, (0) .Trans, (d)..Trans, (a) .ROT, (Q) Eq.3.1.1b

where

i_C(e) -S(® 0 0|
ROT, (8) = s@ c® o0 0
0 0 10
0 0 0 1 - Eq.3.1.2
— -
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1 0 0 0
ROT, () = 0 cos(a) -sin(a) 0
0 sin (o) cos () 0
0 0 0 1 .3.1.
L i Egq.3.1.3

The basic homogeneous translation matrices are:

Trans,(a) = 0 1 0 0

0 0 0 1 Eq.3.1.4

Trans,(d) = 0 1 0 0

0 0 0 1 Eq.3.1.5

As is seen, Eg.3.1.2 - Eg.3.1.5 represents elementary
transformations and so can be realized by elementary one or
two-dimensional operations.

The breaking of the A-matrix into these four basic
transformations represents a crucial step towards the
development of the three-dimensional RJD. That is, judging
from Eq.3.1.1b, we realize that the expansion of the sinewave

concept into three dimensions is possible merely because the
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three-dimensional RJD will be, in principle, nothing else

than a combination of two-dimensional RJDs.

3.2 PRELTMTINARY

For ease of explanation, we will, without loss of generality,
refer to the 5-axis Mitsubishi robot arm RM-501 (see
Fig.3.2.1.1) which has all features of a typical industrial
robot. For reference purposes, we will establish the A and
T-matrices for this robot arm. However, let.us first recall

the Denavit/Hartenberg rules.

3,2.1 The Denavit/Hartenberg Rules

The Denavit/Hartenberg rules for establishing robot joint's
coordinate frames are well known and can be found in a number

of literature 1.4.5,

For ease of reference, they are now stated in the following.

Every coordinate frame is determined and established on the

basis of three rules:

a) The z;_; axis denoting the z-axis of the (i-1l)th

coordinate frame lies along the axis of motion of the i-th

joint.

b) The x; axis denoting the x-axis of the i-th coordinate

frame is normal to the z;; axis, pointing away from it.
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c) The y; axis denoting the y-axis of the i-th coordinate

frame completes the right-handed coordinate system.

The four geometric quantities associated with each link are

defined as follows:

6; The Joint angle from the x;_; axis to the x; axis

about the z;_; axis (right-handed rule).

d; The distance along the z;_; axis from the origin of
the (i-1)th frame to the intersection of the Zi-1

axis with the x; axis.
a; The shortest distance between the z;_; and z; axes.

o; The offset angle from the 2z, ; axis to the z; axes

about the x; axis (right—hénded rule) .

The RM-501 robot arm has only revolute joints, hence d; and

a; remain constant.

The "twist angles" «; are constant. This applies not only

for this particular robot arm but also for most

commercially availakle robots.
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For the RM-501, the remaining geometric quantity 6; is the

joint variable of the i-th coordinate frame that changes when

link i rotates about the z;_; axis.

Fig. 3.2.1.1 illustrates conventions of joint, link numbers

and all the robot's geometry parameters.
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3.2.2 The A and T-Matrices of the RM-501.

Once having established the coordinate frames, the A-matrices

are written straightforwardly as follows:

[ -5, 0 c, 0]
c, O s, 0
oA, _ 0 1 0 q
i 0 0 0 1 _ Eg.3.2.2.1.a
[ c, -5, 0 a,.C, |
s, G, 0 a,.S,
1A, = 0 0 1 0
0 0 0 1 Eq.3.2.2.1.b
¢, -5, 0 a5.Cy |
S, Cy 0 as.Ss
°a, = 0 0 1 0
| o 0 0 i Eq.3.2.2.1.c
-5, 0 c, 0
c, O S, 0
A, = 0 1 0 0
0 0 0 1| Eq.3.2.2.1.d
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I Cs -Ssg 0 0 i
Sg Cs 0 0
A; = 0 0 1 0
i 0 0 0 1 B .Eq 3.2.2.1.e
—l 0 O 0 i
0 1 0 0
5Eg = 0 0 1 dg
0 0 0 1 Eq.3.2.2.1.f

where C;=cos(0;) ; s;=sin(8;) and the transform S3E,

represents the "tool transform".

The Denavit/Hartenberg rules do not specify the A-matrices
uniquely. For example, we have been free to arbitrarily
choose the direction of the Xy-axis and so with a different
choice, we could have arrived at a somewhat different matrix

oA, . In this same sense, the 5-th coordinate system could

have been defined differently.

An important attribute of these matrices 1is fhat there 1is
only a "one-element" in the third‘components of the
orientation sub-matrices, and therefore, every one A-matrix
as stated above describes a two-dimensional rotating/

translating transformation on the local z-plane. In some
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cases where the geometric quantity "d" is the joint variable
rather than the quantity "O", the A-matrix describing a
particular coordinate frame will merely be considered as a
one—dimensional translation of that particular coordinate
frame along the adjacent local z-axis. We shall make use of
this, considering that three-dimensional problems can be
treated as a cdmbination of one- and/or two- dimensional

problems.

In the following, the T-matrices are established for future

reference:
B 7
1 0 0 0
0 1 0 0
ST = 0 0 1 0
0 0 0 1 Eg.3.2.2.2.a
¢, -55 0 0 |
Ss Cs 0 0
ir, = 0 0 1 0
L 0 0 0 1 Eq.3.2.2.2.b




a3.Cr3 + a.,.Cy

az.S;3 + a,.S,

-54.Cy S4.5¢ Cy 0
Cy4.Cs =Cy4.5g Sy 0
3Py = Sg Cs 0 0
L 0 0 0 1
=S34-Cs  S34.55 Cgq az.Cs
C34-Cs =C34.55 Sg34 a3. 353
2p, = Ss cs 0 0
N 0 0 0 1
~S234-Cs S234-5s  Ca3g
C234-Cs ~C234-55  S324
17, = Ss Cs 0 0
0 0 0 1

ory = C234-Cs =C234- 55

0 0

_Sl.(aa.C23 + a2.C2)
Cl’ (a3.C23 + a2.C2)

51.5234.C5+C1.SS _51.5234.SS+C1.C5

—C1.5234.C5+Sl.55 C1.5234.55+51.C5
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Eq.3.2.2.2.c

Eq.3.2.2.2.d

Eq.3.2.2.2.e

=S51.Cz34
C1.Czaq4

S234

Eq.3.2.2.2.f
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where

Cij =CO0Ss (61 +63) H
Sij =sin (91 +ej) H
Cijk=cos(6'l +6j-+6k) ;
Sigx =sin(B; +65 +6y) ;

3.3 INTERPRETATION QF THFE T-MATRICES USING SINGLE-FREQUENCY

SINEWAVES TN THREE DIMENSIONS

We refer to the T-matrices established under the previous

section without loss of generality.

Fig. 3.3.1 illustrates the geometric relationships between
the two coordinate frames 4 and 5 of the RM-501 robot arm, in

which we denote the unitvectors on the X, Y and Z axis of the

i~-th frame with X;, Y; and Z;, respectively.

The Fig. 3.3.1 shows that a rotation of the 5th frame by 65

about Z, does not affect Z5, but creates four new component-

vectors expressed in the 4th frame namely:

+Cg5.X, and +S5.Y, as results of the rotation of the vector Xy

-S5.X4 and +C5.Y, as results of the rotation of the vector Yg,

In the next step we leave 05 unchanged and rotate the 4th

coordinate frame by 0, about 2Zj.
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Because Y, is parallel to Z;, all the component-vectors of
the Y, axis remain unchanged upon this rotation. However,
the three vectors 7,4, C5.X, and -Sg5.X; create in the 3rd

coordinate system two new component-vectors each. See

Fig.3.3.2.

The first mechanisms behind these rotating operations become

now obvious.
3,3.1, The Basic Statements.

The following statements apply only for matrix configuration
of robot manipulators whose link parameters «; are either
00, +900 or +180°. Fortunately, almost all commercial robot

manipulators do have this geometric configuration.
This condition will be removed later as shown in Sec 3.5.

ment 1
The rotation of a link about its rotation or Z axis causes
change in only X and Y components, and so these changes can
be presented by a single appropriately phased sinewave as has

been shown under the previous chapter.
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Statement 2,

The four vectors embedded in the A-matrix describing a
coordinate system in general have three components each with
respect to a new reference system.

Statement 3.

Because the angle a;, which indicates a pre-rotation of the

i-th frame about its X; axis by that angle aj, is a constant,

we can take it into account simply by first renaming the

component vectors before rotating them. For example:

in System 4 re-named to in System 3
N, .X4 ng,.Y3
ny.Y4 nz Z3
nz Z4 - nx.X3
tement 4

The renamed Z components remain unchanged upon the following

rotation.

Statement 5,

A rotaéion affects the renamed X and Y components by creating
two new components each in the X/Y plane, with magnitude
determined according to the sine and cosine law of the

rotation angle.

Statement 6.
The X components of the same vector must be added together if

they have been created by different rotations. This also
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applies for the Y coﬁponents of that same véctor. These then
modulate the X and Y references to create a suitable
sinewave, which is then phase shifted by the rotation angle 0
to give the new components. By translating these verbal
statements into graphical form using single frequency
sinewave signals, we obtain Fig. 3.3.1.1 and Fig. 3.3.1.1.Db,
where we choose the x-carrier to be cos(2ILf.t) and the y-

carrier sin(2ILf.t).

An alternative graphical representation is presented in

Appendix 4.
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3.3.2 Sinewave Implementation and Interpretation

The meanings of the phase-shifted sinewaves can be

interpreted in some brief words in the following.

Let us follow the signals representing (Xg,Ys,25,P5) where,
however, only Xg andy Ys are passed through the first stage
of the two dimensional phase shift system, for Zs and Py are

not affected by the first rotation and therefore must be kept

unchanged.

Phase-shifting X5, the so-obtained signal will provide the

two components (+Cg, +Sj5) .

Phase-shifting Y5, the so-obtained signal yields the two

components (-Sg, +Cs).

In matrix form, we have:

[Cs -5 0 0]
Ss Cs 0 0
0 0 1 0
_0 0 0 1_

This is the matrix 4T, where for completeness we have added

the fourth row vector (0,0,0,1).
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Before processing the outputs from the first phase shift
stage, we have to consider statement 3 that states for this

particular case:

X component re-named to Y component
Y Z
Z X

The so re-named X and Y components now modulate the
appropriate carriers. Recalling, that in the figures 3.3.1.3
and 3.3.1.3.b presented under the previous subsection, we
have chosen cos(2.Il.f.t). as the x-carrier and sin(2.IJLf.t).

as the y-carrier.

Now, phase-shifting the new modulated sinewaves by 0,, the

corresponding T-matrices are read from the Figs. 3.3.1.3 and

3.3.1.3.b.
_54.C5 54.55 C4 O—
C4.C5 _C4.SS S4 O
3T5 = SS CS O O
0 0 0 1

In the next step, we rename the components as follows:
X component "re-named" to X component
Y Y

Z Z
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Using statement 6, the T-matrix is read to

~534-Cs S34- 55 Csayq a3.C3_
C34-Cs ~C34.55 S34 a3- 53
2, = Ss Cs 0 0
L 0 0 0 1
.

Similarly, we read from the outputs of the next phase-shifter

stage
I ~=S234:Cs  S234-S5s C234 a3.Cp3 + az-czT
C234-Cs ~C234-S5  Sz34 az.Sz3 t az.5;
r, = Ss Cs O 0
L 0 0 0 1 N

In the last step, we rename the components to

X component re—-named to : Y component
Y Z

Z X
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The resultant T-matrix 1s read to:

[S1.5234-C5+Cy. 55 ~S,.S534.55+C,.Cg -S1.Cy3y4

~C,.Sp34.Cs+S;.55 Cq.S534+55+5;.Cs Cy.Cpay
Ty - C234-Cs ~C234- S5 S234

u 0 0 0

"’Sl. (a3.C23 + az.CZ)
Cl' (a3.C23 + az_CZ)

1. —
where
Cij = cos (0 ;+0 ) ' ;
Sij = sin(e i+9j) ;
Cisx = cos (0 ;+0 4+8 ) ;
Sijk = sin (ei+e j+6k) ;
3.4 DERTVATTION OF THE 3D-R FOR THE- CASE OF

To implement the 3D-RJD, the previous section provides the

following three results:

1) We need vector combiners that select and prepare input

signals for the phase shifters (Statements 3,4 and 6).

2) Two-dimensional phase shifters are needed (Statement 1).
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3) We also need vector splitters that process the output
signals from the phase shifters such that ready-to-use
signals are available for the next cascade (Statements 2 and

5).

The realisation of the vector combiner (VC) and the vector

splitter (VS) can be found in Appendix 2. The next pages

show them symbolically as the particular parts of the vector
combiner unit (VCU) and the vector splitter unit (VSU)

required in the implementation of the 3D-RJD.
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Let us consider Fig. 3.4.3. In this diagram, the box
representing the three-dimensional translate block indicated
by Cyl(a;,0;, d;) looks in essence like that of the two-
dimensional case. However, the difference cén be seen in the
Z output of the box which 1is led to one new adder on the
lefthand side of the figure that takes the z—component.of the
incoming position vector éf the direct manipulation path into
account. Recall that all the z-components remain unchanged
upon a rotation about the z-axis. The z component of the
three-dimensional inverse position vector can then be
implemented simply by inverting the Z output of the 3D-
translate block which is led to the second new adder on the
right hand side of the figure that takes the z-component of
the incoming position vector in the reverse manipulation path

into account.

For ease cf reference, the 3D-translate block Cyl(a;,®;,d;)

is shown as a separate block. The remaining is collected in

the 180° function block.

The "s" and "t" variables in Fig.3.4.3 have the following

meaning:

Sp: The projection of iTRL 5 on the xy-plane.
tp: The projection of i-lTRL_ , on the xy-plane.
Syt The projection of i~lTRL,; on the xy-plane.

tr: The projection of ITRL,; on the xy-plane.



76

i-1 t _
£nD D °1 1z
+
180° \+
Ref?\\$//,
s ¥
D t
I
i (xg)Cul(ai,Bi,di) .
nD 2 'Z 1
i- 1 .
Z i-1
nD Zn]
DIRECT INVERSE
180° unit
tp < + _e— s
°D 1 T l ' >t
1 1 '
ZnD Zn

Fig. 3.4.3: The 180° conversion unit in connection
with Cyl(a;,84,d;) and its symbol.
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Using the units derived above, we are now in the position to

present the three-dimensional Robot Joint Descriptor shown in

Fig. 3.4.4.

This diagram represents the general case of the Three-
Dimensional Robot Joint Descriptor. However, for the case of

a slide joint, the hardware implementation will reduce

drastically as shown in Fig. 3.4.5.
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In the following, some obligatory comments about the 3D-RJD

should be made.

In the view of the circuitry designer and analyser, the 3D-
RJD is much more complex than the 2D-RJD. However, in the
view of the system thinker, the design philosophy still
remains the same. In fact, the basic manipulation equations
derived under chapter 2

"Direct" equations:

i-1roT, = i-1ROT; . *ROT,

i-1PrRL, = i-1ROT; . iTRL_ + i7ITRL;

"Inverse" equations:

iROT, (i-1roT;) "1. i-lROT,

iTRL

(i-1ROT,)"!. (i-1TRL, - <71TRL;)

hold not only in two dimensions, but also hold in three

dimensions.

Coincidentally, in two dimensions we can implement a two-
dimensional vector using just a single frequency sinewave
that need not be processed further before being passed
through a phase shifter. 1In three dimensions, if we had the
possibility to implement three-dimensional vectors using a
single signal, the 3D-RJD would look like the same as the 2D-
RJD. However, if we temporarily ignore the Vector Combiner
Unit and the Vector Splitter Unit, the 2D-features are then

obvious from Fig. 3.4.4.
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Because of the general validity of the basic manipulation
equations, we prefer to use the symbol Robot Joint Descriptor
of Fig.. 2.2.1 for both cases two-dimensional as well as

three-dimensional manipulation.

3.5. TMPTEMENTATION OF THE 3D-RJD FOR THE MORE GENERAL CASE

OF COS(a)#0 AND COS(o)# *1

In a further step of generalization, the rotation about the
x-axls by the angle acan be treated the ordinary way of
phase shifting the sinewave signals representing the y and z
components (right hand rule) of the vectors comprised in the
incoming T-matrix. This is done by employing one more phase
shift stage located before the actual delay of the angle 6
as required by Eq.3.1.1.b in the case of direct manipulation.
Reversely, in the inverse path, this one more phase shift
stage is located after the actual delay stage of - 6 . This
is shown in Fig. 3.5.1 and Fig. 3.5.2 where we should
indicate that 1) the new phase shifters are accommodated with
constant phase shifts corresponding to aand -ttas o itself is
a constant, and that 2) the x-components will remain

unchanged upon this o - manipulation.

As is obvious, in the case of cos a= 0 or cos a= £l as
applied for most commercially available robots, this one

extra phase shifter stage can be by-passed by the process
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which we have previously called "re-naming" the components of

the relevant wvectors.
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3.6 SUMMARY

The three-dimensional problem has been described as a
combination of two-dimensional problems. In this sense, the
3D-RJD has been developed which, from the point of view of
the design philosophy, essentially consists of the 2D-RJD.
All the other units developed in this chapter, in particular,
the vector combiner unit and the vector splitter unit, have

the function of preparing and processing signals to and from

the 2D-RJD, respectively.

A hardware implementation has been developed which processes
sinewaves to perform the matrix manipulations required. It
has also been shown that this implementation of the 3-D RJD

can be used even for cases when cos o# 0 and cos a# + 0.
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Chapter 4

SOLVING THE INVERSE KINEMATIC PROBLEM USING THE ROBOT
JOINT DESCRIPTOR TECHNIQUE
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4,1 INTRODUCTION

The consideration presented under section 2.2 has indicated
that although derived from the mutually inverse equations,
the terms ™ROT_, 4 and ™ROT,;, as well as the terms ™TRL_4 and

mTRL_;, will in general not nécessarily be equal, for

m=0,1,...,N. where n 1is the number of degrees of freedom
(d.o.f.) of the robot arm under consideration. Thus, a
comparison of the ROT and TRL functions availlable on the
direct RJD—path-with their counterparts on the inverse path
would provide a meaningful measure for the position and
orientation errors of the robot arm, useful in the search for
inverse kinematic solutions for thié robot arm. This chapter
then inevitably arises from fhe desire of making use of those
errors in finding inverse kinematic solutions. If this can
be done it will be possible to find.a new alternative

solution technique using sinewave simulation.

This alternative solution technique would then provide. a
general systematic means of obtaining solutions applicable to
any manipulator rather than intuitive methods which tend to
apply to specific classes of manipﬁlator. It will also be
shown that this general method applies to manipulators

irrespective of the "twist angle" .
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4.2 THE _RQOBOT JOINT DESCRIPTOR (RJD) AND ITS FUNDAMENTAL

CHARACTERISTICS.

Let us recall the manipulation of the chain products

oT p = °A;.1A,...171A .. .p728 L .ntlAg for n>0 Eq.4.2.1.a
DEn = {nAn—-1°n_lAn—2' . .iAi_l. . -ZAI.IAO} . OTDI Eq.4.2.l.b
where 1-1A,; 1is the matrix representation of

Denavit/Hartenberg in the form of a (4x4) homogeneous
transformation matrix describing orientation and position of
the i-th coordinate system with respect to the (i-1)th
coordinate system assigned at the i-th and (i-1)th robot

joint, respectively.

Before proceeding further we remark that, by definition of
the inverse geometric problem, the matrix manipulation of the

right-hand side of Eg.4.2.1.b will result in a (4x4) unit

matrix for a given °T, ; if we have found a solution. Until

then, however, the matrix PE_, on the left-hand side of this

equation will differ from the unit matrix in general and is

here called the error matrix.

Let us also recall the partitioning representation:
[ i-1RoT, i-lTRL, |

i-1p. —

1

L 0 1 Eg.4.2.2
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where *7IROT; is a (3x3) matrix and i-1TRL, is (3x1) vector

containing orientation and position information of that A-

matrix, respectively.

It has been shown by induction (See Appendix 1) that the

following applies:

i-1ROT,, = *7!ROT,.iROT,, Eq.4.2.3
i-1TRL, , = +-1ROT,;.iTRL + i-1lTRL; Eq.4.2.4
for i=n,n-1,...,1. The subscript "D" is used to show that we

are dealing with the intermediate results of the direct

kinematic problem of Eg.4.2.1.a. The "inverse" equations
are:

iROT,; = (i-1ROT,;) "1.i-1ROT; Eq.4.2.5
‘TRL,; = (i-1ROT;)!.{i-1TRL,; - i-1TRL,) Eq.4.2.6
for i=1,2,...,n, where the subscript "I" is used to indicate

that we are considering the intermediate results of the

inverse kinematic problem of Eq. 4.2.1.b.

Fig. 4.2.1 shows a graphical representation of Eq. 4.2.3. -

Eq.4.2.6 which will be used as a general symbol for the Robot
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Joint Descriptor (RJD), with the 1800 symbol being used to

represent the inversion of i-ITRL, to form —i-lTRL, .

The RJD has the following two fundamental characteristics:

- Cascade characteristics. This is ob&ious from the
equations. That is, staying on the direct manipulation path
(subscripts D), one sees that the outputs of the i-th RJD
will serve as 1inputs for the next adjacent (i-1)th RJD in
arriving at the result for the direct kinematic manipulation
of Eq.4.1.2.a. As is seen, the inverse 'manipulation path
(subscripts I) also possesses the same characteristics.

However, the direction of manipulation is reversed.

to the (i+1)th cascade from the (i+1)th cascade
=1 - i-1 i-1
ROTHD TRLnD TRLnI ROTnI
DIRECT 1800 " INVERSE
Ref.
i-1 i-1 i-1 -1[€
ROT, TRL; (" 'roT; )" }
i i i i
ROTnD TRLnD TRLnI ROTHI
from the (i+1)th cascade to the (i+1)th cascade

Fig. 4.2.1. : The i-th Generalized Robot Joint Descriptor.
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- Balance characteristics. That 1is, if we have found

the orientation pairs ‘ROT,; = iROT,;, we will also find
i-1ROT,; = "!ROT,, and vice versa. The same applies for the

position pairs iTRL;;, ‘TRL,,, i"1ROT,;, i-lROT,;.
Let us verify the balance characteristics of the RJDs.

Substitution in Egq.4.2.3 and Eg.4.2.5, shows that:

if iROT,;=*ROT,, then 1-1ROT,;=i"1ROT,, and vice versa, for

i=1,2,...,0.

Similarly, by substitution in Eg.4.2.4 and Eg.4.2.6 we have:

if iTRL, ;=iTRL,, theni-1TRL_ ;=1"!TRL,, and vice versa, for

i=1,2,...n.

In the following, before we make use of this, the necessity

for decoupling the tool from the robot arm is illustrated
4.3 TRANSFORM EQUATIONS

For any robot arm with n d.o.f., the following relationship
is true:
sz'OTn’nEgszg Eq.4.3.l

where:
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wZ,: Transform describing location of the robot arm with

respect to some reference world coordinate system.

°T,: Robot arm matrix as matrix product of the n elementary

A-matrices.

"Egt Tool transform describing location of the robot's

gripper with respect to the robot's end coordinate system

(fixed) .

“Ey: Transform describing location of the gripper with

respect to the world's coordinate system.

(The notations nEg and wEg are not to be confused with the

error matrix "E; of Egq. 4.2.1.b).

To conform with common usage Eg.4.3.1 is here rewritten as:
"2, tOT +PEG=VE

where the sign "+" is used to denote matrix transform
multiplication 1. Now, given a desired location of the

gripper with respect to the world's coordinate system namely

"E4, the location of the gripper °GRIPPER; with respect to

the zero-th coordinate system (usually at the robot's base)

is then:

°T +"E,=-¥Z +“E_=°GRIPPER, Eq.4.3.2
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where -YZ, denotes the inverse of %Z, which is, by definition
fixed. Let us "decouple"™ the tool "E; from the robot arm to

obtain the arm matrix °T, as follows:

OT =-¥Z,+¥E ~PE_=°WRIST, Eq.4.3.3

As can be seen, given the transform of the right hand side

°GRIPPER; or °WRIST, it is easier to use Eg.4.3.3 to solve
for the joint variables embedded in the arm matrix °T,. The
transform °WRIST; is here referred to as ©°Ts;. Thus, in the

following, we will keep this same notation for °WRIST,.

4.4 ARTITHMETIC EXPRESSIONS FOR THE SOLUTIONS

In order to give insight into the RJD procedure we first of
all show how it can be used as a systematic method of finding

the conventional arithmetic expressions.

We make use of the balance characteristics of the RJDvphase
shift system to derive the solutions by comparing the
variables of the direct manipulation path with those of the
inverse manipulation path. If some unambiguous constraints
arise from this egualizing process, we will be able to

establish a solving procedure for the g; for i=1,2,...,n at

least for the type of robot manipulator under consideration.
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The arm matrix °T, of Eg. 4.3.3 typically involves only a

number of q, for k=1,2,...,3J with j<n affecting the position

vectors in the phase shift system. Thus, those gy for
k=1,2,...J are called position-sensitive and the remaining q,
for 1=3j+1,3j+2,...,n orientation-sensitive. Therefore, the

inverse geometric solutions are derived in two stages: a)

Deriving positional solutions and b) Deriving orientational

solutions.
a) Deriving positional Solutions

The constraints

KTRL, 1=K TRLpp for k=o0,1,2,...,n

indicate element by element equalities denoting that these
vectors should have the same magnitude as well as the same
direction. However, let us have a look at the particular

case of k=n. nTRL_ , is a null-vector having undefined

orientation, because it is the positional part of the (4x4)

unit matrix AT, that serves as "initial condition" for the

direct manipulation. This means that when equalizing the
pair PTRL_; and "TRL ,, we shall not Dbe concerned about their
orientations, but indeed, only their magnitudes or,
‘preferably, their magnitudes squares. This represents a

tremendous constraint reduction, because we then only have to

equalize the magnitude squares of the XTRL,; and XTRL, for
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k;0,1,2...,n in the attempt to equalize the particular pair
nTRL,; and PTRL,,. If this is achieved, i.e. PTRL,{="TRL_p,
all the position pairs of the RJID-system will be eqgual in
magnitude as well as in orientation due to the balance

characteristics of the RJD. Therefore,

if [PTRL,;]1%=["TRL,;]1%=0, then XTRL_ ;=XTRL,, for k=0,1,2...,n

Indeed, the solutions to the inverse kinematic problem of
Eq.4.3.3 are, for the position-sensitive variables, found by
equalizing the magnitud§ squares of the relevant position
vectors in the direct manipulation with their counterparts in

the inverse manipulation.

Thus, in the first stage, the RJD computing diagram offers a

means of comparing the position vectors XTRL,, of the direct

manipulation path with those XTRL,; of the inverse

manipulation path for k=0 to n. The first step of this stage
is to identify the functional relationships between the

particular position vectors on both paths and their

independent variables gy, for example, Dby establishing
arithmetic expressions for the [¥TRL,;]2 and (XTRL,p]? for
k=0,1,2,...,ﬁ. Then, the comparison 1is in principle
performed by equalizing those magnitude squares in some

systematic way as presented in the following.

Let us demonstrate this on the example of the 5-axis

Mitsubishi robot arm RM-501 (see Fig 4.4.1) where we have
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n=5. For this particular robot arm the table 4.4.1 developed
by inspection of Fig.4.4.1 offers an overall insight into the

problem.
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Examining the table, we realize that [!TRL¢y]2 is a function
of only one variable 63 while [I1TRLg;]2 is a constant. Thus,

the solution for 63is determined by equalizing this

particular pair. This represents the first unambiguous
constraint obtainable from the table. 1In the next step, we
realize that the pair [°TRLg;]? and [°TRLgy]2 has no.w become
a function of only one variable, 6;as the quantity [°TRLg]2
is a constant and [°TRLs,] 2 has now become a function of only
one variable, 6,, since 03 has been found. In the last step,
keeping the solutions 6, and 63 unchanged, we can equalize any
remaining pair [¥TRLg;]12 and [*TRLg,]? for k=2,3,4 or 5 and

solve for 0.

Direct manipulation Inverse manipulation

o 2_° o 2_

TRLg, | = f5p(8,,83) TRL,|" = const.

Two variables No variables

"TRLe,| = 'f (85) "TRL,| = const
) TRLSD = o' U3 TRLSI = const.

One variables No variables

2 2 o

2 _ 2 -

TRLgpl = const. TRL.; f51(81,82)

No variables Two variables

* ‘. 3 2—3f (8,,8,,8,)
fRLSD = 0 TBLSI - 51 1272 %3
No variables Three variables

2 2 4

4 _ 4 -

TRL,,| = O TRLg | = f_ (8;,8;,83)
No variables Three variables

S g S 2.0 (8,,6,,8,)
TRLg,| = © TRL,| = §_.(8,,8;,8;
No variables Three variables

Table 4.4.1: Comparison table for RM-501
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b) Deriving orientational solutions

The next step is to achieve the correct orientation. We make
use of the trace vector of the error matrix °Eg available at
the end output of the inverse manipulation path of the RJD

computing diagram to derive the solution for the remaining

variables 6, and B85 . Mathematically, this matrix 1is

determined by:
' SEg=(°Ts) "1.°Tg; ' Eq.4.4.1

Where ©°Ty; represents the desired location of the robot
manipulator and (°Ts) 1 is the result of the inverse
manipulation path if its input matrix has the value of the

unity matrix. This matrix equation implies

SROT5= (°ROT5) ~1.°ROTy; Eq.4.4.2

which becomes a (3x3) unity matrix when we have found

solutions. That is, in particular, if SROTs;=°ROTsp then
iROTs;=TROTs, for I=0,1,2,...,5. (We recall that SROTs5p is
a (3x3) unity matrix because it 1is the orientation part of
°Tsp) . However, we are only interested in the trace vector

of SROT,;.

We define the quantity:

diff_trace_squares= (1-Ny_error) 2+ (l—oy_error) 2+ (1l-az_error) 2>=0

Eq.4.4.3
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where Ny error a@Nd Oy error @Nd 8, e¢rror @re the elements of the
trace vector of SROTs;. As is evident, diff_trace_square
is a function of all the orientational variables. Thus, the
nearest orientations are found in its minimal extremes if

they exist. Solutions are found when diff_trace_square=0.

In practice, the arithmetic expression for diff_trace
square 1s quite complicated and so not very convenient to
ﬁse. Howéver, it turned out that for the particular robot
arm RM-501, this quantity diff__trace_square is not
necessary. Instead, we take partial derivatives of any two
components of the trace vector of SROTs; with respect to the
variables of interest, require them to be zero and find the
maximal extremes. The maximum of those components will give
the closest orientation and the solutions for the remaining
variables 04and 65 are found from these maximal extremes. A
detailed solution derivation is given in Appendix 5. A
solution summary is given on the next page, Table 4.4.2. As
is seen, the solution expressions involve 9 transcendental
function calls, 3 arithmetic function calls, 22 multi-

plications, 17 additions and 2 divisions.

C) Degeneracy

The robot arm degenerates when a particular position error,
defined as the difference between the magnitude squares of

the corresponding position vectors (see table 4.4.1), does
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not change at all upon the variation of the relevant variable
or variables. The same term applies whenever the quantity
diff_trace_square remains unchanged upon the variation of

the relevant orientational variable(s).
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Table 4.4.2 RM-501 SOLUTION SUMMARY

;
Ny Ox¥x Px Given desired location 0T5

(DH-Matrix
OT ) nuoualJ plJ )
S n,o,a, p, 8, di , 8; DH-parameters/variables
000 1 | i=1,2,...,5

Positional solutions :

65 = ATAN2[iV1-(cos 63)2', cos 65 |

2 2 2 2 2
px+pg+(p2-d1) - (a2+a3)

where cosez,> =
2-a-a
2 3

p, - d p,-d 2
5, - ATAN2[ZT1J+V1—(ZT1) ] -

where Y = ATAN2 | 8555, 85Cz+a, ]
- . 2 . 2

= [ (ags5)? + (agcg )
o) = ATAN2 [ :PX ,EP ] ATANZ2 is arctan function
1 Y with two real arguments

Orientational solutions :

9, = ATAN2[408;, +(-8¢S;+ayC)] =8, - 65
where C, = cos 61 ) Sy=sin 61
O, = ATAN2[NCy+nySy, |
NyS1°8234 ™ Ny'C1S234% Co34 "2 ]
eSb = eSai v where C234_cos(9 +0 +9 )
8234_ sm(e ) +8 )

Degenerate when P, =0 and pg—O Any B, 1sthen solution.

P

No orientational sol ution possible when —-;:—

Pg 8y
Solutions involve 9 transcendental function calls, 3ar1’thmetic
function calls, 17 additions, 22 multiplications and 2 divisions.
Given a desired location °T5 (83+, 82+, 81 ) is a set of positional
solutions. (8 82 , e1+’IT ) is another set of solutions.Another
two sets with 83_ are also solutions. Orientational solutions
virtually depend on the choice of 83 only.
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The same solution method has been applied to several common
geometric configurations (see Appendix 6). The existence of
the solution sequences demonstrates the wide applicability of

the new solution procedure.

d) Solving for orientation only, or for position only.

We remark that, applying the same solution technique for
Eg.4.3.2., solutions for the gripper's position embedded in
°GRIPPER  will Dbe found, in general, at incorrect
orientation. Similarly, correct orientation can be achieved
using the method with the diff_trace_square gquantity;
however, the positional constraints will not hecessarily be

satisfied.

4.5 ITERATIVE NON-INTUITIVE SOLUTIONS USING SINEWAVE

SIMULATION

Based on the theoretical development of the RJD, the three-
dimensional RJD has been software-simulated for the inverse
geometric problem of the RM-501 (Using Mainframe UNIVAC 1100
of the Wollongong University's Computer Centre with
University Wisconsin Pascal, written in 1984. See Appendix 7
for printout) where both the direct and the inverse
manipulation have been implemented as required by the solving
procedure. In particular, three hundred and sixty points of

one cycle of a sinewave have been generated once and stored
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in a global look-up table. All matrix manipulations have
then been performed with phase shifting procedures using the
look-up table and apart from calculations of the TRL vector
magnitudes of the diff_trace _square quantity, no
significant arithmetic expressions have been used in the
program. Indeed, all the TRL vectors and the trace elements
Ny errors Oy_error and a; o.rror nNeeded in Eg. 4.4.3 are
directly available from the simulated RJD phase shift system

as sinewave amplitudes.

In particular, for a given desired location expressed in a
target matrix ©°Tg;, the computer first performs the matrix
manipulations. using the phasé shifting procedures mentioned

above to determine the éctual ROT and TRL of the RJD phase

shift system for the actual values of the 6; i=1,2,...,5.

This 1is done by, for the direct' manipulation path,
consecutively introducing the required phase shift angles 6
to the relevant sinewaveé, stafting by the n-th RJD cascade
back to the first RJD cascade. For the ‘inverse manipulation
path, the program introduces the angles -0; to the relevant
sinewaves, in the reverse order, starting by the first RJD
cascade consecutively to the n-th RJD cascade. Then, the
relevant variables are adjusted iteratively in the order
required by the solving sequence. That is, for the RM-501,
the program has to adjust 8, first, then 6, and then 6;. As
the program makes use of the diff_trace_square quantity,
the adjust order for the remaining orientational variables 8,

and O is arbitrary. Varying only one variable at a time,
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the determination of the relevant actual ROT and TRL of
the RJD phase shift system is performed repeatedly until the
relevant error has become minimal or =zero. The last
itefative value of the one variable having just undergone the
variation 1is then one solution. Now, the computer proceeds
to the next gelevant variable and repeats the iteration until

all variables have been considered.

It was interesting to note that manipulator degeneracy, for
example at p,=0, p,=0, p,<>0 caused no problem at all with
finding a solution for 6; as there was no change in the
relevant error. In this case the current value of 0, is
assumed as a solution and the next relevant variable

proceeded to.

Fig. 4.5.1 and Fig. 4.5.2 show graphical representations of
all possible position and orientation errors (for a given
°Ts;, see target matrix on Fig. 4.5.1) as they arise when the
joint variables are being changed (FORTRAN77 plot routines
called fromthe Pascal program). We recall that the position
errors are defined as the difference between the magnitude
squares of the corresponding position vectors. As 1is
indicated in Fig.4.5.1 the position-sensitive variables are
adjusted in the order required from the comparison table
4.4.1. However, the orientation errors of Fig. 4.5.2 are the
various repfesentations of the quantity diff_trace_square
which is the square of the magnitude of the difference vector

of the error matrix and that of the unit matrix. The so-
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obtained numerical solutions agreed with those obtained using
conventional arithmetic expressions. As 1is obvious, the
number of iteration steps depends on how close to the target
the actual gripper 1is at the first iteration. With this
iterative method, real-time solutions are possible, because
the Cartesian motion of the robot arm is usually represented

in terms of differential joint-interpolated motions.
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In this iterative method, the calculation of the position
errors [XTRL,;]2 ~ [¥TRL,;]? requries 6 multiplications and 5
additions for every index k. As we have to consider j such
indexes, the total numbers of multiplications and additions
in arriving at the solutions for J position-sensitive

variables are found as
Zp.5. (6 multiplications and 5 additions)

where Z, is the average number of iterations required in each

optimization step.

The computation of the diff_trace_square quantity of
Eq.4.4.3 requires 3 multiplications and 5 additions so that
in arriving at the results for the (n-j) orientation-
sensitive variables, the numbers of multiplications and

additions calimed by this method are:
Zo. (n=7J) . (3 multiplications and 5 additions)

where Z, is the average number of iterations required in each

step for the orientation - sensitive variables.

If the changes between two consecutive value of the variables
are 2 degrees in average, we will apply 7,= 2 and 2, = 2, SO
that for the RM-501, the solutions require 48 multiplications

and 50 additions. However, in this method, no transendental
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function calls are involved. As is seen from this example,

real-time solutions are possible.

Fig. 4.5.3 summarizes the implementation of the new solving
technique. The flow chart of Fig. 4.5.3.a represents a
computer program that only requires the knowledge of the
geometric configuration of a particular robot arm, usually
expressed in the well-known Denavit/Hartenberg matrices with
relevant parameters/variables, to identify the particular
solving sequence for that robot arm without geometric
intuition. This identification need be performed only once
for any one robot; therefore, the program requires only one
pass. Once having identified the solving sequence, the
solving procedure requires the routine shown in Fig. 4.5.3.b.
As 1s seen, the routine makes use of the RJD-system that
provides the relevant errors for comparison without
conventional arithmetic expressions. There is no requirement
for any inspection of equations or matrix elements and so no

need for intuition based solutions.
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4.6 NUMERICAL SQOLUTIONS FOQR THE GENERAIL CASE OF COS (o)#0

AND COS (o) # ¥1

Obviously, for simple manipulator types such as the RM-501
and most commercially available robots, kinematic solutions
of analytically closed form can be derived as presented under
section 4.4. However, analytically closed form solutions are
very difficult 1if not impossible to obtain for robot
manipulators whose twist angles o do not satisfy cos(a)=0

or cos{Q)=+1.

The solution method using sinewave simulation presented under
section 4.5) then offers a means of obtaining numerical

solutions for the general case of cos(a)#0 and cos(Q)# +1.

Indeed, as far as the positional solutions are concerned, if
we take a look at table 4.4.1, we see that in general, the
new solution procedure only requires the knowledge of which
particular joint variables affect which particular position
errors, but never assumes any specific values for the twist

angles.

Similarly, orientational solutions are found by minimizing

the quantity diff_trace_square of Eq.4.4.3 which 1is

derived from the error matrix »E, that, in turn, doesn't

require the twist angles to have any particular values.
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We note that the RJIJD implementation of this general case has

been discussed under section 3.5.

4,7 SUMMARY

This chapter has presented one unambiguous way for obtaining
the inverse geometric solution. That 1is, the procedure
enables the determination of a set of n simultaneous
equations sqlvable for the robot's n independent 3joint
variables without element by element comparisons in a matrix

equation being performed on an intuitive basis.

Two solution techniques based on the same procedure have been
demonstrated: 1) Arithmetic expressions for the solutions
have been derived to give insight into how the method works.
2) Numerical solutions using sinewave simulation without
using conventional arithmetic expressions for the solutions
have also been obtained. Solutions can also be derived for
the general case of cos a# 1 or 0. The technigue has also
been demonstrated with four different commonly available
robot geometries. With all these configurations, the
computer can use the error signals available from each RJD to
derive for itself a suitable solving segquence. Fast
iteration times have been demonstrated in all cases and

degeneracy introduces no problem at all to the algorithm.
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Chapter 5

. THE SINUSOIDAL MATRIX PROCESSOR (SMP)
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1 INTRODUCTION

A number of papers published by prominent authors
4,8,15,19,23,.25 show that several problems in manipulator
control remain to be solved. In particular two matters of

importance are:

- Real time computing of the "inverse dynamics" of robot
manipulators.

- Retaining the explicit-state dynamic model for the
purpose of applying multivariable control theory in the

fundamental sense of feedback control.

In general, these two problems can be considered as being
made up of two major tasks:

a) Specifying nominal forces/torques acting at the robot
joints for every given trajectory point.

b) Tracking a pre-specified motion trajectory. That 1is,
assuming that the nominal forces/torques are known, the task
is to find compensating forces/torques such that the robot

tracks the desired trajectory.

In the first problem, the first task is emphasized where, for
real-time reasons, the efficient computer algorithms for
computing the nominal forces/torques precede the explicit-
state structure of the dynamic model. However, in the second
problem, the emphasis is on the second task, because the

compensation of forces/torques is, in the fundamental sense
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of feedback control, efficient only with advanced control
laws/strategies which require the knowledge of the explicit-
state dynamic model. The problem of this 1is that the
explicit-state dynamic model is so complex that excessive

computational time is required.

Various approaches are available for formulating manipulator
dynamics 14-19, However, the choice of the formulation
depends on the task. Emphasizing the first task, the
recursive formulation based on Newton-Euler dynamics (NE) 1is
often used. By contrast, the "classic" Lagrange-Euler (LE)
formulation is chosen if there is a desire for retaining.the
non-recursive dynamic structure of the explicit-state
equations. If the two major tasks have equivalent importance
for some control problems, compromises between the two
dynamic approaches are inevitable. That is, one may employ
the NE-formulation for real-time reasons to compute the
nominal forces/torques and, for the purpose of gaining an
overall insight into the dynamic problem and of applying
advanced control laws/strategies, one may use the LE-
formulation to determine the explicit-state dynamic functions
necessary for the design of the controller/ compensator.
However, because of excessive computational requirements,
those dynamic functions are often either estimated in some
way or obtained from look-up tables rather than directly

computed from the standard LE-formulas.
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Apart from computational considerations, it wouid also be
desirable to have a systematic method for deriving the
dynamic model. For some applications involving the use of
(4x4) homogeneous transformation matrices, the LE-formation
may be the most systematic and convenient formulation 4. The
derivation of such LE dynamic equations for open-chain
manipulator systems can be found,lfor example, in 3. For a
robot arm with n degrees of freedom (d.o.f.) this dynamic
equation system consists of n second-order, non-linear,
highly coupled, ordinary differential equations which involve
a number of additions and multiplications of the order n4,

too time consuming to compute in real-time 23,

Re-formulation of the LE-equations using recursive formulas
for the matrix derivatives involved in the equations enables
"real-time" calculations ® and reveals equivalence between
the LE- and the NE-formulations 9; However, the recursive
formulations whether LE or NE destroy the explicit-state of
the dynamic model. In particular, the state wvariables
disappear from those recurrent dyn;mic formulations making it

more difficult to apply advanced control laws.

As discussed in Chapter 1, in an effort to decrease
calculation times much work has been performed to locate some
of the computer burden outside the main control computer
36,37,38,40 (off-CPU control). One common feature of these
new approaches is that they still employ conventional

arithmetic expressions that are executed on external
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hardware. In addition they emphasize the use of the NE-
formulations which for reasons mentioned above we would like
to avoid. In this chapter a procedure 1s developed which
applies the same strategy of Off-CPU control, and has an
innovative matrix manipulation method not using conventional
arithmetic expressions. This method produces the partial
derivatives as indicated by the shaded area in Fig. 5.1.1
(repeated here for convenience from Fig 1.3). 1In particular,
based on the development of the Robot Joint Descriptor, all
the relevant first order and second order partial matrix
derivatives involved in the LE-equations are found by phase
shifting sinewaves. Bearing in mind that their computation
using conventional techniques involves the order n4 and n3 of
additions and multiplications (as Appendix 8 shows) it will
be seen that a substantial potential saving of total

computing time is achievable.
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5.2 MATRIX DERIVATIVES IN THE SINEWAVE REPRESENTATION

The general A-matrix is known as:

_cosei -sinf;cos®; sin6;sinq; aicosei—
i-lp, = sinf; cosf;cosay -cosf;sino; a;siné;
0 sino CcCosoy d;
0 0 0 1 ] Eq.5.2.1

If the i-th joint is prismatic, we have for the first order

and the second order derivative of this matrix (with respect

to its variable d;) as follows:

0 0 0 0 ' 0 0 0 o0
d ila; ={0 0 0 0. [ _d2ila; ={0 0 0 0
ad, 0 0 0 1| ddp? 0 0 0
LO 0 0 O 0 0 OJ
Eq. 5.2.2 B , Eg.5.2.3
If the joint is revolute,- we have:
-sinf; -cosB;cosa; cosf;sina; -a;sin6;
_d i-1p;, = | cosf; -sinfjcoso; sinf;sino; a;cosb;
a6; 0 0 0 0
0 0 0 0 |
Eg.5.2.4
— .
-cosf; sinf;cosoy -sinf;sina; ~a;cos6;
—d? i-1a;, = | -sin6f; -cosf;cosoy cosf;sina; —a;sin6;
df;? 0 0 0 0
0 0 0 ' 0

EqQ.5.2.5


http://sin0.j_sina.j_
http://cos0.__cosa.j_
http://sin0.__sina.__
http://-sin0.__sina.__
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We introduce the first order and the second order
differential translational matrix operator:

[ ™

cC 0 0 0 0 0 0 O

QT' = [0 0 0 0 QT" =|{ 0 0 0 0

0 0 0 1 0 0 0 0

| 0 0 0 0 0 0 0 O
Eq.5.2.6 EQ.5.2.7

We also introduce the first order and the second order

differential rotational matrix operator

—-0 -1 0 O -1 0 0 OT
QR' = 1 0O 0 O QrR" =| 0 -1 0 O
0 0 0 1 0 0 0 0
L.O 0 0 O 0 0 O 0_
Eq.5.2.8 Eq.5.2.9
As is obvious QR" = QR'.QR'

For brevity, we may write Q' or Q" for both translational
and rotational operators. By inspection, the following

applies for both cases:

and A", = Q".A,
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Where A'; and A"; are respectively first order and second
order matrix derivatives of i-lA; with respect to its
corresponding generalized cordinate, of course, as shown from

Eq. 5.2.2 to Egq. 5.2.5.

From the above it can be seen that:

Statement 5.2,1:

The differential matrix operator QT(n), where n denotes the
order of the operator, when applied on the prismatic joint

matrix A; to yield the n-th order derivative A;(®=QT(n A,

requires in the sinewave representation the following

actions:

for n=1:

1) Set all the 9 elements of the orientation submatrix
to zero.

2) Set the x and y component of the position vector to
zero; however, scale its z component to the unit length of 1,
represented by a sinusoid of unit magnitude and of =zero
phase.

3) Set the fourth (homogeneous) scaling factor of the
position vector to zero meaning that this vector now becomes

a direction vector.

for n>1:

Completely set all the 16 elements of the matrix to zero

as A; ™ is null-matrix identically.
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It is also seen that:

men 2,2:
The differential matrix QR , where n denotes the order of
the operator, when applied on the revolute joint matrix A, to

yield the n-th order derivative A, =QR(M A; requires in

the sinewave representation the following actions:

1) Introduce an additional phase angle of +n.90° to the
sinusoidal signals representing the =xy-components of the

column vectors n, o, a and p embedded in that matrix.
2) Set all the z-components of the vectors to zero.

3) Set the fourth (homogeneous) scaling factor of the
position vector to zero meaning that this vector now becomes

a direction vector.

The first action is the only non-trivial action whose
hecessity is demonstrated in Fig. 5.2.l1.a. This figure is
self explanatory. The second action 1s obvious, because
there are no changes at all in the z-direction, considering
that we are dealing with an infiniteéimal rotation about the
z-axis. The third action is a consequence of the
mathematical formulation of the.homogeneous transformation

matrices.
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Fig 5.2.1.b and Fig.5.2.1.c demonstrate the obtaining of

Eg.5.2.8 and Eg.5.2.9 using the concept of the phase-shifted

sinewaves.

As is obvious, we will be only interested in the first and

second order derivatives.

We recall that for the matrix composition

°T,=C°A;.1A,...J71A .. .P72a _, . P7lA ]

we have the following Eelationships for the first order

partial derivative of °T, with respect to the Jj-th

generalized coordinate, denoted by U5t

Up3=CA; A,...37lary . .p2a,_;.P 1A, for Jj=<p

U,y = 0 for § >p Eg.5.2.10

The second order partial derivative of °T, with respect to

the j-th and the k~th generalized coordinate, denoted by

Ussxr 1s written as:

Upsx=CA;.1A,. . . 371AY . L k1A, L pTlA, for J,k=<p

Upjk=OA1 . 1A2 e e o j—lA"j “ .. p—lA.p for j=<p H j=k

Upsx= 0 for max(j,k)>p Eg.5.2.11

Where it is worth mentioning that Ugy,=Ugyy

It is obvious that a matrix composition involving a matrix

derivative will result in a partial derivative and that the
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position vector of the T-matrix which is used to pre-multiply

a partial matrix derivative will not contribute to the

resultant matrix derivative. Therefore, partial matrix
derivatives can be implemented using sinewave simulation as
shown in Fig 5.2.2 where we are only interested in the
"direct" manipulation path of the Robot Joint Descriptors.
In particular, for the example of this figure, the revolute
RJD 2A,; 1s accommodated by an additional phase shift angle of

900, as stated by Statement 5.2.2 to provide derivatives in

the sense of Eg.5.2.4. The result of Eg.5.2.10 is obtained

at the end outputs of the RJID-path.
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5,3 THE SINUSQIDAL MATRIX PROCESSQR (SMP)

The LE-dynamic formulation can be found, for example, in
5,14,19, For convenience of reference the dynamic formula 3
making use of the (4x4) transformation matrices and capable
of describing the motion of a robot arm with n d.o.f. is

given below:

n n n
j=1 j=1 k=1

In this formula, F; represents the generalized force acting
at joint i and the qg; and q, are the Jj-th and k-th
generalized coordinate, respectively. 1In this formula, their

velocity and acceleration are present explicitely as can be

seen. The F; could not be computed in real-time, mainly
because the coefficients Djy, Djj and D; are not constant

quantities, but complicated functions of the varying gq; for

i=1,2,...,n. They are:

n
Dy = I Trace(Uy; J, UT,;); Ugy= 8/3qy °T, Eq.5.3.2
p=max (i, ])
n
Dijo= I Trace(Ugy J, UTpi)i Upye= 82/ 8g;08q °Tp,  Eq.5.3.3
p=max (i, j, k)
n
Di = X -mp.gT. Up;.rp Eq.5.3.4
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where:

My, Mass of link p

r, Mass centre vector of link p with respect to link p
coordinate frame, dimensioning (4x1l) with the last
element being 1.

g : Gravity vector dimensioning (4xl) with the last
element being 0.

J, The p-th (4x4) symmetric pseudo inertia matrix.

A simple inspection (Appendix 8) shows that the computation

of the first order and second order matrix derivatives Uy,
and Uy claims the substantial part of the total computing

time in arriving at the result for the F;, given the desired

motion of the robot arm. Therefore, 1t would be a
substantial and potential time saving if the computing costs
of n%* and n3® claimed by those matrix derivatives could Dbe
eliminated entirely. Indeed, for this purpose, we derive
below a systematic approach to set up the RJDs in such a way
that those partial matrix derivatives are provided. As is
already apparent at this stage, there will be no conventional
arithmetic expressions involved in obtaining those
derivatives. In the first step, let us classify the p-class

derivatives as all possible partial derivatives of the matrix

composition °T,. Thus, any U,y or Uy belongs to the p-

class derivatives. Let us first consider the first order
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partial derivatives. We have to vary p=l1 to n step +1 in
order to obtain all possible U,y. Now given a class number

p, the U,y can be written as

=y

U,y = TU {Q').A;)
1=p
where
{ a", 1= 7

A graphical representation of this is shown in Fig. 5.3.1.
Staying with the first order partial derivatives in this
figure, the l-axis states how many elementary A-matrices we
have in a particular matrix composition whereby the maximum
number of each composition starts by one and, coming from one
composition to the next adjacent composition, increases by
one up to p. The j-axis indicates which matrix in the j-th
composition is a standard derivative so that the composition

produces the required partial derivative.

U,, = U,;.3T for 1=<j=<p Eq.5.3.5
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Thus, in the (j,1l)-plane we have matrices of the form:

{ A, for 1< j

A, = { A", 1= ] 1,3<p Eq.5.3.6

By inspection, all the Upjwith j>p are absent as desired.
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If we keep j constant and add the k-axis to the diagram of
Fig. 5.3.1 we are in the position to systematically establish
the second order partial derivatives needed in the LE dynamic
equations simply by varying the index k. This is done as

follows: In the (1l,k)-plane, we first write all the matrices

A, ® in the diagram starting by k=1 to J step +1.

A® = (A for 1l <>k

{ A", 1=k 1,k < 7 Eg.5.3.7

The indices k and 1 are varied from Xk,1=1 to j step +1.
There will be a square diagram of dimension 3j2 on the (1,k)-
plane. Similarly as on the (j,1l)-plane, there will be
exactly a number j of the derivatives A'; on the (1l,k)-plane
which are found in the diagonal of the diagram. However, in
the last step on the (1,k)-plane, keeping j constant, it is
essential that the derivative order of all the matrices Aj(X)
is increased by one. Now, we have to vary Jj. The same
procedure above for every Jj is repeated until the index 3 has

been varied from 1 to p step +1. As can easily be verified,

the procedure does not consider U_. for j>p, nor does it take
P PJ

U,5x for max (j,k)>p into account, because Upy=0 and Uy5x=0

in those cases. In addition, it also avoids the appearance

of Upkj' since Upkaupjk'

Thus, the following derivatives are provided from the second
order function blocks of the diagram:

U_..=U.. .J1T for 1=<k=<j Eq.5.3.8

pik jik*"%p
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Fig. 5.3.1 illustrates the structure of the particular part
of the complete Sinusoidal Matrix Processor (SMP) that
provides all the first order and second order matrix
derivatives of a particular derivative class "p". As 1is
obvious, the complete SMP consists of all the classes p, for
p=1 to n step +1 where we recall that n is the number of
d.o.f. of the robot manipulator. From this structure,
several SMP-variations can now be deduced. In the following
text, matrices written within square brackets indicate the

physical presence of the RJDs implementing them.

The first SMP-variation 1s derived by considering that all

the relevant second order derivatives U,y are obtainable

from the first order function blocks [U This is done by

p3l -
additionally performing differential operations on the k-th

RJD of the matrix chain [U for k=1 to j step +1 as

pj)
illustrated in Fig. 5.3.2. Fig 5.3.3 shows the second SMP-

variation where all the first order U,y and the second order
U,4x are obtained from the standard function blocks [°T,] in
similar manner by additionally performing differential
operations on the appropriate RJDs. The third SMP-variation
is deduced from the second variation (see fig. 5.3.4) where
the °T, are provided by disconnecting the RJDs representing

PT, from the function blocks [°T,]. Table 5.3.1 shows the

RJD-costs for the particular variations.
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Fig.5.3.4:First order and second order derivatives
obtainable from the "n structure” of the SMP



Table 5.3.1:

SMP version

Number of RJDs required

as function of n n=6
1 4 1.3 17 .2

— — — n
Complete 12” + > n-+ 12“ + 273
_ 3 5 77

1st variation —nN" + n-+ n
2nd variation 1 n2e g 21

2 2

3rd variation n 6

Table 5.3.2 compares the computation costs for wvarious

methods.

8. As 1is seen,

drastically reduces from 66271 to 8172 multiplications and

from 51548 to 6718 additions while retaining the explicit

states of the LE dynamic model.

for a robot arm with 6 d.o.f.,

the SMP method
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Formulae in the SMP row are developed in Appendix



Non-Recursive

Recursive
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Table 5.3.2
Method Multiplications Additions
/
Uicker/Kahn 32‘§n4 +863n° + 25n%+ 66‘g nd +
1.2 1 1.2 1

I7I4n +53§n 128 1295n +42§n g5
66,271 51,548

Raibert/Horn 2n3 + n? n3+n? + 2n

Look thod

(Look up method) 468 264

SMP 30n3 + 43n2+ 24n %n4+ 223n3+

2 .2
34-6-n +20§n

L 8,172 Max. 16,718 Max.
/ 1.2 1 2
Waters 106En +6205n -512 82n“+514n -384
7,051 5,652
Hollerbach (4x4) 830n - 592 675n - 464
4,388 3,586
Hollerbach (3x3) 412n - 277 320n - 201
2,195 1,719
Newton-Euler 150n - 48 131n - 48
852 738
Note:

1.) Only the methods of Uicker /Kahn, Raibert/Horn and SMP retain the explicit-

. state of the dynamic model. :

2.) Numbers written in bold face are computing costs for n=6; nis d.o.f. number

3.) Except for the methods of Raibert/Horn and SMP, all the other methods exhibit
“negative computing costs” if one substitutes zero for n meaning that the
relevant investigators have ignored some computing steps in arriving at those
expressions.

Reductions from A.K. Bejczy, S. Lee "Robot Arm Dynamic Model Reduction For
Control”, the 22nd IEEE Conf. On Decision &Control, Dec. 1983, p.p. 1466-1476
have been taken into account in arriving at SMP computing costs.

Table from J.M. Hollerbach, "A Recursive Lagrangian Formulation of Manipulator
Dynamics and a Comparative Study of Dynamics Formulation Complexity”|EEE Trans.
SMC-10 (Nov. 1980), p.p. 730-736, has been adapted to include the SMP method.
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5.4 SUMMARY

The inherent nature of the non-recursive dynamic equations
potentially determines the structure of the SMP (i.e. there

is no logical decision to make in the calculation of those

equations) . In fact, every one of the derivatives °U,4 or
°Ugsx for j,k=1,2,...,p and p=1,2,...,n independently
requires a number of p RJIDs arranged in pipeline manner as

stated by the formulas:

og.. = OA1.1A2°'~j—1A'j---p_1A.p
OUpjk = 0A1-1A2°"j_lA'j--'k_lA'k--.p_lAp

Because those partial derivatives °U,y do not depend on each

other in the recursive sense, parallelism can be exploited.
The same applies for ©°Ugyy. That 1is, the one RJD—path.
providing one particular partial derivative does not have to
wait for the result of any other one, but indeed, all of
those RJID-paths can provide the derivatives concurrently if

one 1is prepafed to employ an appropriate number of RJDs.

As is apparent, the SMP primarily implements sinewave
simulation and requires the generalized coordinates qg;(t) for
i=1,2,...,n as the only'control variables at any time point
t. It provides in turn the partial derivatives mentioned
above for that particular time instance t without involving

any conventional arithmetic expressions.



141

The most powerful version of the SMP requires a number of
RJDs of the order n4. However, this RJD-number can be
drastically reduced to the linear order n at the cost of more

sophisticated control.

In this sense, we have presented several variations of the
SMP. The associated number N of RJDs needed in the particular
variations are as shown in Table 5.3.1. Using any one
variation of the SMP, the substantial computing cost of nt

and n3 additions and multiplications in the calculation of

U,; and U,y is eliminated. The fact that no conventional

PJ
arithmetic expressions are used is also useful because, for
mechanisms with more than three d.o.f. the equations become
so complex that ip is difficult to manually derive them. The
availability of the matrix derivatives on the SMP greatly

simplifies the computer programming effort required to derive

these equations.

The detailed hardware implementation and the question about
the actual manipulation time will be the subjects of the next
chapter. As is obvious, this manipulation time arises from
the sequential nature of the forﬁulas for the Uy and Ugyy,
and mainly consists of the time it takes for the sinewaves to
propagate through a series of ? cascaded RJDs whenever the q;

for i=1,2,...,p are being changed.
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Chapter 6

THE HARDWARE OF THE SINUSOIDAL MATRIX PROCESSOR
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6.1 DEVELOPMENT OF HARDWARE FOR THE RJD

In addition to the software simulation results presented in
chapter 4, several hardware simulations were used to show
that the basic manipulation of °T, =A;.A,...A _;.A, can be
performed without involving any conventional arithmetic
expressions and that the inverse kinematic problems can be

solved using sinewave simulation.

Initially, several analogue versions of the RJD were built
using the general purpose delay line SAD-1024-A from
Analogue Devices as a basic phase shift element 31, With
this, however, the first version of the RJD faced four
fundamental limitations:

1) Poor analogue magnitude resolution. That is, the SAD-

1024-A allowed a signal amplitude of only 1 Volt.

2) The signal time delay was not a linear function of its

control variable: the clock frequency f_. of the delay line.

The functional relationship was:

-
Delay « fe
3) Accuracy and drift problems associated with most

analogue techniques.
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4) Resolution and solution time was limited by the maximum

clock frequency f_. of the SAD-1024-A.

Ref032 and Ref033 showed that using conventional analogue
circuitry, the above limitations could not be compensated
for, unless the basic phase shift element was redesigned.
Consequently, a dedicated phase shift version using digital
circuitry was constructed34. This avoided the first three
problems entirely and gave the designer greater control over

the fourth.

The first all digital RJD implemented overcame accuracy and
drift problems and could linearly adjust the phase shift
angles in both positive and negative directions on the time
axis. The first digital version also successfully
demonstrated the fundamental functions of phase-shifting the

operating sinewaves for three-dimensional problems.

Based on this digital design, a computer controlled SMP of
the third wvariation was built. This was used to find

partial derivatives and is described in detail in Ref045.

This chapter summarises the design of this SMP version and

the results obtained with it.
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6,2 IMPLEMENTATION OF COMPUTER CONTROLLED DIGITAL SMP

The realization of an ideal phase shifter represents one of
the most important aspects of the RJD-technique as the
success of the whole concept will rely on its operation. It
must be "ideal" in the sense that 1) for any phase angle,
the phase shifter should not introduce any kind of
distortion on the operating sinewaves and 2) that the phase
angles or equivalently the time delays should be
continuously and linearly adjustable in both positive and
negative directions. The digital technique offers a means

of realizing such a phase shifter.

The digital phase shifter operates by first storing one
cycle of the (sampled and quantized) incoming sinewave S (X),
for X=0 to 2m-1, in a 2™ Random Access Memory (RAM) chip
where m is the number of the RAM's address bits, and then
reading the chip with an address incremented by an amount
(here called OFFSET) corresponding to the desired phase
angle. The data of R(X)=S(X-OFFSET) is produced whereby the
address overflow and underflow have the effect of phase
shifting S(X) resulting in the "phase shifted sinewave"

R(X) .

Figure 6.2.1 shows the overall system block diagram of the
SMP of the third variation. It consists of the following

particular function blocks:
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- The RJDs themselves that make use of the digital phase

shifters mentioned above.

- The Master Timing and Control function block provides
the m-bit address bus and the control bus necessary for the

basic control and timing actions to be taken in the system.

- The computer interface that makes the joint variables
of the RJDs adjustable from a host computer. Through the
interface, data which represent the matrix elements
manipulated by the RJDs can be read back to the computer

when available on the r-bit data bus.

As can be seen from this figure, the system does have
modular structure as far as the set-up of the RJDs 1is
concerned. The data flow 1is connected as required in
cascade such that the data outputs of the one RJD serve as
data inputs for the next adjacent one. The input data for
the n-th RJD representing the unit matrix °T, are arranged in
the n-th RJD itself whereby the initial reference sinewaves
are prepared in EPROMs (Eraseable and Programmable Read Only
Memory) rather than RAMs. This modular or parallel
structure also indicates that the RAM-addresses in the RJDs
are clocked simultaneously every "machine cycle". However,
as is obvious, the sinewave samples are fed through the
system in sequentia; manner. This limits the system
response time to the time it takes to stop erroneous data

being clocked through the system whenever the external Jjoint
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variables are being changed. This time is critical to the
SMP performance and so is discussed in detail in the

following section.
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6.3 SYSTEM MANTPULATION TIME

The SMP system performs two main distinct types of

operation.

The first type involves additions (or subtractions). These
operations are asynchronous and make. use of passive
combinational logic to provide the results before the end of
the write half machine cycle. Because these operations take
place within one méchine cycle, no propagation delay is seen

by the remainder of the system.

'The second type of operation is the phase shift operation
where the action of reading data from and writing data into
the RAMs takes place synchronously every machine cycle. The
most significant delays in the RJD system are caused by
these phase shift operations because the data are fed

through the system in a pipeline manner.

The basic formula for the period of the sinewave carriers

is:
T = TM.Z“‘
where

Ty = Machine cycle time

(Ty = 1/f. where f. is the system clock frequency)
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m = Address bit number determining angle resolution.

At present m=11

Tp = Period of carrier.
The address offset representing the phase shift angle 0 to
be introduced to the sinewaves is presented in 11 bit (m=11)
two's complement value such that the rotate function block

has a time delay given by:

T, = k.Ty for 0 =<k=<2m1l-1

TD = k'TM + 2m.TM for _2m—1=<k <O

where k is delay angle in multiples of angle resolution.

The time it takes for the sinewaves to propagate through one
RJD-stage is then three sinewave periods in the worst case

as shown in Appendix 2.

The SMP requires one set of control variables and one set of
input data, and provides in turn one set of manipulated data
representing the matrix derivatives of interest. In
particular, the x, y and z components of each vector .n, 0
and p are provided from the SMP individually and can be

selected to appear on the 8 bit system data bus.
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The system timing then determines the design of the computer
interface of Fig. 6.2.1. A detailed description of this
interface 1s presented in Ref(045. This interface was
connected to an Apple IIe which allowed thg software control

of the SMP using Pascal and Assembly Language.

In particular, the computer set the joint variables in terms
of integer offsets and sent‘them to the relevant RJDs of the
SMP (output operation). The phase shifts were then
performed by the SMP independently of the computer. The
results at the outputs of the SMP phase shift system
representing the matrix derivatives were then selected and

read by the computer.

The "worst case" time it takes for the sinewaves to

propagate through one RJD-stage, as shown in Appendix 2 is

The carrier period Tg in terms of machine cycle Ty is:

T, = 2™. Ty

where m is address bit resolution and Ty = 1/f, with £,

being the system clock frequency..

The "worst case" assumes a change of consecutive values of

the relative rotation angles of 3600.
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The manipulation time for the various variations of the SMP
are of interest. The manipulation time for the complete SMP
of Fig. 5.3.1 is C.n as all the U,y and U,y are provided at
the same time. This linear order C.n 1is provided at the
cost of order n? RJIDs involved in this complete version as

shown in Table 6.3.1.

Table 6.3.1

SMP version Number of RJDs required Menipulation
as function of n n=6 time
1 4 1.3 17 2
—n — —
Complete o0t > n-+ 12“ + n | 273 ~C.n
L. 1 5
1st variation —6-n3+~ n%+ i 77 ~C.n?
2nd variation -‘—n2 + L n 21 ~ C.n3
2 2
3rd variation _ n 6 ~Cc.n?

This table compares the manipulation times for the three
variations derived in the previous chapter. It also
illustrates the trade-off between manipulation speed and

amount of hardware employed.
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In particular, for the first SMP variation of Fig.5.3.2
where all U,y are directly available, in order to obtain
Ugskr additional differential operations must be performed on

the k-th RJD of the path providing Ugs- The manipulation
time of C.n? then arises from the following number of
operations applied to the SMP which states how often the
variables are adjusted on the same hardware:

]

Xk

k=1

For the second SMP variation of Fig 5.3.3 where all T, are

directly available, the manipulation time of C.n® arises

from:
P J
p) 2k
J=1 k=1

The third SMP variation of Fig. 5.3.4 requires the

manipulation time of C.n% which arises from:

n P J
) ) >k
p=1 3=1 k=1

The formulae from Table 6.3.1 give a numerical comparison of

the manipulation time for n=6 as a function of the bit
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resolution m and the clock frequency f_.. As can be seen from

Table 6.3.2 for real-time applications, the third SMP-
variation will not have much practical use for £_=5MHz or
lower. However, even the order of about one second
manipulation time of t‘his (sequentially processing) third
variation (m=11, £_=2.5 MHz) is considerably lower than the
order of several seconds required by a (sequential digital)
computer when conven‘gional arithmetic calculations are,
iﬁvolved. The decisive reductions of the processing time
come abocut from the exploitation of parallelism,
particularly in the comp_leté SMP-version, and from the
innovative concept of abolishing the use of conventional

arithmetic expressions.

The hardware for the third SMP-variation also confirmed that
the software control (PASCAL and assembly language) only
needed to be simple in nature as most of the complex control

functions were performed on the SMP-hardware 45,

Worst case manipuletion time

Table 6.3.2: in milliseconds  (n=6)

m -fi- complete 1st var.|2nd var.| 3rd var.
MHz SMP

8 2.5 1,84 6,45 27,96| 135,48

5 0,92 3,231 13,98| 67,74

2.3 3,69 12,90 55,91] 270,95

? 5 1,84 6,45 27,96| 135,48

10 2.5 7,37 25,80 111,82| 541,90

5 3,69 12,90; S5,91| 270,93

11 25 14,7S| 51,61| 22%,64/1083,80

5 7,37 25,80| 111,82] 541,90
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4 RY

The digital phase shifter operates by first storing one
cycle of the incoming sinewave in the Random Access Memory
(RAM) chip, and then reading the chip with an address
‘incremented by an amount corresponding to the desired phase
shift angle. It represents the fundamental element of the

hardware implementing the sinewave concept.

The principles guiding the construction of hardware for the
computer controlled SMP were detailed, and the relationship
between resolution and clock frequency for the complete SMP
and its three variations discussed and tabulated in Tables

6.3.1 and 6.3.2.

The SMP-prototype showed that relevant derivatives could be
obtained, without involving any conventional arithmetic

expressions, extremely rapidly.

The times detailed in Table 6.3.2, and confirmed for the
particular SMP implemented in hardware, show that the GSMP
method is capable of providing all relevant derivatives
sufficiently rapidly to allow practical real-time control of
6 degree of freedom manipulators. For example, from Table
6.3.2 it can be seen that an SMP of 2nd variation and 10 bit
resolution will, in priciple, provide all relevant

derivatives in 56 msecs.
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Chapter 7

SUMMARY AND CONCLUSIONS
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In this thesis is presented a new method for manipulating the
matrices involved in the kinematic and dynamic descriptions
of robot manipulators. This method offers some conceptual
and practical advantages in kinematics descriptions, and is
of particular use in dynamics in cases where it is desirable

for two major requirements to be satisfied simultaneously:

1) Real-time computing of the dynamic equations involved

in the control scheme.

2) Retaining the explicit-state dynamic model of the robot
manipulator for the purpose of applying advanced control

laws/strategies.

Chapter 2 presented an approach using phase-shifted sipewaves

to exploit the partial orthonormality of the "A-matrices" in

arriving at the results for their chain product °T,p = A
A,...A, without involving conventional arithmetic
expressiohs. The exploitation of the partial orthonormality_
inevitably led to the sub-partitioning representation of the

general homogeneous transformation matrix "T" as follows:
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Ny Oy ay Py rROT TRL 1
T = Ny Oy &y Py =
N, Oz dz P 0 1

with ROT being of dimension (3x3) and orthonormal.

This representation, in turn, led to the following

expressions for the intermediate results:

i-1ROT,, = i-1ROT,;.iROT_, Eq.2.2.7

i-1TRL =  i-1ROT,.iTRL , + i-1TRL. Eg.2.2.8
nD 1 nD 1

for i = n,n-1,...,2,1

designated as the "direct equations"

The intermediate results of the "inverse"™ multiplication
"Tar = A7t Ap T L. AT AjThL OT

(where °T ; is pre-specified and.may have any value)

were found as:

ROT,; = (i-1ROT;)"l. i-l1ROT,; Eq.2.2.9
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iTRL,; = (}"IROT;)-!.  (i-ITRL,; - i-1TRL,) Eq.2.2.10

fOr i = 112['..,n—l,n

These equations constituted the RJD symbolically shown in
Fig. 2.2.1 which has a fundamental importance in the new

matrix manipulation method.

In the sinewave implementation, the RJD of this figure was
realized by phase shifters so that the basic equations for
the manipulation of the T-matrices in both direct and inverse
direction were implemented simply by cascading an appropriate
number of phase shifter stages and so matrix multiplications
were performed without using any conventional arithmetic

expressions.

This basic manipulation was initially restricted to two-
dimensional problems due to sinewaves being capable of
carrying only two pieces of information: the magnitude and

the relative phase.

However, using the same concept of -phase-shifting the
orthonormal sinewave references, modulated by the relevant
matrix elements, the expansion of the 2D-RJD into three

dimensions was presented in Chapter 3.

In particular, the elementary A-matrix was implemented in

three dimensions according to the following equation:
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A=ROT,(0) .Trans,(d) .Trans, (a) .ROT, () Eq.3.1.1.b

where the four particular matrix multiplicands represented
one or two dimensional problems such that the A-matrix was
realized, in essence, by a combination of sinewaves to be
manipulated. That is, ROT,(®) would not affect the sinewaves
representing the x—gomponents which, however, would be

manipulated by the phase shifters representing ROT,(0).

Thus, the 3D-RJD was then presented in Fig.3.4.4.

Chapter 2 and Chapter 3 had made use of the cascade
characteristic of the general RJD. However, Chapter 4

inevitably arose from the balance characteristic of the RJID.

This chapter discussed the use of RJIJDs in finding a general,
systematic solution procedure for the inverse kinematic
problem. In particular, the procedure enables the systematic
determination of a set of n simultaneous equations solvable
for the robot's n independent joint variables without the
need for an element by element comparison in a matrix
equation to be performed on an intuitive basis. Two solution
techniques based on the same procedure were demonstrated: 1)
Arithmetic expressions for the solutions were derived. 2)
Numerical solutions using sinewave simulation without using
conventional arithmetic expressions for the solutions were

also obtained . Solutions would also be derived even for the
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general case of cosa # +l1 or cosa # 0. Degeneracy

introduces no problem in finding the solutions.

This procedure does not provide lower computing costs than
those of methods prior to its existence with.the number of
additions and multiplications in all methods being
comparable. However, it offers a general non—intuitivé means

of deriving the solutions.

Chapter 5 described a new method of cobtaining derivatives.
It was first shown that the first order derivatives of the
elementary rotational A-matrices could be obtained simply by
introducing an extra phase shift of 900 to the relevant
sinewaves. The second order derivatives were then obtained
by introducing a further 90° to the sinewaves representing

the first order derivative.

The sinusoidal matrix processor (SMP) was then defined, whose
function was to provide all the relevant Ugy and Ugyy
representing the first and second order derivatives
respectively involved in the LE dynamic calculations.
Several SMP variations were then presented and the associated
numbers of RJD's needed for each variation given in Table

5.3.2.
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Thus, using any one variation of the SMP, the substantial
computing cost of n? and n3 additions and multiplications

involved in the calculation of Uyy and Ugyx is eliminated, as

indicated in Appendix 8.

In Chapter 6 a hardware implementation of the SMP together

with its computer control was discussed.

There 1s a trade off to be made between SMP complexity and
time to obtain a solution. The manipulation time of an SMP
is the time it takes for the sinewaves to propagate through a

number of cascaded RJDs.

The times detailed in Table 6.3.2 and confirmed for the
particular SMP implemented in hardware, show that the SMP
method 1is capable of providing all relevant derivatives
sufficiently rapidly to allow practical real time control of
6 degree of freedom manipulators. For example, from Table
6.3.2 it can be seen that an SMP of 2nd variation and 10 bit
resolution will in principle provide all relevant derivatives

in 56 msecs.

Therefore, in principle the SMP method provides the ability
of real-time calculation of the inverse dynamics while
retaining the explicit state structure of the dynamic model.
Thus, this provides a potential method of enabling the
control of robot manipulators using explicit state variable

theory.
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In obtaining the first order and second order partial matrix
derivatives Ugy, UT,; and Uy, which are involved in the
explicit state Lagrangian dynamic equations, no conventional
arithmetic expressions are used. This 1is also useful
because, for mechanisms with more than three degrees of
freedom, the equations become so complex that it is difficult
to manually derive them. The availability of the matrix
derivatives U,y UT,; and U_y on the Sinusoidal Matrix
Processor greatly simplifies computer programming efforts to

implement these equations.
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7 R mmen ions for F re Work

The existence of the novel method for deriving inverse
kinqutic solutions presented under the Chapter 4 gives rise
to the idea of exploiting the "solution sequences" in
kinematié control. It 1is recommended that the use of such
solution sequences be expldred for higher order kinematic

problems involving velocities and accelerations.

Table 5.3.2 shows that the concept using the SMP still
requires a number of multiplications and additions of the
orders n3 and n%, respectively, even though there are small
polynomial coefficients in the expressions for the computing
costs in comparison with those of the other non-recursive
methods. These computation costs mainly emerge from the
calculations of the "Trace" operations involved in the
dynamic equations.  Therefore, further works should be
addressed to the problem of reducing these remaining
computing costs by, for example using some real-time hardware
or real-time computation algorithms. It seems worthwhile
studying this further since the "Trace" operations are
extremely "structured" such as Trace{Upj.Jp.UTpi} and

Trace{U Jb.Uﬂn}. Also the (4x4) "pseudo inertia matrices”

pik*

J, are diagonal symetric.

A very large scale integration (VLSI) implementétion of the.
RJD could also be investigated to further reduce computation

times.
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Indeed, the inherent and highly-structured nature of the
Robot Joint Descriptors makes them suitable for VLSI
implementation. That 1s, 1in particular, every one RJD
basically consists of three main stages: Vector combiners,
phase shifters and vector splitters. A VLSI implementation
would, for example, reduce the chip count and increase the
clock frequency f_. meaning faster manipulation time. From
experimental results obtained to date it is felt that the
angle resolution of m=11 or even lower would be sufficient.
However, we recommend that quantitative investigations on the
data and address (or angle) resolution be carried out. Those
investigations would be useful in finding specifications for
a VLSI implementation. In a further step of specialization,
we recommend that the non-linear quantization of thé relative
rotation angles be explored. This recommendation arises from
the idea of making use of the full m-bit resolution over one
certain "working range" rather than over the full range of
3609 of the rotation angles which would result in-a higher

accuracy for a lower bit number m.

Throughout the development of the SMP we have exclusively
made use of sinewave signals as orthonormal carriers for the
simulation of the A and T-matrices. However other non-
sinusoidal carriers, for example digital square waves could
be investigaﬁed. Thus, it might be worth investigating the
use of a set of square wave signals as a particular set of

general orthogonal carriers.
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APPENDIX 1
proof of ™, = A, App.--Ay; A, for n>m will yield:

mROT

I

ROT_,,.ROT,,, ... ROT_ _;.ROT, . Eq.1

mfRL_ = ®ROT,_,." !TRL, + ™TRL,_, Eq.2

The relationships Eg.l1 and Eg.2 hold for the two general

multiplicands ™A_,; and ™1A ., as can be shown by direct

substitution:
9
mp . =|"ROT;,."1ROT.,,  M™ROT . .™ITRLy,; + ™TRIny
0 1 J Eg.3
Now, let us write for ™T 4
mp__, =| ™ROT,_; ™IRL,
0 ¥ Egq.4
we assume
' T
mP_ . = | "ROT.,;..." 2ROT,;  ™ROT,_,.7 ?TRL,; *+ "TRL,.;
0 1 J Eq.5

and find expression for "T,.



We apply:
mp = L SO n—lAn
n-1ROT, ©»"I1TRL,
= an—l

0 1 J

Substituting for ™T,_; from Eqg.5 we obtain
mROT, = (®™ROT,,; ... " 2ROT,_;). D™ lROT,

MPRL

("ROT,,; ... P 2ROT,_;) ." lTRL,

., ™ROT,., .""2TRL.,_; + PTRL__,
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Eg.6

Eqg.7

Eg.8

By inspection, the rotation part of ™T,, Eqg.l is proved.

Minor re-arrangement of the position part and comparison

with Eg.4 and Eg.5 show that Eg.2 is also proved.

Equation Eg.2 can be modified to:

mMPRL, = ™TROT, . XTRL, + MTRL, for m<k<n

n
This is already proved for n=k+l, so we assume:

™P'RL,,; = MROT, . KTRL,,; + ™TRL,

Eg.9

Eg.10
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and will prove:

mTRLk+i+1 = mROTk . kTRLk+i+1 + mTRLk Eq.ll

From Eg.Z2 we have

TTRIyti41 = ™ROTyy; .**1TRLy,;,y + ™TRL,,,

Substitiuting Eq.10 for ™TRL,,; we have

"TRLyyi41 = "ROTyy; . **iTRLy,;,; + "ROT, . KTRL,,; + MTRL,

TROTy . [KROTyy;.**i1TRLy ;. + KTRLy, ]+ PTRL,

- ™ROTy . XROTyy i1 + ™TRL,

Hence, Eg.9 is proved.
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APPENDIX 2

VECTOR COMBINER, VECTOR OSPLITTER WITH SINUSOIDAL

CARRIERS OQF THE OSBME FREQUENCY

Given the components u, and u, of the vector u, the function

of the vector combiner is to provide u in the form of the

signal u(t), appropriately modulated and so suitable for

further processing.

X, X117 Eq.1

"¥" means irrelevant for the current consideration.

Let us assume that we have chosen the x-carrier to be

¢, (t)=cos(2.Il.f£.t). Thus, it follows that the y-carrier

will have to be cy(t)=sin(2.H.f.t). We note that both

carriers do have here the same constant frequency f.

It follows for u(t) (exactly according to Eg.2.3.3 of section

2.3).

u(t) = u,.cos(2.II.£.t). + u,.sin(2.11.f.t). Eg.2

0f course, u(t) has the same frequency f as the carriers.

And even this equation prescribes the way to process the

signals u, and u if they are available in form of some

yl
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scalar (or DC) gquantities. Fig.l1 illustrates the
implementation.
u U cos(27rft)
e X
—_—
cos(271ft)
Master N u(t)
reference .
generator
sin(2771t)
—_—
u q ai
y ugsm(izﬂft)
Fig. 1. : The "scalar” vector combiner.

However, the components of u may be available in the form of

vectorial quantities rather than scalar.

U, (t) = ug.cos(2.Il.£.t) Eq.3.x

U,y (B) = uy.cos(2.II.f.t) Eg.3.y

Note that we have assumed for u,,(t) and uy,(t) having the

same phase with the x-carrier.

In this case, the vector combiner will be as illustrated in

Fig.2.
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uxcos(Qﬂft)

Y

u(t)

Y

ugcos(Qﬂft)

:900_

Fig. 2. : The "vectorial” vector combiner.

In this figure, little consideration reveals that the

equation Eq.2 is, indeed, implemented.

Assuming that the vector u or, equivalently, the signal u(t)
is rotated or delayed, respectively, by an angle 0 to yield
the new vector v, or eqguivalently, the signal v(t). This
rotating/delaying process may better be described using the

figure Fig.3, where we should mention the angle ¢ which is

the angle between the vector v and the x-reference.

Now, we have the reverse-order problem. That is, given v(t),

we wish to discriminate v, and v, from it. This will be the

function of the vector splitter.
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_’E T A y
IS Fig. 3
< v
»> Ny
|
ulJ ]
N Y
%]
> X
\'2 u
X X —
cos(27ft)

The +time signal expression for the wvector v 1is

v(t)=cos(2.II.f.t-y). As 1is obvious the scalar quantity v,

will be observed at the maximum of the x-carrier; and the

scalar quantity vy will be observed at the maximum of the y-

carrier.

Fig.4 illustrates the vector splitter designed according to

what has just been said.



181

x-sampling pulse

y-carrier Mono- l ; v
—+ ZCD ——| stable » SH ——»

v(t) .
_ Mono-
—— /ZCD |——| stable 3 - SH ——
x-carrier L | Yy

y-sampling pulse

ZCD - Zero Crossing Detector
J_ : Trigger on positive edge
| : Trigger on negative edge

SH : Sample and Hold

Fig. 4 : The "scalar” vector splitter.

\4

The vector splitter of Fig.4 provides scalar quantities v,

and vy. However, for some reasons, we may be forced to

provide them in modulated form. This can be achieved by

applying the following equations:

Egq.4.x
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v, (t) = [v(t) - v(-t)1/2 Eg.4.y

where we make use of the x-carrier being symmetrical-even
time function and the y-carrier being symmetrical-odd time

function. The vector splitter is then as shown in Fig.5.

»

v
2

x-carrier f;?\\\ >
PD g vV cos(271t)

3 P )

V*

> Py +2P 2 fo Z
h 1: t:
-z controlable o < $
2 _ 180 £ 3
phase shifter » o
__;_* >37 >':37

>-(210

PD : Phase Detector

Fig. 5 : The "vectorial” vector splitter.
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NOTE :

A variable phase shifter will claim in general one sinewave
period delay maximum. The vectorial vector combiner of Fig.2

claims a delay corresponding to the phase shift of 900 or 1/4

sinewave period.

The controllable phase shifter of the vectorial vector
splitter Fig.5 claims 3600 delay maximum, while its y-output

claims a phase shift of 270°, Thus the total phase shift in

this is 7/4 sinewave period maximum.

Thus, a serial combination of vector combiner, variable phase

shifter, and vector splitter will claim 3 sinewave periods

maximum.
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Let us consider the ideal phase shifter of Fig.l

. J'O =2mfT

< ROtZ(G) —
s(t)* &(t-T) s(t)
Fig.1. : The ideal elementary rotate block.‘

In this figure, the notation d (t) represents the Dirac-pulse
(which we make use of for convenience of explanation)/
whereby the argument (t-T) of & (t-T) in connection with the
Cogvolution expression s(t)*d (£t-T) indicates a phase or time

shift operation applied on theEsignal s(t) to yield s(t-T) .
s(t)*d (£-T) = s(t-T)

where the time shift T corresponds to the rotating angle 0

as 6=2.T1.f.t
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The ideal translate block i1s presented in Fig.2. Despite the

subfunctions of Trans,(a) and Rot,(8) in it, the ideal

translate block as presented in this figure will play the

role of an elementary function.

le=2ﬂfT l a

a.s(t-T) ' s(t)
+——Rot_(8)¢—Trans, (a)
Fig.2. : The ideal translate block.

Now, consider a robot arm consisting of two links, whose
(two-dimensional) geometric configuration is defined by the

following two homogeneous transformation matrices:

i cos (6;) -sin (6,) 0 a;.cos(6;)
°p, = sin (0;) cos (0,;) 0 a;.sin(6;)
0 0 1 0
0 0 0 1 Eq.1
i cos(eé) -sin (0,) 0 az.cos(esz
‘A, = sin (8;) cos (6;) 0 a,.sin(8,)
0 0 1 0
0 0 0 1 Eq.2

where we have assumed 6, and 6, being variables, and a; and

a, being constant parameters. Thus, we are dealing with a
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two-dimensional revolute robot arm with two degrees of

freedom.

We are interested in evaluating T, = A; A,, however, by not

using arithmetic expressions.

The "direct equations”

mROT,p, = ™ROT_,;.""1ROTp Eq.3
mPRL_, = ™ROT,,,.™!TRL_, + ™TRL_,; Eq. 4
are here applied for n=2 (two degrees of freedom). For m=2,

the starting index:

2ROT,, = (3x3) unit matrix

2TRL,, (3x1) null vector

In two dimensions a single reference sinewave signal is
sufficient to implement the (3x3) unit matrix. However, the
(3x1) null vector is implemented by using another sinewave

reference of zero magnitude.

For m=1, we have



which indicate

and

cos (0,)

a,.cos (0,)

a2.-Sin (92)

]

0

cos (0,)
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1 Eg.5
J d

Eg.6

In two dimensions, alone the normal vector of !ROT,, is

sufficient .to describe the orientation of the matrix

1T2D=1A2 . 2T2D .

Thus, we employ the elementary orientation block of Fig.l to -

implement Eg. 5 and the elementary translate block of Fig.2

the Eg.6. The arrangement "is shown in Fig.3 as the whole,

where we may assume that the reference sinewave signal is

available in form of an analogue signal.
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172
_ 21
i RQT
bos(62) 2D Rot (6) Reference
.snﬂez) +—— RO 2 < N
27
. 0] 2D
a_cos(6 )
2 2 Rot_(8) (
: < Trans (a
azsnmez) 1 D 2 X )
0 TRL
J 2D
Fig.3. . Anal Itiplication of 'Ton= A, 2T
ig. 3. : Analogue multiplication o op= Aot Top

Examining this figure, we realize that the IROT,, cutput is

represented by the reference sinewave signal, appropriately

delayed by the phase angle 6, such that it contains the x and

y information x=cos(0,) and y=sin(0,) of the normal vector,

see EQ.5. Similarly, the ITRL,, output; however, this

position signal has the magnitude a, as shown.

Proceeding the "direct equations”™ further to the last step

for the index m=0, we obtain:

°ROT,p

°ROT, . IROT,,

°TRL,y °ROT,.lTRL,, + °TRL;
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which, for ease of reference, are comprehensively written as
follows:
- _ 1 r 7
cos (6;) -sin(6;) O cos (0,) -sin(06,)
°ROT,p=|sin (6;) cos(6;) Ofe| sin(6;) cos(8;)
i 0 %_ i 0 0
cos (9,+6,) -sin (0;+0,) 0
= |sin (6,+6,) cos (6,+6,) 0
0 0 1 Eq.7
cos(8;) -sin(8;) O az.cos(ez{
°TRL,p= | sin(0;) cos(6;) O a,.sin (6;)
0 0 1 0
—él.cos(elﬂ
+ a;.sin(6;)
0
Ez.cos (6,+65) + a,.cos (Olﬂ
= |a,.sin(8,+9;) + a;.sin(6y)
0 J Eg.8
Now, we are standing at the deciding point of the whole

investigation.

Eg.3 and Eqg.4

require the outputs !T,p from
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the function blocks representing A, to serve as the inputs

for the function blocks representing °A;. Thus, to implement

oT,,=°A,.!T,y, we will employ the same arrangment of Fig.3,
however, this time the parameter/variable a & 6 must
appropriately be set to a; and 6;, respectively, as required

for this particular matrix °A;. The Fig.4 illustrates this.

l 8] =27t TI
s(t—T] )
— Rotz(G) < s(t)
a1.g(t—T1 )
— ROtz(G) < Transx(a)4— g(t)
Fig. 4.

In this figure, whatever signal s(t) is applied on the input

of the orientation part, the orientation ouput will be:
s(t)*d(t-T;) = s(t-Ty) Eq.9

similarly, we have for the position part
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a,.g(t)*6(t-T;) = a;.g(t-T,) Eq.10

Now, assuming that s(t) is the sinusoidal signal representing

the normal vector of !ROT,p, which itself is the delayed
reference ref(t) by an angle 6,=2.I1.£.T, such that we may

write for s(t) as follows:

s(t) = ref(t)*d(t-T,) Eq.11

The substitution of s(t) into Eg.9 yields for the output

signal of the orientation part of Fig.4:

ref (t) *&(t-T,) *&(t-Ty) = ref (t-[T,+T;]) Eq.12

Similarly, if we had assumed s(t) being the signal which

represents lTRL,,, we would have found:
ay.ref (t)*&(t-T,) *&(t-T;) = ap.ref (£-[T,+T;]) Eg.13

However , if g(t) = ref(t), Eq.10 is written as:

a,.ref (t) *d(t-T,) = a,.ref (t-T,) Eg.14

In the usual cosine notation of the reference, we have for

Eg.12 through Eg.1l4:
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ref (t—[T2+Tl]) = COSs (2.H.f.t—[92+91]) Eq.le
a,.ref (t-[T,+T1]) = aj.cos(2.I1.£.t-[0,+6;1) Eg.13b
a,.ref (t- T,) = a;.cos(2.Il.£.t- 0,) Eg.14b

By inspection, Eg.12.b represents the normal vector of Eqgq.7
as its x/y components are observed at 2.I1.£.t=00 and

2.11.£.t=900, respectively.

Eq.13b represents the result of the manipulation

°ROT,.lTRL,, providing x=a,.cos(8;+0,) and y=a,.sin (8,+8,),

see Eq.S8.

The signal of Eg.l14b represents ©°TRL; and provides

x=a,.cos (6;) and y=a,.sin(0;) .

Putting Fig.3 and Fig.4 together, we are now in the position

to present the arrangement that implements the matrix

multiplications °T,, = °A;.lA,.2T,; shown in Fig.5.
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APPENDIX 4

.Alternative graphical representation for the T-matrices

This appendix refers to the T-matrices of section 3.2.2.

Rotating the normal vector ng about the z, axis, we have

it expressed in the 4-th coordinate frame:

+Cs on the X5 axis

+S; on the Y5 axis

Similarly, rotating the orientation vector og; about the z,4
axis, we have it expressed inthe 4-th coordinate frame: -
-Ss on the X5 axis

+Cs on the Yg axis

This can be expressed in "tree-format" as shown in Fig.l,
then generalized to Fig.2, which also applies for position

vectors.

Using these definitions, the computation of the T-matrices
is performed straight-forwardly as shown in Fig.3 through

Fig.6.
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Rotation axis Rotation axis

<4 -1 4
.| Rotation ~ Vectormagnitude _ . i Rotation
angle before rotation L angle
," Vector component

7S5 Cs after rotation .+ CS S5
Imaginary Real Imaginary Real
part part part part
Normal vector Orientation vector

Fig. 1.

m,
m._ remains
unchanged
| CiDe
C D Bj+1 a2 P+l
My my 3
mx.Si” mMy-Cisi mg.Ci+] -mg.S]-+1

Fig. 2.. Generalization of figure 1.
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55,34

Fig.3. : Normal vector trees.



555,34

Fig. 4. : Orientation vector trees.

(_81)

,I
C535,
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1

D 65
No effect

34

C
234

R
234( !

Fig.5. : Approach vector trees.
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D 65 = 94

No effect No effect

a3C3

C

d]+v
23 + 850,

= 835,373 + 8,5, Ui

ucy &\\\\

Fig. 6. : Position vector trees.

93

<
I



200

APPENDIX 5

Arithmetic expressions for the inverse kinematic solutions

for the RM-501.

This appendix refers to the T-matrices of section 3.2.2.

Manipulation of the position wvectors from the direct

manipulation path,

k:g

where n=5 for the RM-501,

STRLgp, = 0 null-vector

Therefore, the magnitude square >f5; of this vector is

identically zero

5f5D = 0 No Variable

k=4

ATRL.,=4ROTs. TRL;p+4TRL5=4TRLs=0

ey = O No variable



k=

p = O

2TRLsp=2ROT;.3TRLgp+2TRL3;=2TRL;,

. —a3.C3W
- a3-53
— O —t
2f5D = (a3.C3)2 + (a3.S3)2 + (0)2

(a3)? = constant

k=1

ITRL;,='ROT, . 2TRLsp+!TRL,

C2 —Sz O
_ S, C, O
0 0 1

A I -

a3.C;T

a,.Cy

as.Sy

No variable

No variable
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_.u2+v2+w2

(a3.C23 + a2.C2)2 + (a3.S23 + a2.82) 2

(a3.C23)2 +2.a2.a3.C2.C23 + (a2.C2)2
(a3.S23)2 +2.a2.a3.82.823 + (a2.82)2
(ay)2 + (az)2 + 2.ap.a3.(C.Ca3 + S3.523)

(ay,)2 +(az)? + 2.a,.a3.C3

= 1f5D (93)

°TRLgy,

°ROT, .lTRLg, + °TRL;

[~ -1 r— -9 = “1
—Sl O Cl u O
= c; O Sy | o v + 0
0 1 0 h W d,
-"Sl .UT
= Cl.u

202

= v (substitution for reference purposes)

Egq.1ld

One Variable
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°fgn = (=S1.u)2 + (C;.w)2 + (v+dy)?2
- u2 + vZ + 2.d;.v + (d;)?
= 1f55(03) + 2d;.(a3.Sp3 + a,.S,) + (d;)2 Eq.2d
= °f:y(0,,05) Two variables

°TRLs; = [Pyxs/PysPz 1T

which is given as desired position of the manipulator, thus:

°fsr = (pg)? + (py)2 + (py)? = constant Eq.21i

No variable

ITRLs; = (°ROT;) 1. (°TRLs; - °TRL;)

_ _
-Sl Cl 0T px T

= 0 0 1 . Py
Ci 81 O P, - di
_ N _ i
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-_Sl by + Cl pyj -u-
= Pz ~ d1 =| v
Cl'px + Sl’py w

— - L.

(—Sl°px + Cl'py)2 + (pz - dl)2 + (Cl'px + Sl'py)2

(px) 2 +(py)% + (p, - d;)% = constant Eq.1ld

No variable

k=2
2TRLs; = (!ROT,) !. (!TRLs; - !TRL,)
T, S, 0] N
- =S, C; Q@ v T a5
0 0 1 W
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W W

+ (82. (u—a2.C2) )2—2-C2.Sz. (u_a2.C2) . (V—a2-82)

(u-a,.C,) 2+ (v-a,.5;,) 2 + w2
u2-2.a,.C,.u + (a,.C,)?2

+ v2-2.a,.5,.v + (a;.5;,)? + w2

u2 + v2 +w2 + (a,)% -2.a,.(u.Cy + V.S55)
lfo. + (ay)? - 2.2,.(u.Cy + v.Sy)

26,.(8,,0,)

Two variables

considering that u is function of 6; (see above).

(2ROT4) ~1. (2TRLg; - 2TRLy)

FCB S3 0 re - a3.C3
—83 C3 O f - a3°s3
0 0 lJ W J
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Cy. (e—a3.C3) + S3.(f-a;3.8j,) q
= "S3. (e_a3.C3) + C3. (f_a3.S3) = r
W W

These expressions have exactly the same forms as those under

k=2. Thus, we can write straight-forward for 3fg; as
follows:
3fg; = g2 + r?2 + w?

= o2 + f2 +w2 + (aj)2 -2.a5.(e.Cy + £.S3)
=  2£..(9,,0,) + (a3)? -2.a3.(e.Cy + £.Sj3)
= 3f51(91r92r93)
Three variables
k=4

Because 3TRL, =0 identically, see the corresponding A-
matrix, it does not contribut e to ifgr. In addition, the
rotation (3ROT,) ! does not affect the magnitude of the
vector 3TRLs; in any way, so we have:

sy = fs;

Three variables

STRL.; = (4ROTg) 1. (“TRLs; - ‘TRL;)
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Because of the same reasons, even that the rotation (4ROT;g) 1
does not affect the magnitude of 4TRLs; and that 4TRL; = 0
identically, the quantity 5fs; will be as follows:

Sfo; = 4fgr= Sfg1(0,,0,,05) Three variables

The following comparis on table offers an overall-insight

into the problemn.

DIRECT MANTPULATION INVERSE MANTPUTLATION

Of sp=Cf5p (0,,03) Of 1= (Py) 2+ (Py) 2+ (P;) ?
Two variables No variable

Lfgp=1f5p (03) ' LEgr=(Py) 2+ (Py) 2+ (P,~dy) 2
One variable No variable -
2f.=(ay) 2=constant 2f.;=2£.7(0,,0,)

No variable Two variables

3f5p=0 3f51=3f51(8,,8,,03)

No variable Three variables

Af5p=0 Af57=4F51 (81, 0,,03)

No variable Three variables

>f5p=0 Sfr=5F51(6;1,0,,03)

No wvariable : Three variables
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Solving seguence

We summarize the solving procedure for the positional

variables as follows:

1)  Set lfgy= 1fg; to find 6.
2) Set ©fgp= °fg; to find 6,.
3) To find 6;, equalize any other remaining pair Xfg, and
kfsr, that involve 06, in their functional relationships. 1In
this case, the possible pairs are kfgp and *fgr, for k=2,3,4

or 5.

l) Set 1f5D = 1f5I to find 63.

From Eg.l.d and Eg.l.1i we have
(ap) 2+ (a3) 2+2.a,.23.C3 = (Py) 2+ (py) ?+ (py~d;) ?

implying

C3— ———————————————————————————————————————
2.a5.a3

Taking

S, = +SQRT(1-(C3)2) or S; = -SQRT(1-(C3)?)

we find two solutions for 0;:
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93a = ATAN2(+S3,C3)

as well as

93b = ATANZ("S3, C3)

The function ATAN2 represents the arctan-function requiring

two real arguments and providing -II=<06< + II.

As S; and C3 cannot vanish at the same time, there are no

singularities which must be considered.

2) Set OfSD = ofSI to find 62.

From Egq.2.d and Eg. 2.i we have

1f5D + 2d1. (a3.523 + az.Sz) + (d1)2 = (px)2 + (py)2 +(pz)2

implying

a.3.523 + a2.52 =  —o—————sossssooT oo omm e e

Considering that we have just equalized 'fgp with 1fc; in the

first step above

If, = 1fgr= (Py)2 + (P2 +(p, - d1)?
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Thus, after substitution and some manipulations, we\have:
az-Sz3 * @z.5; = pz - 4

The left hand side yields:

az.S,3 + a,.5,= (a3.C3 + a,) .S, + as3.53.C,
The substitution

r.sin (y) = az.Sj3

r.cos(y) = a3z.C3 + a,

unambiguously implies

r = +SQRT [ (a3.53)%2 + (az.Cy3 + @)% 1 >0
and

v = ATAN2 [ (a3.S3 , a3.C3 + ap |

Now, we have:

r.cos(y).S, + r.sin(y).Cy, = p, - d1

implying
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sin(y+6;) = (p, - d;)/r

Taking ,
cos (Y+62) = + SQRT(1 - [(p, - d;)/r]?)

or

cos (Y+0;) = - SQRT(1 - [(p, - d;)/r]?)

we find two solutions for 6,

0, = ATAN2[ (p, - d;) /r,+SQRT(1 - [(p, -d;)/rl2)] - ¥

92b = ATANZ[(pz - dl)/r,‘SQRT(l - [(pz —dl)/r]z)] - v

3) Set 3f5D = 3f51 to find 61.

We refer to the description of the manipulation of the
position vectors from the inverse manipulation path presented
above, where we have defined the variables u,v and e, f, which

we again make use of in the following.

The manipulation of the position vectors from the inverse

manipulation path provides:
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3fgp = 2f51 (01,0,)

+(az)? - 2.a3.(e.Cy + £.S3)

Substitution of 2f45;(0,,0,)in this yields

+ (a2)2 - 2.a2.(u.C2 + V.Sz)

+ (az)2 - 2.a3.(e.Cy + £.S,)

In the next step, substitution of 1lfs; yields

3f51 = (px)2 + (py)2 + (pz - d 1)2
+ (a,)2% - 2.a.(u.Cy + Vv.Sy)

+ (a3)2 - 2.a3.(e.C3 + f.S3)

The comparison table indicates that 3fgy; = 0. Now,

equalizing both 3fg, and 3fg;

0 = (P2 + (Py)2 + (P, = dp)?
+ (a,)2% - 2.a3.(u.Cy + v.Sy)
+ (aj)2 - 2.a3.(e.C3 + £.83)
In general, the right hand side 3fs; is some positive
gquantity which we would like to see equal zero as the
equation constraint requires. It will, indeed, be zero if

there exist solutions for 8;. In other words, the minimal

extremes of this function coincide with its nullpoints if
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there exist some. That means that the solutions for 0, are

to find in the minima of the function 3f.;.

Taking partial derivative of 3fg; with respect to 06,, all the

constants in the expression become zero, we have:

d du dv
————————— 3fSI = —2.a2. [ C2 -—————— + 82 === == ]
dOl del dOl

de df
~2.a3- [ C3.77===~ + S3.-=---- ]
de, a0,

considering that

u = _Sl'px + Cl'py
v = p, -~ 4
e = Cz. (u - az.CZ) + Sz- (V - az.SZ)
f = —Szo (u - a2.C2)+ Cz- (V - az.SZ)
we find:

du dv
_______ = _pX Cl py.S]_ —_—————— = 0



Using these expressions, we have after some manipulations:

d . du
———————— 3f51 = [—2.a2.C2—2.a3.C23] « TTTT——m—/—— = O

a8, 46,
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Assuming -2.a,.C,-2.a3.C,3<>0, if we require the derivative

of u to be zero, we have:

—px.Cl'— py.Sl = 0

==> 5,/Cy = — Px/Py Eq.3

implying:

ela = ATAN2( _pxp py)

as well as

0, = ATAN2 ( Dy, —Dy)

In addition, we require that the following inequality for the

second order derivative of 3fg; is satisfied, when the

particular 0,, or 6,, is substituted in it:



(d)?2 (d) 2u
———————— 3f5I - —2.[ a2 C2 + a3 C23 ]. —_——————— > O
(del) 2 (del) 2
where
(d) 2u

in order to ensure that we have found the minimum

meaning solution for 9.

215

of 3fy;
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Degeneracy

The particular case of -2.a,.C,-2.a3.C,3 = 0 indicating
82 a, + a3.C3

Co az.S,

means that the derivative of 3fg; is identically zero,

irrespective of whichever value we have for 6,, and indicates

that any arbitrary 8, 1s solution. This 1is known as

manipulator's degeneracy with it losing one degree of

freedom. This is illust rated in Fig.l. As can be seen,

this is the case when px=py=0 which represents singularity in

the arguments of ATANZ above.

Yo

Fig. 1. : Illustration of manipulator's degeneracy.
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DERIVATION OF ORTENTATTION LUTION

Method using the Trace Vector .of the Error Matrix

The error matrix °Eg; available at the end output of the

inverse manipulation path of the kinematic controller is
mathematically determined by:

SBg; = (°Ts5) ~1.°Tg; Eq. 4
where °Tg; represents the desired location of the robot end-
effector and (°Tg)~! is the result of the inverse

manipulation if 9Tg; has the value of the unit matrix.

Eg.4 implies:

SROT;="ROT,.°ROTs; ' EgQ.5
-_Nx Ny Nz— _-nx Oy ax_ 1 O Oj
SROTs; = |Ox Oy Oy ng, o, ay, | = |0 1 0
A, A, A, i n, 0, a; k.O 0 ]:_ Eg.6

Of which we are only interested in the trace vector which is:

i
O

Trace

Ag.ay * Aj.ay, 7 Az.az_j Eq.7

The error matrix will become unit matrix, as soon as the

"inverse kinematic solutions have been found. Thus, the aim
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of the solving process 1is to make the trace vector equal to
[1,1,1]1T by equalizing all the three elements of "Trace" in
Eq.7 to one, taking into account that all the ROT-submatrices
inthe system are orthonormal. In this way, three equations

~

are available for obtaining the orientation-sensitive

variables.

At first, it seems that the three so-obtained equations might
not suffice to derive the solutions, whenever the number of
the orientation-sensitive variables exceeds 3. In such
cases, the solution derivation will be, indeed, not possible
if one attempts to proceed the “ordinary way" of substituting
and eliminating variables. Saying this, we have not
considered yet that we are dealing with the trace vector of

the error matrix.

Let us write that trace vector as follows, assuming that we

have already found solution for the position-sensitive

variables g, for k=1,2,...,73-
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Atrace__x (qj+1/ qj+2l e an)—
Trace = trace_y(qiﬂjch+2,...,qn)
Ltrace_z(qﬁﬂ,qiw,...,qn) Eqg.8

Because of the orthogonality (just mentioned above), the
elements of "Trace" vary between -1 and +1. Let us consider
the vector "Trace" of Eg.8. The diff_ trace_square value
is not necessary for this particular solution derivation due
to the relative geometric simplicity of the RM-501. Despite

this, we do not rely on geometric intuitions as shown in the

following:

[ -
81.8234-C5+C1-SS —81.8234.SS+C1.CS _SI.C234
C234-Cs ~C234-Ss S234 | Eg.9

the vector "Trace" will be:
[ =
[81.8234.C5+C1.Ss] .I'lx+ [_C1.8234.C5+Slo85] .ny

+[Cy34-Csl.n,

Trace = [81.8234.SS+C1.C5] .'Ox'*' [+C1.SZ34.85+SI.C5] .Oy

+ [—C234.Ss] 'OZ

[_Sl'C234 ].ax+[ Cl'C234 ].ay
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By equalizing "Trace" with the vector [1,1,1]T we would
obtain three equations solvable for 6, and 65. On the other
hand, we know that the vector elements cannot have values

greater than one. Thus, let us proceed the following steps.

Taking partial derivatiyve of the third component with respect

to 0, and requiring it to be zero, we have:
—8234. ["Sl.ax + Cl.ay] + C234.az = 0
meaning solution for 04

94a = ATAN2[+aZ 7 —Sl.'ax + Cl.ai,] - [ 92 + 63 ]

64b ATAN2[—'aZ 7 +Sl.ax - Cl._ay] - [ 92 + 93 ]

Similarly, taking partial derivative of the first component
with respect to 85 and requiring it to be zero, we have:

—SS° [Sl.8234.nx—C1.Sz34._ny.+C_234.nz] +C5. [Cl.nx+Sl.ny] = 0
meaning solution for 6g

95a

It

ATANZ [Cl .nx+'Sl .ny 7 Sl . S-234 .nx—Cl . 8234 .ny+C234 .nz]

8, = 05, +180°
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PUITA RRR-(RRR)
(e}
j6D(82l83) j6 =C0n3'(.
+
C,0 -5, 0
] ° 0 1 * o S;,0 C, 0
ROT = 1 1
N t (°rot)) f=loa o g
1
jsn(es)_'_ j61=const 00 0 1
C,-S, 0 &,C,
] -1 e
N 1ROT2 (roT,) 1 M 1H2_ gz ([):2 ? a2(‘152
2
2 O 0 O 1
jsx(eﬂez)
+
(C, 0 5,0
2 -1 [* S, 0-C. 0
N (“roT;) 293= 321
3 0O 0 O 1
jsI(Gl,Gz) L
+ p—
C, 0-5,0
— 5 I F 3, _| Ss 0 Cl0
> (®roT,) A=l o -1 04,
O 0 0 1
4
j61(81'82'83) B
+
Cs 0 S5 0
R s y-1[F 4, _|S5 0-C50
> ("rOTS) "L CAS=10° 1 07 o
5 0 0 0 f
Je1¢818,,8)
Co-Sg 0 0
N ROT, _._I TRL, ( °roT,) A=1o° ¢ 1o
6 6 O 0 O 1
Jop=0 §..(8,,8,,8)
Solving sequence Position Orientation
Variable(s)[ 8; 6, 8, [94,95,961arbitraryorder
E 1 oy 6 )
r;freorr;nce jsl jsl j6D diff_trace_square




STANFORD RRT-(RRR)

° o
jsn(d3) j61=const
(i}
:
ref.
A 4
(o} o -1 [*
] TRL, ("roT,) " |
| j61=const.
(i}
:
ref.
\ 4
1 1 -1 [*
N TRL, ("roT,) " |
2
j61(81)
+
ref.
k4
N 2 2 -1 [*
N TRL , ( R0T3)
3
jsI(e1'92'd3)
180°
ref.
N A 4
3 -1 [*
N TRL, (3R0T4) B
4
o jsI(e1'92'd3)
180 T
ref.
A 4
. 4 4 -1 [*
. TRL (*roTS)
S
=0 S
¥y A §.8,,8,,d)
180
+
S
1 s Y 5 5 -1 [*
N ROT, TRL, (ProTy) " |
6 ‘-I 6
=0
j6D j6I(81’82’d3)
Solving sequence Position Orientation
Variable(s)| d, 8, 8&[94,95,96]arbitraryorder

Error
reference

° 2; 6 .
jsI J 6D J D diff_trace_square
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C,0 -5, 0
o0, = 51 0 C, 0
1 0O-1 0 O
0O 0 0 1
C, 0 S, 0
2 O 1 O d2
0 0 O 1

O =00

C; 0 550

40 - Sg 0 -C5 O
s |0 1 0 O

O 0 O I

Cg -S; 0 0

6 O 0 10

O O O 1



ELBOW RRRR~-(RR)
o o
j6D(82,83,84) I6I=C0n3t.
+
o o} 0 -1 *
ROT
1 1
j6D(83)84)+ j6I=C°n3t.
180°
ref.
\ 4
1 1 1 1 -1 [*
N ROT, TRL, (“rot,) |
2 2
j6D(84) A jsI(gllgz)
180°
+
ref
| H
n ROT, TRL, (“ro1y) |
°5
=const. 3
A . jSI(81’82’83)
180°
+
ref
A 4
1 3 3 3 -1 [*
N ROT, TRL, ( R0T4) B
4 4
=0
Jp A §.(8,,8,,8,8)
180°
ref.
1 4 4 4 -1 [*
L ROT TRL (®roty) |
5
J =0 5 (8.,0.,8.8,)
6D 61 1’72’34
+ F
qf.
-1 s L s s -1 [*
. ROT, TRL, (°roT,) " |
—] :
jsn_ °r j61(81'82'83'84)
Solving sequence Position Orientation
Yariable(s) [83,84] 8, 8, (85,81 arbitrary order
Error 1 o 6 .
reference jsI jsI jeD diff_trace_square
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[C,0 S, 0
oq | S10-Cy O
15101 o dq
0O 0 0 1
1 _|S2 Cz O 8,5,
2 0O O 1 0
O O O 1
C3—S3 0 6323
20 = S3 C3 0 8535,
3 0O 0 1 0
O O O 1
[C, 0-S, 8,C,
Ai,b=1o0o 410 o
O 0 O 1
Cs 0 85 0
49 _|Ss 0Cs 0
s {0 1 O O
O 0 O 1
Co-Sg 0 0
6 O O 10
0 0O 01
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CHORAOROROR K HOROROKORHHORRORIORIA KRR ORI 6 KRR KK K HOK ROR 3HORAOK SOROR 3 8 KKK K SOV K ORKOROK KON )

(%

i EXTERNAL ELEMENTS: SEE RELOW

SOLVING ROEBOT KINEMATICS INVERSE FROEBLEM
WITHOUT EXFLICIT ARITHMETIC EMFRESSIONS.
(This File Element: Glotal/Common Definitionc)

SECOND UNIVAC VERSION 10/08/84 RY T.Vd./
LAST IMFLEMENTATION 10/31/84
(mm/3d/yy)

UNIVERSITY OF WOLLONGONG
DEFARTMENT OF ELECTRICAL ENGINEERING

EXTERNAL ELEMENTS:

RMS0100-3A
RMS0100-2A
RMS0100-1A

[eXeXe!
[ N

Total number of external elemente: (o2
X)

COROORAKHORHCHCHOROR K HOR O HOR K KR OROK K HOR K ORI HOR K SRR HOK R HOROKACHRIOR HORMOROR HORHOR OROK HOROKHOK HOK HOR KIOKHOK )
ENVIRONMENT

DECLARATIONS 3

COHORARHORORORORBOR O KRR RHOR A OR HOR R HOKOR SOR ACHHOR AR RO RO ACOIOROROROKAROKOK HOK ROKOK HORORIOR HOKOKHOKIOKKHORAOK )
CONST

FI = 3.1415926536 3

IRE = 360 ; (% Variable Rasolution K)
N = S s (X Robot’s Numbtier of Dearees of Freedom *)
M = 33 (% No. of D.O.F. without the End-Effactor X)

COROROORMOROR K SR RO HOHOR RO MK RO H R HOR HOK R HCROOK KK RORAOKOK HOROKOKORKROKRHORHOKRAORHORNOKHOROKRAOK K )
TYFE

(% Cartesian Co—-0Ordinates and Frojection Factors ....¢.cccreeacenn x)
VECTOR = RECORD
XyY,ZyW t REAL
END
(k Normal, Orientation, Approach & Fosition Vector .........c0... A
MATRIX = RECORD
N,O,R,F : VECTOR
END j
(K Rotot with End-Effector ....... e e es e s e e e e e e e e .o X))
ARM = AKRAYLO..N] 0OF MATRIX H
(% Robiot without End—Effector ..ieicecriicrerreranercsaocencrsvans x)
WRIST = ARRARY[O..M] 0OF MATRIX ;
(kK End-Effector ....-cce.cce.- [ et e sras e nne e ht s e e *)
HAND = ARRARYI[M..N] OF MATRIX H
(X Robot’s Geometry Farametercs .......... et e ca ettt K
FARAM = RECORD

10FST, ITHETA : IMTEGEF H
ALFA,AX,DZ : REAL

END 3
(k% System Error ..ciaesaese P . e ee e v ee e K
TYFER = ARRAYL1..IRE]I OF REAL §
TYPEI = ARRAYL1..NJ OF INTEGER 3
ERRDAT = RECORD

ERFAR : TYFEI H

ERVAR : TYFER H

END 3
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78 000257 COMORONORORR KR HOROR B OROR R AOR K R B ROROROROIOR R OIOR BRSO RO R R OROR RO OR KO 8RO R O OROR K OR ROR M OR K OK K HOKIOK )
79 000257 VAR

80 000257 .

g1 000257 (X GLOBAL PARAMETERS —~— = e e e e e e e e X)
82 000257

83 000257 (X Robot’s Geometry Farameters .....ccieoecessccscescnserosasnces X
84 000257 L INK H ARRAY (1. .NJ 0OF PARAM 3 .

85 Q00312

86 000312 (X Reference Sinewave Sigrnal ........ c et e t et rs et sseneeas KO
87 000312 REF : ARRAY(1..IRE] OF REAL 5

88 0010464

89 001064 (% GLOBAL VARIABLES —————= = e e e e e e e e » )
%0 001044

91 001064 (K A-matrices ... AH homoarneous Matrix ... HA its Inverce ..... x)
92 001064 AH,y HA H ARRAYC1. .NJ OF MATRIX H

93 001326

94 001326 (K T—Matr iC@S .+ ussaesorsassscesnoosssensoassassssassnssssccsnassasses X)
95 001326 (% Convention of Variable-Names: ‘F’ Forward , ‘B’ Backward ..... %)’
96 001326 TNF,TNE ARM H

97 001626 TMF,TME t WRIST H

98 002026 EMF,EMR : HAND H

99 002166

100 002166 (K EUTEPr~ANB)eSE +eeevsrsevossatoscascansaacaasonssssansnasnasssnnsas X)
101 002166 EULERO ,

102 002166 EULERY

103 002166 EULER1 : INTEGER 3

t04 002171

105 002171 (K Error References .......... Forward/Backward ......coe0c0:000. X)
106 002171 ERB,ERF ARRAYLO. .N] OF REAL 5

107 002207 FEHLER ¢ ARRAY[1..N] OF ERRDAT 3

108 0054652

109 005652 (% Components of Rackward Orientator Imput Position Path ........ %)
110 005452 G :  VECTOR 5

111 005656 .

112 005656 (% Unit Matrix, Remnaming Forward Input, Rackward Output ......... %
113 005656 U,TF,TB ¢ MATRIX j

114 005736

115 005736 (K Help Variatrles ..ocecscoonsnacns e e semenensaas s assancassseaeen XK)
116 005736 JA ¢ CHAR §

117 005737 I,JyK,L ¢ INTEGER L

118 005743



228

119 005743 CORCROR ORI IOKNOKNOK HOK KKK K HOK KKK NOK K HOK HOKR MK K BRI MK NI K NOKNOKKHOK 0K HOKOK HOK KKK K HOK KK )
120 005743 (k ROUTINE HEAD LIST /empty/ )
121 005743 €O RORORN K HEHORHOK K KOR HRCHOKHOK K R K KKK O K KKK R OK MK KK K K K K K KK N OK SO KK KK K KOK KK )
122 005743
123 005743 K e e e e e e FROM FILE ELEMENT RMS0100-3A %)
124 005743
125. 005743 FROCEDURE
126 005743 EQMTRX (VAR TI,0T:MATRIX) , (k 07/10/84 %)
27 005743 Cs
1129 005743 FUNCTICN . ;
129 005743 SINUS (T:REAL) : REARL , (XK 07/10/84 %)
130 005743
131 005743 K mm FROM FILE ELEMENT RMS0100-2A X)
L FUNCTION
133 005743 U
134 005743 WAVEO! (I1,JANGLE:INTEGER 7 R,S:REAL) : REAL , -k 07/03/84 %)
S FROCEDURE
136 005743 ! N
137 005743 ROTATE (K:iCHAR 3§ IANGLE:INTEGER § VAR SI,S0:VECTOR) , (K 07/03/84 %)
138 005743 DURE
139 005743 FROCEDUR
140 005743 ROTMAT (K:CHARR ;5 IANGLE:INTEGER ;5 VAR TI,0T:MATRIX) , (kK 07/05/84 X)
141 005743
14z 005743 FROCEDURE
143 005743 REVECT (I:INTEGER 35 K:CHAR ;3 VAR V:VECTOR) , (kK 07/05/84 X)
144 005743
145 005743 FROCEDURE
146 005743 REMTRX (I:INTEGER § KICHAR 3 VAR TM:MRTRIX) , (k 07/05/84 %)
147 005743
148 005743 PROCEDURE
149 005743 ATRANS (I :INTEGER) , (K 07/06/84 %)
150 005743
151 005743 PROCEDURE
152 005743 ARJDOO (I:INTEGER § K:ICHAR ;3 VAR TI,0T:MATRIX) , (k 07/06/84 X)
153 005743
154 005743 FPROCEDURE
135 005743 STATUS «I,JB,JF,MN:INTEGER) , Ok Q7/08/84 X)
156 005743
157 005743 FROCEDURE _
158 005743 SOLVOO (I,J,MN:INTEGER ; C:CHAR) , (kK 09/26/84 %)
15 0057453 ‘
160 005743 (M —— e e e FROM FILE ELEMENT RMSO100-1RA X)
161 005743
162 005743 PROCEDURE
163 0057473 PRINTT (I,L:INTEGER ; F,B:iMATRIX) , Ok 07/09/84 x)
164 005743
165 005743 FROCEDURE
166 005743 FPRINT (J:INTEGER) , (x 07/09/84 x)
167 005743
168 005743 FROCEDURE
(% /09/84 xX)
169 005743 INITIA , 0770
170 0057473 I '
______________ - S NT DES-FPLOTOO #)
171 oos7a: (M —————————m—— i m— e FROM FILE ELEME D
172 005743
1793 005743 FORTRAN77 FROCEDURE (X 10/29/84 %)
174 005743 STPLOT
175 005743
176 005743 FORTRAN77 FROCEDURE Yo . )
[ X X s TVEER s INTEGER; VAR IPSTYPEI; MM,J1,J2,J3,J4,JS: INTEGER '
177 005743 FLOT (VAR DATA:ITYFER3F NN i K 10/29/84 K)
178 005743
179 005743
180 0057432 FORTRAN77 PROCEDURE (X 10/29/84 %)
181 005743 ENDFLT
182005743 Ok mm/dd/yy %)
183 005743
184 005743 X HORORKORORAOK HOKOKAOIOKKOK )
5743 ; * o HOR AR HOROR R HOHOHORHORHHORBORHOKHOKHOK K BOKOROKOK
igs Soeaas (******){(*******#*M***HWTIIKTERMINQTIDN FERIOD =and of =2lemert RMS50100-CM )
193 gg?,-i‘i '(*MWM*MMW***-MMWxow,:«w»ok*>o<mwmwwwx<w*wwwwwwmwww*wm)
~J ~
C°'“F’5|atioru comgleted — na arrors fourd.

FURPUR 28R3A W1 S74T11 07/11/8S5 13:57:43

RO7TVDXGSF ILE S ¢ 1)
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yTHIS FILE CONTAINS DELETED TEXT TOTALING 4 TRACKS
yaPAS,S F.RMS0100-3R,F.RM30100-3A, , fKF .RMS0100-CM

university of Wisconsin P A S C AL (8:A:1) 07/11/85 14:00:05 (3)
) JEOF

000000 (**************************************************************************)
000000

000000 (X%

000000 @ e

000000 ELEMENT RMEO100-3A i EXTERNAL ELEMENTS: SEE BELOW
000000  mmmmmemm e

000000

000000 SOLVING ROEBOT KINEMATICS INVERSE PROELEM

000000 WITHOUT EXPLICIT ARITHMETIC EXFRESSIONS.

10 000000 (This File Element: Auxiliary Help Func./FProc.)

{t 000000

iz 000000 SECOND UNIVARC VERSION 10/08/84 BY T.vd./
13 000000 LAST IMFLEMENTATION 10/22/84

i4 000000 (mm/dd/yy)

{S 000000 )

16 000000 .

17 000000 UNIVERSITY OF WOLLONGONG

18 000000 DEPARTMENT OF ELECTRICAL ENGINEERING
19 000000

20 000000

21 000000 ‘

22 000000 USER PROCEDURES AND FUNCTIONS CALLED:
23 000000 e

24 000000 (Listed ) appearing order)

25 000000

26 000000 RELATIVE : EXTERNAL/T/C
27 000000 LEVEL # :  T: TEXT

28 000000 1 z 3,4,5 + (C: CODE

29 000000 Che e et e i idere e
30 000000 EQMTRX : NO

31 000000 e o
3z 000000 SINUS NO

33 000000
34 000000 SIN NO

35 000000 T
3 000000 # indicatec local Proc./Func.

37 000000

38 000000

39 000000 TOTAL NUMEER OF PROCEDURES : 01

40 000000 FUNCTIONS : 01

41 000000 e ———— -

42 000000 TOTAL : oz CARALLED
43 000000 ’

44 000000 EXTERNAL ELEMENT (S) : (NONE)

45 000000

46 000000 LOADING ENVIRONMENT t RM50100-CM

47 000000

48 000000 NUMEER OF PROCEDURES AND FUNCTIONS i

49 000000 CONTRINED IN THE CURRENT ELEMENT : 0z

20 000000

St 000000 NUMBER OF PROCEDURES AND FUNCTIONS

52 000000 CALLED FROM THE EXTERNAL ELEMENT(S): 00

3 000000

4 000000 NUMBER OF PROCEDURES AND FUNCTIONS

3 000000 CALLED FROM PASCAL L IBRARY : 01

)

7

VMo &N

PROC./FUNC. LANGUAGE

FROCEDURE
FUNCTION FASCAL

FUNCTION ¢ LIE PASCAL FUNC.

D I R R T T T

FPRASCAL

000000 x)
000000



108
109
110
111
112
113
114
{18
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
3t
132
133
134
135
136
137

000Q00
000000
005743
000016
000016
000016
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000007
000007
000000
000005
000025
000045
000065
000105
000007
000016
000016
000016
000016
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000006
000006
000107
000114
000117
000006
000016
000016
000016
000016

[001]
[011

o1l
[003

[001]
[O11]

(013
L0012
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(*********************K***K******************** :
ENVIRONMENT RO OROK R N ORI K HOKOK HOK K KKK 30K )

ROUTINES ( EQMTRX , SINUS ) j

;ggz;;t:z****************************************************%*************)

EGMTRX (VAR TI,OT:MATRIX) ; Ok 07/10/84 %)
(K
FURPOSES ¢
... EQUALIZING MATRICES ELEMENT BY ELEMENT
PARAMETERS IN AFPEARING ORDER:
TI S INPUT MATRIX
aT i QUTFUT MATRIX
GLOEAL PARAMETERS: :
(NONE)
GLOBAL VARIABLES:
(NONE)
LOCAL VARIAELES:
(NONE)
FROCEDURES AND/OR FUNCTIONS CALLED:

(NONE)

INPUT
ouTRUT

COMMENTS:

<o TYPE “MATRIX’ MUST BE DEFINED IN THE APPROFPRIATE LOADING ENVIRONMENT
X)

BEGIN (XEQMTRXX)

OT.N.X:=TI.N.X OT.0.X:=TI.0.X

3 OT.A.X:=TI.A.X
OT.N.Y:=TI.N.Y 5 OT.0.Y:=TI.0.Y

5

i

OT.AR.Y:=TI.A.Y
0T.A.Z:=TI.AR,2Z
OT.A.W:=TI.A.W

OT.P.X:=TI.P.X
OT.P.Y:=TI.P.Y
OT.P.Zt=TI.P.Z
OT.P.W:=TI.P.W

OT.N.Z:=TI.N.Z 0T.0.Z:=T1.0.2
OT.N.W:=TI.N.W QT.0.W:=TI.0.W

[
- we @ wa
- e we we

END OKEQMTRXX) §

CHOROBORHOKCHOR KOROOKOKOKOKAOKHOK N N HOK MR KN HOK AOKHOKIOKHOKIOKKKOKKOKAOKOKNOKAOK ROKROKKOIOKIOIOKNOK HOKKOK XK )
FUNCTION

SINUS (T:REAL) : REAL 3 Ok 07/10/84 %)

(%
PURPOSES:
... RETURN SINE VALUE TO CALLING ROUTINE
FARAMETERS IN APFEARING ORDER:
SINUE : FUNCTION VALUE RETURNMED ouUTPUT
T : FUNCTION ARGUMENT INPUT
GLOBAL PARAMETERS:
' (NONE)
GLOBAL VARIABLES:
(NONE)
LOCAL VARIARLES:

(NONE)
PROCEDURES AND/OR FUNCTIONS CALLED:
‘ SIN ’ : STANDARD LIERARY FUNCTION
COMMENTS :

... STANDARD FUNCTIONS CANNOT BE USED AS ACTUAL FPARAMETERS (UW—-PASCAL)
THART IS WHY ...
x)

EEGIN (XSINUS %)
SINUS:=SIN(T)

END (KSINUS %) 3

KKK K K A HORORHRORHORHORHOKHORHRHORHOHRR R K HSORAORHORRRHORRKHKHKHOKNOKRNORKHORROKRRKOROKHOK )
) (% TERMINATION PERIOD end of element RMSO100-3A %)
KRR KR RRHOR IR KHORHOHHORIHORHOKHH KA HKHORHFORMHAOKHOHHOKHRHKHNORHRRARHAHHHHK )

Compila'.ion completed - no errors found.
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yPAS+S F.RMS50100-2R,F.RMS0100-2A,,F .RMS0100~CM

university of Wisconsin P A S C AL (8:A31) 07/11/85 14:03:00 (25)
) JECF :

000000 ¢ )K)k)k)k)l()k)k)k)k)k)k)k)wk)kN()k)k)k)k)k)k)k)k)kﬂ(*N()k)k)k)k)k)k)k)k)k*)k***)k)k)k*)k*)k)k)k)k HOKOKHOK K HORK K HOKHOR K KOKOK HOR KK )
000000

000000 K

000000  mmmm—mmmmmeee

000000 ELEMENT RMS0100~2A 5 EXTERNAL ELEMENTS: SEE BRELOW
000000 mmmmmmme—e—

000000

000000 SOLVING ROBOT KINEMATICS INVERSE FROELEM

000000 WITHOUT EXPLICIT ARITHMETIC EXPRESSIONS.

10 000000 (This File Element: Heart of the Simulation)
11 000000

12 000000 SECOND UNIVAC VERSION 10/08/84
13 000000 LAST IMPLEMENTATION 10/31/84
14 000000 (mm/dd/yy)
15 000000

16 000000

17 000000 .
18 000000

19 000000

20 000000

21 000000

22 000000 USER FROCEDURES AND FUNCTIONS CALLED:
23 000000 S
24 000000 (Listed in aprearing order)
25 000000

26 000000 RELATIVE

OmMNO- U & UN -~

RY T.Vvd./

UNIVERSITY OF WOLLONGONG
DEPRRTMENT OF ELECTRICAL ENGINEERING

: EXTERNARL/T/C H
27 ©0000C LEVEL # C T: TEXT : PROC./FUNC. : LANGUARGE
28 000000 1 2 3,4,5 ¢ C: CODE : :
30 000000 WAVEQD! S NO H FUNCTION : FPASCAL
31 000000
32 000000 ROTATE : NO : PROCEDURE : PASCAL
34 000000 waveQl H : :
35 000000 e L e
36 000000 . ROTMAT H NO H FROC. : FRSCAL
37 000000 T T P P cearas e
38 000000 rotate : H :
3 000000 e e h et
40 000000 waveOl H : B
41 000000 T T
a4z 000000 REVECT : NO : PROC. H FRSCAL
43 000000 T T e ea e .
44 000000 rotate : : :
43 000000  ....... O D
a5 000000 TRUNC H NO H FUNC LIB PASCAL FUNC.
47 000000 S R : :

48 000000 REMTRX : NO :  PROC. : FASCAL
49 000000 R T
S0 000000 revect : : :

31 000000 T e e

S2 000000 EQMTRX 13R)  YES/C : : FASCAL

53 000000 N P N FR e T PP
54 000000 ATRANS : NO :

35 000000 T I T
36 000000 revect : :
57 000000 R U
S8 000000 remtrx :

59 000000 D B I L R R
60 000000 revect s :

51 000000 FR T T R U A et e s R T
62 000000 eamtrn 2 .

63 000000 R T R A . I L I RO R .
64 000000 rotate :

S 000000 A SR D et e caerteaaan R R PRI
86 000000 waveOl :

67 000000 I R S A LI LI I LI A
68 000000 ARJDOO : NO ¢ FROC. ; FASCAL

70 000000 remtrx : .

71 000000 S B
72 000000 revect ¢ : :

73 000000 e P T
78 000000 eamtrx . :

75 000000

P I L B R
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76 000000 : rotate

: : t

77 000000 I T L T T T . T
78 000000 waveOl H : :

79 000000 R I T T T T
80 000000 STATUS : NO ¢ FROC. : FPASCAL

g1 000000 D T T T T T T T T
gz 000000 . atrans : : .

g3 0000CO ..... T T P L
g4 000000 revect : : :

gs 000000 e e T
g6 000000 remtrx : : .

g7 000000 revect(4): : :

g8 000000 eqmtrx(4): : :

89 000000 P T T T T T T
90 000000 rotate : : :

91 000000 wave0l1l(4): : :

92 000000 T T T T e T
93 000000 ar 400 : : H

94 000000 fee e T
95 000000 remtrx H : :

96 000000 revect (4): : H

97 000000 aqmtrx(4): : :

98 000000 T S T T T T T T T T T T
99 000000 rotate : : :

100 000200 waveO0l1(4): : H

101 000000 e T T T T
102 000000 SOLVOO : NO T PROC. ot FASCAL

103 000000 R T T T T R R R
104 000000 Xsqrmas : NO : FUNC. : PASCAL

105 000000 e T T T I T R R I T T T T
106 000000 Xposerr H NO H FUNC. : FASCAL

107 000000 T T T T T T
108 000000 Korierr : NO t  FUNC. : FASCAL

109 000000 T T T T T T I I I R
110 000000 KerrorO : NO s FUNC. : FPASCAL

111 000000
112 000000 RES : NO H FUNCTION : LIB PRSCARL FUNC
113 000000

114 000000 ¥ indicates local Proc./Func.

115 000000

116 000000

117 000000 TOTAL NUMBER OF PROCEDURES : 09

118 000000 FUNCTIONS : 3

119 000000 mmem——————— ———

120 000000 TOTRL : 12 CRLLED
121 000000

122 000000 EXTERNAL ELEMENT (S) H JA) RMSD100-3A

123 000000

124 000000 LOADING ENVIRONMENT

125 000000

126 000000 NUMEER OF PROCEDURES AND FUNCTIONS
127 000000 CONTAINED IN THE CURRENT ELEMENT : 09
128 000000

129 000000 NUMEER OF PROCEDURES AND FUNCTIONS

130 000000 CALLED FROM THE EXTERNAL ELEMENT(S) ¢ 01
131 000000

132 000000 NUMBER OF PROCEDURES AND FUNCTIONS

133 000000 CALLED FRKOM FASCAL LIBRARY : . 0o
134 000000 KD

135 000000

RMS0100~CM -

ha



136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
133
154
153
156
157
158
159
160
161
162
163
‘164
163
166
167
168
169
170
171
172
173

174

178
176
177
178
179
180
181
182
183
184
185
186
187

000000
000000
005743
005743
000016
000016
000016
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000011
000011
000014
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CNOI NI A HROKHOKIOK KK K KK I KK KRR HOKKRIK NOKK KK BOICK BHIOKACK AR K AR K AR K KK K BOKIOK HOK KK )
ENVIRONMENT

ROUTINES ( WAVEQO! , ROTARTE , ROTMAT , REVECT ,
REMTRX s ARTRANS , ARJDOO , STATUS , SOLVOO ) ;

COHRABHHORNKHORKNOKHOR R KK KRR KK HOKNOK K HKHOKNOK KRN K HOIOKKOK MK IR HOK KK HOK KKK HOKOK KKK )
FUNCTION

WAVEOL (I,JANGLE:!INTEGER ; R,S:REAL) : REAL 3} (k 07/03/84 %)

(K
PURFOSES:

« .. SAMFPLING OUTPUT SIGNAL FROM THE PHASE SHIFTER
PARAMETERS IN AFFPEARING ORDER:

WAVEOD1 ¢ SIGNAL SAMFLE OUTPUT

I i SAMPLING FOINT INFUT
JANGLE : DELAY ANGLE INPUT

R ¢ REAL SIGNAL PART WITH RESP. TO REF. INPUT

s . ¢ IMAGINARY SIGNAL PART WITH RESP. TO REF. INFPUT

GLOBAL PARAMETERS:

REF ¢ ARRAY CONTAINING REFERENCE SIGNAL INFUT

IRE 5 VARIABLE RESOLUTION INPUT

GLOEAL VARIABLES:
(NONE)
LOCAL VARIABLES:
J ¢ (SEE BELCW)
PROCEDURES AND/OR FUNCTIONS CALLED:
(NONE)
COMMENTS :

... SIGNAL TIME RESOLUTION IS ‘IRE’, SAMPLING AT ‘IRE/4’ AND ’'IRE/Z’
X)

VAR JsK,L ¢ INTEGEFR 3 Ok LOCAL VARIARLES %)

000014 (00] EREGIN (KWAVEO1X)

000000 €011

000005
000007
000011
000011
000014
00002z
000030
000054
000065

K = (3KIRE) DIV
L = (1%IRE) DIV

P

Ji=I-JANGLE H

IF J(1 THEN J:=J+IRE 3
IF J<(L+1¢
THEN WAVEOL :=R¥REF[J] + SWREF{J+K]
ELSE WAVEO!l :=R¥%REF[J] + SKXREF(J-L1

000014 C[O11 END OKWAVEOQ 1 X) 3

000016 (001



188

190
191

192
193

194
195
196
197
198
199
200
201

202
203
204
205
206
207
208
209
210
211
212
213
214

000016
000016
000014
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
00001 1
000011
000014
000020
000020
000101
000106
000110
000116
000117
000117
000125
000126
000126
000134
000145
000145
000145
000153
000153

000163,

000163
000165
000174
000203
000217
000233
000233
000233
000235
000247
000250
000250
000262
000263
000263
000275
000306
000306
000020
000016

[001
011
(011
£03]
£03]
£0z1
[031]
[031
[0z]
[03]
[031]
[0z1
{011l

[o11
{0zl

[0z}
(o113
o1l
{031
{031
[0zl
{031
(03]
£ozl
£o031
031
ozl
€011l
(o1l
(001
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R MOKMNOK K KKK HOKHOK IR MK MK KKK KK KKK MK KKK KA H MK N KKK HCH KNSRI MK KK )

" PROCEDURE

ROTATE (K:CHARR § IANGLE:INTEGER § VAR SI,S0:VECTOR) ;

(X
FURFOSES:
... ELEMENTARY ORIENTATOR
... VECTOR COMBINER ... DELRY ... VECTOR SPLITTER
PARAMETERS IN AFFEARING ORDER:

K : MODE “X" , "Y" DR "2Z" (ROTATING AXIS)
IANGLE : ROTRTING ANGLE CALL-EBY-VALUE

SI ¢ VECTOR BEFORE DELAY (ROTATING) .
SO ¢ VECTOR ARFTER DELRY

GLOBAL PARAMETERS:

IRE 3 VARIABLE RESOLUTION
GLOBAL. VARIABLES:

(NONE)
LOCAL VARIAERLES:
JANGLE : ROTATING ANGLE FASSED TO ‘WAVEOL’
RyS,UU,VV : MANIPULATED VECTOR COMFONENTS
(SEE BELOW) ‘

FROCEDURES AND/OR FUNCTIONS CALLED:

(% 07/03/84 X}

INFUT
INFUT
INFUT
OUTPUT

INPUT

‘WAVEOQL1’ : REAL FUNCTION CONTAINED IN THE CURRENT ELEMENT

COMMENTS::

-+. SIGNAL TIME RESOLUTION IS 'IRE’, SAMFLING AT ‘IRE/4’ AND ’‘IRE/Z’
... TYFPE ’VECTOR’ MUST EBE DEFINED IN THE APPROPRIATE LOADING ENVIRONMENT

... ASSUMING RIGHT-HANDED CO-ORDINATE SYSTEMS
X

VAR JANGLE,KXyKY ! INTEGER
R,S, UU, VWV i REAL H

BEGIN (KROTATEX)

CRASE K OF 'z~

EEGIN
R:=SI.X
END 3
‘Y’ ¢+ BEGIN
R:=81.2 § Si=8I.X (X EIGEN-VALUE
END 3
‘X’ ¢ REGIN
R:=S1.Y j S:=SI1.Z Ok EIGEN-VALUE
END 3

S:i=S8I.vY (X EIGEN-VALUE

END (KCASE 1%) 3
Uu:=0.0 ; VYWi=0.0 ; KX:=IRE DIV 4 ; KYi=IRE DIV 2 ;

IF R¥R + SXS > 0.0 THEN

BEGIN
JANGLE : =IANGLE ;
IF JANGLE (0 THEN JANGLE:=IRE + JANGLE 3
JANGLE :=JANGLE MOD IRE H
UU:=WAVEOD1 (KX JANGLE R1S) i
VWV i=WAVED1(KY, JANGLE RS} 3

END 3

CASE K QF ‘Z’ ¢ BEGIN
SO.X:=UU § S0.Y:=VV 5 80.Z:=SI1.2

END

‘Y’ : REGIN
SO0.Z7:=UU § SO.X:=VV § S0.Y:=GI.Y

END 3

X’ i BEGIN
SO.Y:=UU § S0O.Z:=VV j S80.X:=SI.X

END 3§

END (XCASE 2%) 3

END (KROTATE®) 3

Ok LOCAL VARIABLES X)

IS Y x)

IS X %)



264
268
266
267
268
269
270
271
272
273
276
275
276
277
278
279
260
281
282
2683
284
2685
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318

327
328
329
33
331
332
333
33
335
336
337
33
33
340
341
342
343
344
345
346
347
348
349

-
35

000016
000016
000016
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
0000Q0
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000011
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PROCEDURE

ROTMAT (K:CHAR ; IANGLE:INTEGER ; VAR TI,0T:MATRIX) ;

(%

X)

i (k 07/05/84 %)

FPURPOSES :

..« ROTATE THE WHOLE COORDINATE SYSTEM (HOMOGENEOUS TRANSFORMATION MATRIX)
WITHOUT REGARD TO THE OFFSET FROM THE POSITATOR
FPARAMETERS IN AFFEARING ORDER:

K : MODE X" , "Yy" ORrR "Z" (ROTATING AXIS) INPUT
IANGLE : ROTATING ANGLE CALL-BY-VALUE INFUT

TI MATRIX BEFORE DELAY (ROTATING) INFUT
oT ¢t MATRIX AFTER DELAY QUTPUT
GLOEBAL FPARAMETERS:
(NONE)
GLOBAL VARIABLES:
(NONE)
LOCAL VARIABLES:
(NONE)
PROCEDURES AND/OR FUNCTIONS CALLED:
'ROTATE’ : VECTOR-MANIFULATING FROCEDURE CONTAINED IN THE CURRENT ELEMENT

COMMENTS :

... TYPE ‘MATRIX’ MUST BE DEFINED IN THE APFROFRIATE LOADING ENVIRONMENT

Q00011 [00] BREGIN (XROTMAT)

000310 [011]

000315 ROTATE (K.IANGLE,TI.N,OT.N) 3

000332 ROTATE (K,IANGLE,T1.0,0T.D) 3

000347 ROTATE (K, IANGLE,TI.A,0T.A) ;

000364 ROTATE (K, IANGLE,TI.F,0T.F)

000401

000011 [01] END (OKROTMATX) 3

000016 [00]

000016 COROKAORAOR A KK R K 3 R K KK K K SR KRR HORIOR AR R HOIOK B R R SRR OKHOR HORAOKJOKRAOKHORAOKOK K AOIOK AR HOHOK )
000016 PROCEDURE

000016 REVECT (1:INTEGER ; K:CHAR 3 VAR V:VECTOR) j; (k 07/05/84 %)
000000

000000 Ok

000000 FURFOSES

000000 = =m——————

000000 ... ROTATE ABOUT X BY ALFHA (TWIST ANGLE)

000000 PARAMETERS IN AFFEARING ORDER:

000000 = mem———mmememmmmmm e

000000 1 : CASCADE NUMEER INFUT
000000 K : MODE ‘F’t FORWARD ‘B’: BACKWARD INFUT
000000 v : VECTOR WHOSE COMPONENTS ARE TO BE RE-NAMED INFUT/0UTFUT
000000 GLOBAL PARAMETERS:

000000 = —m—mmmm———————m——

000000 LINKC:3.wx: ROEOT’S LINK PARAMETERS . INFUT
000000 GLOBAL VARIABLES: )

000000 = ——m—mmm—mmmm———————

000000 (NONE)

000000 LOCAL VAR IAEBLES:

000000 = m——mmmmm—mm—— e .

000000 11 : TEMPORARY STORAGE VARIABLE (SEE EELOW)

000000 uT : TEMPORARY STORAGE VARIABLE (SEE BELOW)

000000 FROCEDURES AND/OR FUNCTIONS CALLED:

000000  ——mmmmmmmmmmmme————mmme—— o —— oo

000000 'ROTATE* : PROCEDURE CONTAINED IN THE CURRENT ELEMENT

000000 'TRUNC . STANDARD PASCAL LIBRARY FUNCTION

000000 COMMENTS

000000 = ———m———— - .

000000 ... TYFE ‘VECTOR’ MUST EE DEFINED IN THE AFPROFRIATE LOADING ENVIRONMENT
000000 C . TAKES OMLY THE TWIST ANGLE ALFHA INTO ACCOUNT )
000000 " THETA OFFSET MUST EE CONSIDERED IN 'ROTATE’ WHEN ROTATE AREOUT Z
000000 %)

888818 var 11 : INTEGEFR 3 Ok LOCRL VARIRELES X)
000011 uT : VECTOR 5

000015

000015 (001
000403 [011]
000410
000423
000423
000437
000451
0004462
000015 [011]

BEGIN (XREVECTX)

I := TRUNC (LINKCIJ.ALFR) 3

IF K='F’ THEN ROTATE ('X7, 11,V,UD)
ELSE ROTRTE (X ,=11,V,UT) 3
V. X:i=UT.X 3 V.Y:=UT. Y V.Zi=UT. 2

END OKREVECTX) 3



384
352

353

354
355
356
357
358
359
360
3614
362
363
364
365

367
368
369
370
3N
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391

392
393
394
395
396
397
398
399
400
401

402
403

404

000016
000016
0000146
000016
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000010
000010
000464
000471
000473
000501
000513
00052

00053

000551
000552
000552
000560
000573
000606
000621
000634
000647
000647
000010

[001
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(##*#**####X#*####****************##ﬂ*#************#***********************)
PROCEDURE

REMTRX

(%

(I:INTEGER § K:iCHARR § VAR TM:iMATRIX)

FPURFOSES:

A

..+« RE-NAME T-MATRICES
PRRAMETERS IN APFPEARING ORDER:

CASCADE NUMEER

Ok 07/05/84 %)

: INPUT
K : MODE ‘F’: FORWARD ‘B’ : BACKWARD INPUT
™ ! MATRIX WHICH IS TO BE MANIFULATED INFPUT/0OUTFUT
IF K=‘F’ -=) TM IS INFUT & WILL NOT BE CHANGED
IF K='R’ —==) TM IS OUTPUT & WILL RE CHANGED
GLOERAL PARAMETERS: :
(NONE)
GLOBRAL VARIARLES:
TF ! MARTRIX AS INPUT OF FORWARD CASCARDE ( RE~-NAMED) QUTFUT
TB ¢ MATRIX AS OUTFPUT OF BACKWARD CASCADE (NOT RE-NAMED) OuUTPUT
LOCAL VARIABLES:

(NONE)

PROCEDURES AND/OR FUNCTIONS CALLED:

EXTERNAL FROCEDURE CONTARINED IN THE ELEMENT ‘RMS0100-3A‘
VECTOR-RENAMING PROCEDURE CONTAINED IN THE CURRENT ELEMENT

‘EQMTRX

‘RE

VECT"’

COMMENTS::

x)

[00] EEGIN
(011l

(o131 CARSE
(031

032
[0zl
(033

€031

[0zl END
(o112

CO1] END

TYPE ‘MARTRIX’ MUST BE DEFINED IN THE APPROFRIATE LLORDING ENVIRONMENT

OKREMTRXX)

K OF ‘F’ ¢ BEGIN

EQMTRX (TM, TF)
REVECT (I K, TF.N)
REVECT (I,K,TF.0)
REVECT(I,K,TF.R)
REVECT (I K, TF.P)
END Ok FORWARD RENAMINGH) j

5
H
3
.
3

‘B’ ¢ BEGIN

(KCASEX)

(KREMTRX

EOMTRX (TE,TM) i
REVECT (I,K,TM.N) 3
REVECT ¢I,K,TM.0) ;
REVECT (I,K,TM.A) ;
REVECT(I,KR,TM.P)

END (KEACKWARD RENAMINGH)

3

K)o



405

406
407

408
409
410
411

412
a13
414
415
416
a17
418
419
420
421
422
423
424
a2s
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
44z
443
444
445
446
447
448
449
450
451

452
453
454
458

456
457

458

000016
000016
000016
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000

000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000006
000006
000651

000656
000701

000710
000717
000756
001015
001054
001113
001113
001151

001151

001202
001233
001264

001315
001333

001333

001338

000016 [001]
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PROCEDURE

ATRANS (I INTEGER) 3 (kK 07/06/84 %)
(X
PURPOSES :

... DETERMINING ACTUAL ELEMENTS OF THE I-TH A-MATRIX & ITS INVERSE
PARAMETERS IN APPEARING ORDER:

I ¢ CASCADE NUMEER INFPUT
GLOBAL PARAMETERS:

LINKLiJ. % ROBOT LINK PARAMETERS INPUT
GLOBAL VARIABLES:

U : UNIT MATRIX, HERE AS HELF VARIABLE INPUT

AH ! HOMOGENEOUS TRANSFORMATION MATRIX OF THE. i—th CRSCADE OUTPUT

HA : ITS INVERSE OUTPUT

LoCAL VARIABLES:

(NONE) -
PROCEDURES AND/OR FUNCTIONS CALLED:

‘REVECT VECTOR-RENAMING FROCEDURE CONTAINED IN THE CURRENT ELEMENT

'REMTRX’ @ MATRIX-RENAMING FROCEDURE CONTAINED IN THE CURRENT ELEMENT
‘ROTATE’ : ORIENTATOR PROCEDURE CONTAINED IN THE CURRENT ELEMENT
COMMENTS: .

[P ND'hRITHMETIC CALCULARTIONS, BUT PURE PHASE SHIFTING
X)

[O0) EEGIN (XATRANSX)

[011]

U.P.Xi=LINKILIJ.AX -5 U.P.Y:=0.0 § U.P.Z:=LINKCI]).DZ 3}
REVECT (1,°B‘,U.F) 3

REMTRX (I,'F’,U ) 3

ROTATE (“Z7, LINKCILI.ITHETA+ELINKCII.IOFST,TF.N,AHLIT . N) 3
ROTATE (27, LINKCIJ.ITHETR+LINKCLI].IOFST,TF.OyAHRLII.0) 3
RKOTATE (‘Z/, LINKII1.ITHETA+LINKCI1.IOFST,TF.A,AHCII.A) ;
ROTATE (’Z’, LINKCIJ.ITHETA+LINKLII.IOFST,TF.P,AHCI].FP) j

U.P.Xi=—=AHCII.FP.X 5 U.F.Yi=—AH[IJ.F.Y § U.P.Z:=-AHCI].F.

™~

ROTATE (/Z/,—LINKCI1.ITHETA-LINKCIJ.IOFST, U.F, - TE.F)

) i
ROTATE (‘27 +~LINKCI1.ITHETA-LINKLI].IOFST, U.A, TB.AR) 3
ROTATE (/Z/,-LINKCIJ.ITHETA-LINKCI].IOFST, U.O, TER.O) 3
ROTATE (‘77 +-LINKCI1.ITHETA-LINKCI].IOFST, U.N, THB.N) 3§

REMTRX (I,/B’,HALI]) 3

™~

U.P.Xt=0.0 ; U.P.Y:=0.0 § U.F. :=0.0_

000006 £O1]1 END (KATRANSH¥) 3



459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
4381
482
483
484
485
486
as8?
488
489
490
491
492
493
494
495
496
497
498
499
500
501
302
503
504
S0S
506
507

WO (N
R R R DR

GNP~ O 0OV (1 &N

[N NN )
(RS I K oty ]

000016
000016
000016
000016
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000011
000011
000011
000011
001340
001345
001347
001347
001356
001356
001356
001407
001440
001471
001522
001536
001552
001366
001566
001567
001567
001567
001567
001567
00160z
001615
001630
001661
001713
001745
001777
001777
002006
002006
002007
002021
002021
000011
000016

(001

[001]
(011

(o011l
[03]

€033
€0zl
[0zl
€031]

€031
€0z]
ozl
€013
{011
{001
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PROCEDURE
ARJDOO (I :INTEGER ; K

(K
PURPOSES :

THE I-TH ROEQCT

AAAA

FARAMETERS IN APPER

tCHAR § VAR TI,0T:MATRIX) 3

JOINT DESCRIFTOR IN THE I-TH CASCADE

AAAA

RING ORDER:

(K 07/06/84 %)

I ¢ CASCADE NUMEER INFPUT
K : COMPUTING MODE ('F’ FORWARD, ‘B’ BACKWARD) INPUT
TI : INPUT MATRIX INFUT
oT : QUTPUT MATRIX OUTFUT
GLOERAL PARAMETERS:
LINKCi).ITHETA : DELAY ANGLE OF THE i-th CRSCADE INFUT
GLOEBAL VARIARLES:
TF : INPUT FORWARD MATRIX ( re—-named) INPUT
THE OUTPUT BACKWARD MATRIX (riot re—named) QUTPUT
AHC ] t THE A-MATRIX OF THE i—-th CASCADE INPUT
G : HELP VRARIABLE AS TEMPORARY STORARGE INPUT
LOCAL VARIABLES:
(NONE)
FROCEDURES AND/OR FUNCTIONS CALLED:
'REMTRX’ ¢ MATRIX-RENAMING FROCEDURE CONTAINED IN THE CURRENT ELEMENT
'ROTATE’ : ORIENTATOR FPROCEDURE CONTAINED IN THE CURRENT ELEMENT
COMMENTS : .
... NO ARITHMETIC CQLCULATIONS, BUT PURE PHRSE SHIFTING
X)
BEGIN (MARRJIDQOX)
(k DETERMINING ACTURL ELEMENTS OF THE T-MATRIX )
CRSE K OF ‘F’ ¢ BEGIN
REMTRX (I,'F’,TI) 3 Ok SAVE Tl & RENAME TF »)
Ok FORWARD *)
ROTATE (‘Z2’y, LINKCIJ.ITHETA+LINKCIJ.IOFST,TF.N,OT.N) 3
ROTATE (‘Z‘, LINKC(IJ.ITHETA+LINKCI].IOFST,TF.0,0T.0) 3
ROTATE (‘Z‘y LINKLI).ITHETA+LINKCIJ.IOFST,TF.AR,0T.AR) ;
ROTATE (’Z’y LINKCIJ.ITHETA+LINKCLI).IOFST,TF.FP,0T.F) 3}
OT.P.%X:=0T.P.X + AH(CIJ.FP.X H
OT.P.Y:=0T.P.Y + RH(CIJ.P.Y H
OT.P.Z2:=0T.P.Z + AHCI1.P.Z H
END
‘B’ ¢ BEGIN
(k BE AC K WARTD x)
G.Z:=T1.F.Z - AHCI].P.Z H
G.Y:=TI.P.Y = AHCIJ.P.Y 5
JXi=TI.P.X - AHCIJ.P.X H
ROTATE (/27 ,-LINKCIJ.ITHETA-LINKII].IOFST, GyTR.F) 3
ROTATE (/27 y=LINKCIJ.ITHETAR-LINKCI].IOFST,TI.AR,TER.A) 3
ROTATE (“Z/,-LINK[IJ.ITHETA-LINKCI1.IOFST,TI.O0,TE.Q) ;
ROTATE (’/Z’4-LINKCIJ.ITHETA-LINKCII.IOFST,TI.N,TE.N) ;j
REMTRX ¢1,’E’,0T) 3 Ok SAVE Tk & RENAME OT x)
END ;
END (XCRSEX) 5
END (KARJDOOX) 5



534

536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552

554
555
556
557
558
559
560
o961
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
378
579
580
381
982

84
385
86
387

589
390
291
992
393
394
595
296
397
598
599
600

000016
000016
000016
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
Q00011
000011
000012
000012
002023
002030
002037
002037
002042
00204z
002042
002051
002106
002115
002152
002152
002152
002155
00215S
002155
002164
002221
002230
002265
002265
000012
000016

[001
{011

o1l
[0zl

[0zl
(011

(011
(02l

(023
{011
(o013l
[00]

€ROBOMHORHORNORK K B K K HOK A KKK KRR K KK KK KKK K HKOK MK HOK MK K HKOK KK MK HOK KK HOK KK KKOIOK KK )

PROCEDURE
STATUS (I,JEB,JF,MN:INTEGER) j

OK
FURPOSES ¢

... ACTUAL STATUS OF THE GENERAL PURPOSE ROBOT CONTROLLER

PARAMETERS IN APPEARING ORDER:

I : CRSCADE WHICH IS CHANGING

Ok 07/08/84 %)

(IF I=0, NO COMFUTATION OF THE A-MATRIX & ITS INVERSE)

JB : BACKWARD STARTING CARSCRDE
JF ¢ FORWARD STARTING CRSCADE
MN : MUST RE EITHER ‘M’ OR ‘N’
GLOEAL PARAMETERS:
M ¢ NUMEER OF D.O.F. WITHOUT THE END-EFFECTOR
N ¢ NUMEER OF D.O.F. WITH THE END-EFFECTOR

(D.0.F.: DEGREES OF FREEDOM)
GLOBARLL VARRIRBLES:

TME ! T-MATRICES OF BRCKWARD COMFUTING PATH
TMF ! T-MRTRICES OF FORWARD COMPUTING PRTH
(M’ INDICARTES ROBROT WITHOUT THE END-EFFECTCR
TNB ! T-MARTRICES OF BACKWARD COMPUTING PATH
TNF ! T-MATRICES OF FORWARD COMPUTING PATH

(N’ INDICATES ROBOT WITH THE END-EFFECTOR)

LOCAL VARIARBLES:
K : LOCAL COUNT VARIABLE
FROCEDURES AND/OR FUNCTIONS CALLED:

‘ATRANS’

1 COMPUTATION OF THE i—-th A-MATRIX & ITS INVERSE
‘ARJDOO’ : COMPUTATION OF THE T-MATRICES
(FROCEDURES CONTRINED IN THE CURRENT ELEMENT)
COMMENTS:

... THE A-MATRIX (AH) AND ITS INVERSE (HR) ARE COMFUTED IN

X)
VAR W t INTEGER 3
BEGIN (XSTARTUSX)
IF TOO THEN ATRANS(I) j
IF MN=M THEN

BEGIN (X DECOUPLING ¥)
FOR K:=JE TO MN DO

(% LOCAL VARIAERLES %)

EBEGIN ARJDOO (K, 'E’,TMERI[K-1],TMEL K 1)

FOR Ki=JF DOWNTO 1 DO
BEGIN ARJDOO (K, 'F’,yTMF L
END OK DECOUFLING X)) 3

IF MN=N THEN

REGIN (% NON-DECOUFLING %)
FOR K:=JE TO MN DO

K J,TMFI[K-11)

EEGIN ARJDOO (K, B’y TNEIK~11,TNEL K 1)

FOR K:=JF DOWNTO 1 DO
BEGIM ARJDOO (K, ’F’yTNFL
END ( NON-DECOUPLING %) 3

END OKSTATUSH) 3

K J,TNFLK-11)

239

INPUT

INPUT
INPUT
INPUT

INPUT
INPUT

INFUT/QUTFUT
INPUT/0UTRUT

INFUT /QUTPUT
INFUT/QUTFUT

‘RTRANS “

END

END

END

END
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£01 000016 CHMROK MM M A IR HKOKHORMOR MK HOK HOKHOK IR KKK A IO AR KK KKK KKK HOK K HOROKAKOKOKAKOKOK KK )
802 000016 PROCEDURE

603 000016 SOLVOO (I,J,MN:INTEGER ; C:iCHAR) 3 (K 09/26/84 %)
804 000000

605 000000 (¢

806 000000 FURPOSES:

607 000000 = cemmm—mmee

808 000000 .« SOLVING STRATEGY

609 000000 PRRAMETERS IN APPEARING ORDER:

610 000000 @ e

611 000000 I : CASCADE WHICH IS CHANGING INPUT
612 000000 J ¢ ERROR REFERENCE NUMBER INPUT
613 000000 MN t MUST EHE EITHER ‘M’ OR ‘N’ INPUT
614 000000 c ¢ CONTROL PARAMETER INPUT
615 000000 C=’'F’ Fast computation

616 000000 C='A’ Consideration of A1 Fossible variable’s values

617 000000 GLOERAL PARAMETERS:

618 000000 = mmmmmmm—e

619 000000 M ¢ NUMERER OF D.O.F. WITHOUT THE END-EFFECTOR INPUT
620 000000 N : NUMBER OF D.O.F. WITH THE END-EFFECTOR INPUT
621 000000 (D.O.F.: DEGREES OF FREEDOM) .

622 000000 IRE ¢ VARIARLE’S RESOLUTION INPUT
623 000000 GLOBAL VARIARLES:

624 000000 = mmmmemmmmmee—e e

625 000000 TME ! T-MATRICES OF BRCKWARD COMPUTING PATH INPUT/0UTFUT
626 000000 TMF : T-MATRICES OF FORWARD COMFPUTING PATH INPUT/0OUTFUT
627 000000 (M’ INDICATES ROEOT WITHOUT THE END—-EFFECTOR)

628 000000 TNE t T-MATRICES OF BACKWARD COMPUTING PATH INPUT /0UTPUT
629 000000 TNF t T-MATRICES OF FORWARD COMPUTING FATH INFPUT/0UTPUT
430 000000 (‘N’ INDICATES ROBOT WITH THE END-EFFECTOR)

631 000000 ERE ! ERROR REFERENCE HACKWARD OuUTPUT
632 000000 ERF ¢ ERROR REFERENCE FORWRRD OUTPUT
633 000000 FEHLER + SYSTEM ERROR ARRAY OUTPUT
634 000000 LOCAL VARIABLES:

635 000000 = o memmmmmeme e e

&36 000000 (SEE BELOW)

637 000000 FPROCEDURES AND/OR FUNCTIONS CALLED:

638 000000 = mmmmmm e e e

639 000000 ‘STATUS’ ¢ CURRENT STATE COMPUTATION OF THE GFRC

640 000000 (PROCEDURE CONTAINED IN THE CURRENT ELEMENT)

641 000000

642 000000 % Local Functions called X

643 000000 ‘SORMAG’ ¢ Magnitude saquare calculation

644 000000 ‘POSERR’ ¢ Fosition error

645 000000 "ORIERR’ : Orientation error

646 000000 'ERRORO’ ¢ Routine that decides which error ic to compute

647 000000

648 000000 ‘' ABS © ¢ Standard Fascal Library Function

649 000000 COMMENTS::

650 000000 @ ———m———-

6431 000000 ... ERROR REFERENCE SOLVING STRATEGY

632 000000 )

653 000011

654 000011 VAR 1ANGLE, ISTEP : INTEGER 3 Ok LOCAL VARIAELES %0
633 000013 ECRENT , ENEXT : REAL 3

636

000015



657
658
659
660
bbl
662
663
664
665
bbb
667
668
669
670
71
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
" 488
689
650
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
759
731
732
733
734

735

000015
000015
000015
000011
002267
002277
000011
000015
000015
000015
000015
000010
000010
000011
000011
002313
002315
002326
002336
002336
002341
002341
002366
002413
002413
002413
002416
002416
002443
002470
002470
002470
002505
002505
002510
000011
000015
000015
000015
000015
000010
000010
000014
000014
002512
002514
002525
002535
002535
002540
002540
002552
002564
002576
002576
002576
002601
002601
002613
002625
002637
002637
002637
002651
000014
000015
000015
000015
000015
000010
000010
00001 1
002653
002655
002677
002712
00001 1
000015
000015

FUNCTION
SARMAG (V:iVECTOR)

P REAL 3

(X 09/26/84 %)

[O0] BEGIN (XSQRMAGX)
{011 SARMAG = V. XXV.X + V.YXV.Y + V,ZxV.Z
{011 END (OKSARMAGX) 3
{001
K o e e e e e e e e e %)
FUNCTION
POSERR (IANGLE,I,J:INTEGER) t REARL ; (k 09/26/84 %)
VAR EEE : REAL 3
[OOJ.BEGIN OKFOSERR position errorX)
£o11
LINK{IJ.ITHETAR:=IANGLE H
STATUS (1,I,I,MN) H
IF MN=N THEN
{011 BEGIN
{021 ERBLJ] := SQRMAG (TNELJI.P) ;
ERFLJ] := SQRMAG (TNFLJI.P) 3
[0z] END 3
[01]
IF MN=M THEN
{011 BEGIN
[{e)rn} EREBLJ] = SQARMAG (TMELJI.F) ;
ERFLJ1 := SARMAG (TMFLJY.P) 3
ozl END 3
{011l
EEE t= ERFLJ] - EREL[J] 3
(k IF EEE ( 0.0 THEN EEE := -EEE } %)
POSERR:= EEE
{011 END (KPOSERR¥) 3
{001
(e e e e e e e e e e e e e e —————————— ———— —~-—X)
FUNCTION
ORIERR (IANGLE,I,J:INTEGER) : REAL (X 09/26/84 %)
VAR \Y i VECTOR 3
{00 EBEGIN (XORIERK orientation errorX)
{01l
LINKCLIJ..ITHETAR:=IANGLE i
STATUS (I,I1,I,MN) 5
IF MN=N THEN
£011] EBEGIN
{oz] V.Xi=1.0-TNELJ].N.X 3
V.Y:=1,0-TNELJ].O0.Y 3
V.Z:=1,0-TNE(J].AR.Z }
£oz] END ;
o1l
IF MN=M THEN
[011 BEGIN
{0zl V.Xi=1.0-TMBLJ] .N.X 3
V.Y:=1.0-TMEC[(J].0.Y 3
V.Z2:=1.0-TME[J].R.Z 3}
{0zl END
(011
ORIERR : =8QKMAG (V) 3
011 END (KORIERRXK) 3
(001
(K = — o e e T e oo )
FUNCTION
ERRORO (IANGLE,@,J:INTEGER) : RERL j; (k 09/27/84 X)
VAR FFF : RERL 3
{00] EREGIN (XERROROX)
[011] IF (J=MN) AND (I)3) THEN FFF:i= ORIERR (IANGLE,I,J)
ELSE FFF:= FOSERR (IANGLE,I,J)
ERRORQ:=FFF j
[O1] END OKERROROX) 3
[001] K e e e e %)
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73 000015
737 000015 [00) BEGIN (%SOLVOOX)
738 002717 (011

739 002724 FOR ISTEP:=1 TO N DO

740 002727 (011 EEGIN

741 002727 [02] FEHLERCI].ERPARLISTEF] := LINKLISTEP].ITHETA
742 002747 (02] END ;

743 002747 (011

744 002747

745 002747

746 002747

787 002747

748 002747 ISTEP := 1 ;
749 002751 IANGLE:= LINK[IJ.ITHETA ;
750 002762 ECRENT:= ERRORO (IANGLE,I,J) ;
751 002775 IANGLE : =IANGLE+ISTEF ;
752 003000 ENEXT 1= ERRORO (IANGLE,I,J) 5
753 003013 IF (ABS(ENEXT) > AKS(ECRENT)) THEN

754 003020 (011 REGIN

755 003020 (021 ISTEP :i= -ISTEP 3
756 003023 ENEXT t= ECRENT 3
757 003025 IANGLE:= IANGLE+ISTEFP 3
758 003030 [02] END . ;
759 003030 [O011]

760 003030 [O11] REPEAT

761 003030 (021 ECRENT : =ENEXT 3
762 003032 IANGLE : =1 ANGLE+ISTEF 3
763 003035 ENEXT :=ERRORO (IANGLE,I,J) ;
764 003050 [021] UNTIL (AES(ECRENT) (= ARS(ENEXT)) ;
765 003055 (011

766 003055 LINKLI],ITHETR:=IANGLE-ISTEF ;
767 003067 STATUS (I,1,1,MN) ;
768 003077

769 003077

770 003077

771 003077 IF C=‘A’ THEN

772 003102

773 003102 €011 BEGIN

774 003102 [02]

775 003102 IANGLE:=LINKL[IY.ITHETR }

776 003113

777 003113 FOR ISTEF:=1 TO IRE DO

778 003116 021 BEGIN

779 003116 03] FEHLER[T1.ERVARIISTEF] := ERRORO (ISTEF,I1,J) ;
780 003147 03] END ;

781 003147 ro02)

782 003147 LINKLIJ.ITHETR:=IANGLE ;

783 003140 STRTUS (I,1,1,MN) ;

784 002170

785 003170 [0Z3 END ;

786 003170 (013

787 003170

788 000015 (011 END (XSOLVOOX) ; .

789 000016 [OO3

790 00001646 (Ht)k)k)k)k*)k)k)k)k)k)k*)k>k)K)P.>k>k>k>k>k>k>k)k)k)k>k>¥.)k>k>k>k>k>k>k>k>k>k>k>k>k>k>k>k>k>k>k)k>k********)k)k)k)k*)k)k*)k)k)_k**)k)k)k)
791 000016 . (% TERMINATION PERIOD end of element RMSO100-ZR %)
792 000016 KA RHER R IO OR R R OR ACHORORORRORROR R ORR RORORORORORORORORRORORR R O K R OR RO OK HOR HOROR MR K K K K OO )

Compilat;gp completed — ro errors found.
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149

()

PHORHOR MK MK 3KOKHOR K R OR M K HOKKORROROHOK OK K HOK 3K OK K )

(X
ELEMENT RMS0100-1RA 3 EXTERNAL ELEMENTS: SEE BELOW
SOLVING ROEOCT KINEMATICS INVERSE FROEBLEM
WITHOUT EXFLICIT ARITHMETIC EXFRESSIONS.
(This File Element: Initializing ... Frinting ...,)
SECOND UNIVAC VERSION 10/09/84 BY T.vd./
LAST IMFLEMENTATION 10/22/84
(mm/dd/yy)
UNIVERSITY OF WOLLONGONG
DEFPARTMENT OF ELECTRICAL ENGINEERING
USER PROCEDURES AND FUNCTIONS CALLED:
(Listed N appFearing order)
RELATIVE EXTERNAL/T/C
LEVEL # . T: TEXT : PROC./FUNC, = LANGUAGE
1 2 3,445 ¢+ C: CODE : i
FRINTT H NO ¢ FROCEDURE : FPASCAL
FPFPRINT : NO PROCEDURE @ FARSCAL
printt H H
i&iTIQ NOC PROCEDURE @ PASCAL
....... *;nitOO NO i PROC FPASCAL
| SINUS 3R) YES/C FUNCTION FPASCAL
o ATRANS 2A) YES/C FROC FPASCAL
’ ) revect :
remtr
rotate :
.................... it e e e e a s et s st s e s e aetr s et easeeanasessas
STATUS P 2ZA) YES/C FPROC FPASCAL
....... atrans
' ar ;400
 indicates local Froc./Func.
TOTAL NUMBER OF FROCEDURES S
FUNCTIONS 01
TOTAL 06 CALLED
JA) RMS0100-3
- T(S) -
EXTERMNAL ELEMEN Za) RMS0100-2A
MS ~CM
LOADING ENVIRONMENT RMS0100
, NS
NUMEER OF PROCEDURES AND FUNCTIO -
COMTAINED IN THE CURRENT ELEMENT 03
NUMEER OF FROCEDURES AND FUNCTIONS .
CALLED FROM THE EXTERNAL ELEMENT (S) ¢ =
NUMEER OF FPROCEDURES AND FUNCTIONS 00
CALLED FROM FASCAL LIBRARY
*)



110
11

117

142
143
144
145
146
147
148
149
150

152
153
134
155
136

<7
158
159
160

000000
000000
000000
005743
000016
000016
000016
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000047
000047
000000
000025
000030
000030
000032
000061
000063
000110
000143
000152
000152
000201
000227
000256
000304
000333
000361
000410
000436
000047
000016
000016
000016
000016
000000
000000
000000
000000
000000
000000
000000
000000
000000

- 000000

000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000

(***ﬂ****************************************************************%é&%**)

{001
(o1l

(011
foz21

foz1
(o1l

(011
£001

ENVIRONMENT

ROUTINES

(

PRINTT

PRINTT

PPRINT ,

INITIA

>3
COMOROKOKOKK N OIOKIOR KOKKKOKOK R HOK KKK KK K HOK K HOKHOROK BOR BRI K R K K K KK 3K HOKOK K K KK KRR KK KK KK K )
FPROCEDURE

(K
FURPOSES

(I,L:INTEGER

PRINT ALL AL

i FyBIMATRIX) 3 Ok 07/09/84 %)

1 OR TC + 1 ELEMENTS, HERE REPRESENTED AS F & E

PARAMETERS IN APPEARING ORDER:

¢ CASCADE NUMBER INPUT
L : CONTROL PARAMETER INFUT
1 f L=M or L=N prant £+ 37TC Yy 2 as T—-Matrix
' iy f L=0 print Ci—=13ARC i 1] as A~Matrix
FCil ¢ FORWARD PATH QUTPUT T-MATRIX OR A-MATRIX INPUT
ECi] ¢ BACKWARD PATH INFUT T-MATRIX OR A-INVERSE INFUT
GLOEBAL. PARAMETERS:
LINKRCiI].ITHETAR ¢ DELAY ANGLE OF THE i-~th CASCADE INFUT
GLOBAL VARIABLES:
(NQONE)
LOCAL VARIARLES:
(NONE)

FROCEDURES AND/OR FUNCTIONS CALLED:

(NONE)
COMMENTS :
... TYPE ‘MATRIX’ MUST BE DEFINED IN THE APPROPRIATE LOADING ENVIRONMENT
x)
BEGIN (XPRINTT)
WRITEC .,") 3
WRITELN 3
IF L{>O THEN WRITELNC('LC’, I1:21,73TC",4L21,°3') 3
IF L=0 THEN BEGIN
WRITE(‘ [’ 4I-131,"0ARC" ,121,°3") 3}
WRITELNC Thetal’,I:1,’) = /,LINKCIJ.ITHETA:S) 3
WRITELNC(’ = =—mmeme—————————— 0 T
END- 3
WRITELN ( F.N.X:9:5 , F.0.X:9:5 , F.A.X:9:5 , F.P.X:8:Z2 , 7 '
B.N.X:9:5 , B.O.X:9:S , R.A.X:9:5 , B.P.Xi18:2 ) 5
WRITELN ( F.N.Y:9:S , F.0.Y:!2:S , F.A.Y:9:5 , F.P.Y:i8:2 , * “
BE.N.Y:9:5 , EK.0.Y:9:S5 , E.A.Y:9:5 , R.P.Y:8:2 ) H
WRITELN ( F.N.Z:9:5 , F.0.2:9:5 , F.A.Z2:7:5 , F.F.2:8:2 , ' )
BE.N.Z:19:5 , K.0.2:9:5 , R.A.Z2:9:5 , R.P.Z:8:Z ) H
WRITELN ( F.N.W:9:S , F.0.W:9:S , F.A.W:9:5 , F.P.WiB:z2Z , * ~ ,
E.N.W:9:5 , BE.0.W:9:% , B.A.W:?:S , R.P.W:iB:2Z ) 5
END OKPRINTTX) 5

(**************************************************************************)

PROCEDURE
PFRINT (J:

(@
FPURPOSES

.. PRIN

PARAMETERS

INTEGER) 3

T ALL AC(

1 AND TC
IN APFEARING ORDER:

: CONTROL PARAMETER

GLORAL F
LIMKC:].
LINKCi].
LINKC:i3.

LINKCi.AX :

LINKC:D.

M
N

i f

1 f
ARAMETERS:
IOFST ¢
ITHETA :
ALFA :

DZ :

J=t
J=N

DRVall
A

N
L

erant
ernt

Status
Status

1 MATRICES

with

DELAY ANGLE OFFSET
DELAY ANGLE '
TWIST ANGLE
LINK LENGTH
LINK LENGTH

--)

G P RC

Ok 07/09/84 %)

STATUS

Wwithout the End-Effector

the End—Effector

(ROBOT LINK FARAMETERS OF THE i-th CASCADE)
WITHOUT THE END-EFFECTOR

: NUMEER OF D.O.F.
: NUMEBER OF D.O.F.

(D.O.F.:

degrees

WITH

of freedom)

THE END-EFFECTOR

INFUT

INFUT
INFUT
INFUT
INPUT
INPUT

INFUT
INPUT
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141 000000 GLOEAL VARIABLES:

162 000000 = —mmmemo—e—m——e————

163 000000 EULERO ,

164 000000 EULERY ,

165 000000 EULER1 ¢ EULER-ANGLES IN SEQUENCE INFPUTS
166 000000 TNB{O] : DESIRED END-EFFECTOR’S ORIENTATION & FOSITION INFPUT
167 000000 IN FORM OF GLOEBAL MATRIX

168 000000 AH, HA ¢ THE A-MATRICES & THEIR INVERSES Frinted Output/INFPUT
169 000000 TMF 4 TMR : THE T-MATRICES ... DECOUFLED Frinted Output/INPUT
170 000000 TNF y TNB : THE T-MATRICES ... NOT DECOUFLED Frinted Qutput/INFPUT
171 000000 LOCAL  VARIAELES:

172 000000 = —mmmmme—mm——m——————

173 000000 1 : LOCAL COUNT VARIAELE .

174 000000 FROCEDURES AND/OR FUNCTIONS CALLED:

175 000000 = ~mmmmmm e

176 000000 'PRINTT’ : PRINTIMNG FROCEDURE CONTAINED IN THE CURRENT ELEMENT

177 000000 COMMENTS::

{78 000000 = ——-—————-

179 000000 ... TYFE 'MATRIX’ MUST BE DEFINED IN THE AFPROFPRIATE LOADING ENVIRONMENT
180 000000 x)

181 000006

{82 000006 VAR I ! INTEGER 3 (% LOCAL VARIABLES %)
183 000007

184 000007 [00) EBEGIN (XFFPRINTX)

185 000440 (011

186 000445 WRITELN 3

187 Qooaaz WRITELN (/================s===cs=z======') |

188 000456 WRITELN (‘% G P R C S TATUS %) 3

189 000445 WRITELN (/========c========c=s=========') }

190 000474 WRITELN (’Matri»x System of Rotot S01i’) j

{91 000503 WRITELN 3

192 000S0S

193 00050S WRITELN

194 000508 ’ Theta Offcet Theta Alfa Ax Dz Cascade #') 3
195 000514 WRITELN

196 000%14 «’ {Deqgrees] [Deqgreecl] [(Deqgrees]] Cmm] [mml ‘) H

197 000523 WRITELN 3

198 000525

199 000525 FOrR I:=1 TO N DO

200 000530 (011 BEGIN

201 000530 (0] WRITELN (LINKCIJ.IOFST:10 yLINKCIJ.ITHETA:10 y

202z 000S8S0 LINKCIJ.ALFA :15:2,LINKCI].AX $10:2y LINKCIJ.DZ:10:2 4 I312) j
203 000611 IF I=M THEN WRITELN 3

204 000620 (0212 END 3

205 0004620 (011

206 000620 WRITELN 3

207 000622 WEITELN (‘Euler—-Annglec/(Degreecl t ’,EULERO:10,EULERY:10,EULERL1:10) 3

208 00064S WIRITELN

Z09 00064S (‘Fosition /C mm 3 ¢ /,TNE[O].F.X:10:Z, TNEL(O].FP.Y:10:2,TNBL(O].FP.Z:10:2)
210 000673

211 000673 WRITELN 3 WRITELN 3

212 0005677 WRITELN

212 000477 (* FORWARD EACKWARDY j
214 0007046

215 000706 (011 IF J=M THEM EBEGINM

216 000711 ([OZX1] FOR 1:=1 TO M DO

217 000714 (02] EEGIN

218 000714 [0O3] FRINTT (I-1,M,TMF{I-11,TMBCI-1]) 3j

219 00075Z FRINTT ¢ I ,0, AHL I 3, HAL I 1)

220 001003 (03] END 3

221 001003 (021 FRINTT ¢ M ,M,TMFL M 1,TMEL M 1)

2zz 001015 (0Z] END

223 001015 (011

224 001015 (011 IF J=N THEN BEGIN

225 001020 [OZ3 FOFR 1:=1 Y0 N DO

226 001023 (0%z] BEGIN

227 001023 (031 ERINTT (I-1,N,TNFCLI-1]1,TNECI-11) 3

228 001067 ERINTT ¢ I ,0, AHL I 1, HAL I 1)

229 001112 (03] END

230 001117 C02) ERINTT ( N yN,TNFL N 3,TNEC N 1)

231 001124 (0Z) END 3

232 001124 (01]

237 000007 (011 END (KFFRINT®) H

234 000016 (00]



233
236

237
238

239
240

241

242
243
244
245
246
247
248
249
Z50
251

232
233
254
285
256
257
238
259
260
261

262
263
264
265
266
267
268
269
270
271
272
273
274
27S
276
277
278
279
280
281
282
282
284
285
286
287
288
289
290
291

292
293
294
295

296
297

298
299
300

301

000016
000016
000016
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
00C200
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
0000GC0
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
00000%
000008
000006
000010
000010
000010
000006
000006
001126
001121
001142
001153
001164
001175
000006
000010
000010

(Weloh}
(o113

o1l
(001

(****XX***********************************

PROCEDURE

IN

(%

ITIA

FURFOSES:

PR
IN

EBE
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(¥ 07/09/84 %)

-«+ INITIALIZING GLOEBAL PROGRAM PARAMETERS & VARIARLES
FARAMETERS IN AFPEARING ORDER:

(NONE)
GLOEBAL PARAMETERS:

LINKCLi).IOFST
LINKCiJ.ITHETA
LINKCi1J.ALFA
LINKCi1.AX
LINKC:J.DZ

M
N

FI
IRE
GL3OERL

EULERO ,

EULERY ,
EULER1
AH, HA
TMF , TMR
TNF , TNE
EMF,EME
TF, TE

u
LOCAL

T H

VARIAELES

VARIAEBLES

LOCAL COUNT VARIAEBLE
LOCAL RERL RADIAN ANGLE

DELAY ANGLE OFFSET

DELAY ANGLE
WRIST ANGLE
L INK
LINK LENGTH

IEVET)
A

nen
i

LENGTH

(ROBOT LINK PARAMETERS OF THE
NUMEBER OF D.O.F.
NUMRER OF D,O.F.

(D.0O.F.:

FI

CONSTARNT

WITHOUT THE END-EFFECTOR

WITH
deqrees of freedom)

VARTARLE RESOLUTION

.

THE END-EFFECTOR

EULER-ANGLES IN SEQUENCE
THE A-MATRICES & THEIR INVERSES
THE T-MATRICES
THE T-MATRICES
THE ROEOT HAND

FORWARRD . .BACKWARD TEMPORARY STORAGE MATRICES

UNITY MARTRIX

PROCEDURES AND/OR FUNCTIONS CALLED:

LOCAL

CoGCOo
£ < x

“INITOO’ :
‘SINUS
"ATRANS ‘&
*STATUS’
COMMENTS :
(NONE)
R I : INTEGER 3
T,R: REAL H
OCEDURE
ITOO (VAR F:MATRIX
GIN OKINITOOX)
F.N.X:=1.0 5 F.
F.N.Y:=0.0 ; F
F.N.Z:=0.0 ; F
F.N.W:=0.0 ; F.
D (MINITOO%) 3

3

nonou
[eNeR o)

i—th

DECOUPLED
NOT DECOUFLED
DECOUFLED

OUTPUT
OUTPUT
QUTPRUT
OUTRUT
OUTPUT
CASCADE)
INPUT
INPUT

INFUT
INPUT

QUTPUTS
OUTPUT
QUTPUT
OUTPUT
OUTPUT
OUTPUT
OUTPUT

FPROCEDURE IN THE FIRST RELATIVE CALLING LEVEL x

o000

EXTERNAL FUNCTION

CONTAINED IN THE ELEMENT
EXTERNAL FROCEDURE CONTAINED IN THE ELEMENT
EXTERNAL FROCEDURE CONTAINED IN THE ELEMENT

‘RME0100-3A
‘RMS0100-2R"
"RM30100-2R"

OK LOCAL FROCEDURE x)



302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
3i9
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338

meilation

000010
000010
000010
001177
001204
001210
001213
001213
001221

001226
001233
001240
001244
001244
001251

001251
001251

001234
001254
001261
001302
001302
001302
00130z
001321
001360
001417
001456
001515
001532
001542
001352
000010
000016
000016
000016
000016

[00] BEGIN

[o11

(X Assign

OKINITIAX)

Robtot’¢

LINKC1].IOFST:=%90

LINK[4].I0OFST:=%0

Geometry Farameters ... Lengths/mm ..
i LINWCZI.IO0FST:=0 5 LINK[3].I0OFST:=0 ;
i LINKCS].IOFST:=

247

. Angles/Degreés

Xx)

LINKEiJ.ITHETQ==O;LINK[1].QLFQ:=90.0;LINNE13.Qx:=OO0.0;LINKE13.DZ:—ZS0.0;

LINRCZ].ITHETQ:=O;LINKE2].QLFQ==O0.0;LINKE23.QX:=220.0;LINKC2].DZ:
LINKE33.ITHETQ==O;LINK[3].QLFQ==O0.0;LINKC3J.QX==160.0;LINKC33.DZ=

000.03%
000.03

LINKEdJ.ITHETQ:=O;LINNE4].QLFQ::?0.0;LINKEdJ.QX::OO0.0;LINKEQ].DZ==OO0.0;
LINR[S].ITHETQ:=O;LINKES].QLFQ==O0.0;LINKESJ.QX==OO0.0;LINNCSJ.DZ:=OO0.0;

EULERO:=0 ; EULERY:=0 § EULERY:=

(¥ Reference Sinewave with

FOR I:=1 TO IRE DO

INITOO

INITOO
INITOO
INITOO
INITOO
ATRANS

RK:=0.SXIRE §

(TER) 3

(TNFLID)
(TMFCI1)
(EMFCI))
( AHCI)
I

011 BEEGIN
(021 T S=(FIXD) /R 5
REFLCIJ:=SINUS(T)

(021 END 3

(011
Ok Imstializing Variables & Farameters
INITOO (U) 5 INITOO (TF) 3
FOR 1:=0 TO N DO BEGIN
FOrR I:=0 TO ™M DO BEGIN
FOR I:=M TO N DO BEGIN
FOR I:=1 TO N DO BEGIN
FOR I:=1 TO N DO REGIN
STATUS (0,1,M,M)
STATUS (0,1 yN,bt)

(011 END (KINITIAX) H

{001

completed

Resolution of ‘IRE’ Samples per Period

INITOO (TNECII) END
INITOO (TMBCII) END
INITOO (EMECII) END
INITOO ( HRLII) END

END

-t we = e
ws wv Lu we L,

X)

X)

COROHCACHOACAOR KR OK KRR R RHOR OR SO SO HOK KO HOK SCOK HOK HHOR HKORHOR K K K KO K ROK SR ROK O HOK HOK 3CHOK HOK HOK KOK HOK X )
( TERMINATION PFPERIOQD
OO R ROR AR K KA ROROK AR SHOK AR KO SHCAOKOK ST OR SOROR K OR R OROR KK HOROR KRR OK SOK 3K ROK KK OK K R KO 3KOR KKK HOK SORKOK )
arrors found,

Nno

end of erlement RMS0100-1A

KD
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tniversity of Wiscaonsin

) JEOF

VOO EUN -

43
a4
45
L)
a7
48
49
S0

9l
-,

4

000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000

000000 .

000000
000000
000000
000000
000000
000000
000000
0000600
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000

PASCAL (B8:R:1) 07/11/835 14:22:04 (1%)

CROROKAOKHROKKOKOKKHOK KKK HCOIOKOK KOK R K KO HORKOKIOKOK HCOKKOKKOKOKKR KKK KA HOK ORI K OHOKHHOKAIOHOK AOKHOHOK )

i EXTERNAL ELEMENTS: SEE EELOW

SOLVING ROEOT KINEMATICS INVERSE FROEBRLEM
WITHOUT EXPLICIT ARITHMETIC EXFPRESSIONS.
(This File Element: Main FProaram.,)

SECOND UNIVAC VERSION 10/08/84 BY T.vVd./
LAST IMPLEMENTATION 10/31/8a4
(mm/dd/yy)

UNIVERSITY OF WOLLONGONG
DEPRRTMENT OF ELECTRICAL ENGINEERING

RELEVANCE :

THIS IS THE SIMULATION OF THE THREE-DIMENSIONAL ROEOT JOINT
DESCRIFTORS MWHICH USE PHASE-SHIFTED SINEWRVES TO REPRESENT
THE HOMOGENEQUS TRANSFORMATION MATRICES INYOLVED IN THE
MANIPULATOR’S WINEMRTICS EQUATIONS

FOR AMNY ROEROT THE FOLLOWING RELRTIONSHIFS ARE TRUE:

WORLD + ARM + TOOL
ARM + TOOL

GRIPFEK
- WORLD + GRIFFEK

RRM - WOFLD + GRIFPER - TOOL

WHERE

WOFLD < TRAMSFORM DESCRIEKING ROEOT‘S LOCATION WITH
RESFECT TO SOME FIXED WORLD’'S COORDINATE
SYSTEM.

ARM : ROBOT ARM MRTRIX.

TOGL : TRANSFORM DESCRIEKING GRIFPER’S LOCARTION
WITH RESFECT TO ROEBOT’S END CO-ORD. SYSTEM

GRIFPER : TRANSFORM DESCRIEBIMG GRIFFER’ LOCARTION WITH

RESPECT TO WORLD.

THE AKOVE MATRIX EQUATION IS SOLVAELE FOR THE ARM MATRIX,
ASSUMING THE RIGHT HAND SIDE MRTRIX PRODUCT IS GIVEN.

THIS FROGFAM SIMULATES THE SOLVING FROCESS USING THE ROEOT
JOINT DESCRIPTORS, WHEREBY A REFERENCE SINEWAVE IS
GENERATED JUST ONCE AND STORED IN A GLOEAL ARRAY FOR  LOOK-
UF FURFOSES. THE ANGLES ARE LINEARLY GQUANTIZED TO RN
INTEGER RESOLUTION OF 360 SAMFLES PER SIGNAL FERIOD.



000000
000000
000000
000000
000000
000000
Q00000
000000
000000
000000
000000
Q000000
000000
000000
000000
00000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000

EQMTRX
SINUS
WAVEO!L

P

ROTRTE

éé%ﬁé+..' P e . :ié;..;éé}é.. .-éhéé:.'-..';...'.éééééi"‘.
.........-;;;;;;...-.........;............ e e .........:...............
R R ..-;;;;6.1...-: ..... Te s e .............:...............
REVECT ....... e A.Q)YES/C PROC ..... SSSSREREE
-..-'.....;\;t;;;. DR RPN .-... . e e e “ e e e s aaean . :.. ...... et en e
....... .'.+éb&&'.'.."..'.-.'.."..&6 .. ..%b&é:.‘.'..;.L}é.éééééi.%b&c_
%éﬁ%%k'... ............. ....";éé;'.;éé}é..' :..;ébé:- ..... ; '.'.ééé&éi.'-.
....... ..-;\;;;.C;...-.........-:. t e e :...... . ....:...............
'...."...e;_“'n;;\;.-.'.-...'...;... e e e e e :.......;.....:...............
é%éé&é".......'. L2 . ;éé;.';éé}é.' ;. %ébé:......;.....éaéééi....
..........;;;;;; ........ .....;.. ........... ;. ........... .;...............
....... ..-;\.er.n;;;:...-.........-:..............-:........._...1:...............
......... ..........-;;;;;; ; feeer e e ;.............; et
......... ..'...'.".é;%;;:.": ce i eas e ;.............;...............
N ".';;L;;; ............... Ceeceneans . ; ........ e .;. ............. .
....... ".-.'....'.';;;;61"...'...-'.'.".';. ...........;........... ..
éé}bbb..."."......'.'.."'.zﬁé;‘.;éé}é'.. ;.';%6& ...... .; ..'.éééééi.".
......... .;;%;;:..,..........:..............; G r e ; N
......... ...........;;;;;;...-............ ;...... P ;. . e
.................... ;;%;;;...:..............;.............;...............
.......... ;;;;;;.............;............ ;........... ;........ ‘e
............. .'..'.';;;;51.'-:"...‘...-..";-'.'....'.-'.;-........-.""
é%é%oé-..:.... ............... :iA;.';éé;é"'.; ';kbé'. .'..;.'.";AééAL. ..
......... .;;;;;;...-.........:....... . e ;...... PR E e
.................... ;é;;;;...:......;.......;.............E...............
....... ..'rer;”’r\)....:. ...........-:..............
revect (4) : :
eqamtirn(d): 3 f
e e FE ;;;;;;...: ............. ;. ............ e e e
waveQOl (4): : i
.......... ;;;ééé............................i.......... . i
. . P I I IR ;\emtr\ ........ . ........:-. P EPIE I .- :. ..... e s e e
revect (4): : :
eqmirx (43 : i
...... P ;;;;{;'.';' ............;... . )
waveQl(4): : :

USER FROCEDURES AND FUNCTIONS CALLED:

RELATIVE i EXTERNAL/T/C
T: TEXT

LEVEL # H

z 254,55 ¢ C
ceeaan O -.;&é;
e -'.-.""";iA;
B ;ﬁé;
e ;ﬁé;

1 CODE

vessc
vessc
vessc

YES/C

PROC./FUNC.

FPROCEDURE
FUNCTION
FUNCTION

FPROCEDURE

249

LANGURGE

PASCAL

FASCAL

FPASCAL

FPRSCAL



137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
189S
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
179
176
177
178
179
180
181
162
183
184
185
186
187
188
189
190
191
192
193
194
199
1946
197
198
199
200
201
202
202
204
205

000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000

- 000000

000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000

000000

000000
000000
000000
000000
000000
000000
000000
000000
000000
000009
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000

ééLbbb'... ......... L, ;éé;..;éé}é" ':.';kéé:.--'..:
ces e .;;;;A;; ........ . . ;EA;'.;éé;é....;'.Fb&&..... .:
vees ....;;;;;;;...- “e e ..;~... ;éé;é. ..;..éb&é: .. :
ca e ..;o;;;;;...-.........;EA;..;éé;&....;..&b&é:... ..:
...... '..;;;;;;6-...-'...--“;éb;.';éé}&.. :. F.:-L“.\J.C..... .;
;ki&++.... ............... '...;1é;-.;éé}&. ..;. ;éa&ébbéé'.:
é;éi&+..."...."...'.'..‘...;1&;..;éé}c....;..;hé&ébagé.':
....... ...;;};;L'.'....-. .; c s e .....:.............:
i&i%ié..-.'. ............ . .. ;1Q;. ;éé}é..-};.'ﬁﬁé&ébbﬁé":
.........)-’(.”.-I.i;'c.>E> ...... . -....;1é;..;éé>é. ..; .;ééé:......:
..........;2;;;....-.........;.. T e v ..:.............:
....-'..";;;;;; .......... ...;. ........ [ .i...... ......:
.........-.........-;;;;;;...;...........-..;.............:
.E"......--....'...;;A;;;'.';....-‘.....'..;.........‘..':
....... .....'.-.....;;L;L;...;..'...'.-...";...'.'. .....:
s "-'.;L;l;; ........ ‘e .;. ............; cee e .. .;
..... e .".......-;i;;;;...; feetesaseaens ;.............;
. P ;;3366-..;.'.-"'.'.....; .......... .. ;
l:‘”:_"f.:'&].s.l...-.... ....... Ciee e ; . .&é'..'...;.'ékééébbéé'.;
éé}hbé. T ; “en &b...' .-;..;éééébbgé..;
6&L;;6..........‘....'.-"...; ..... &é.......;..é&b&ébbéé..:
é&L;éé ............................. &6-.-.'..;..#éééébOéé‘ :
;.2;62;;;;;.}é;;}.é;é;:}ﬁ;;;: ..............................
TOTAL NUMEER OF FROCEDURES 12
FUNCTIONS o3
ToraL : 1S ca
(not including local
EXTERNAL ELEMENT(S) : 3A) RMZ0100-3A
ZR) RMS0100-ZA
tR) RMZ0100-1R
LOADING ENVIROMMENTY : RME0100-CM
NUMEBER OF PROCEDURES AND FUNCTIONS
CONTAINED IN THE CURRENT ELEMENT : o4
NUMEER OF FPROCEDURES AND FUNCTIONS
CALLED FROM THE EXTERNAL ELEMENT(3S): 14
NUMEER OF PROCEDURES AND FUNCTIONS
CALLED FROM PASCAL LIBRARY : o1

)
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R RLETEPPTIREE
RRREETTPPPRPRY
SEEEETECE LTy
e
..... FEEPPVREES
e
SRLESTYPCIIERY
..... FRTRRIRE
SRLESPPCCIRTPS

PASCAL

L LETD
Froc./Func.)



207
208

212

220
221

238
239
280
241
242
243
244
243
246
247
248
249
250

[N
o
N -

NCR B2 RN RN R D
RELELECET RN
VDY OHEU

N
o O
- O

262
263
264
265
266
267
268
269
279
271

272
273
274
75
276
277
278
279

280
281

282
283

84
285

286
287
288

000000
000000
000000
005743
005745
005743
005743
005744
005745
005745
0057435
0057435
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
C00000

000000

000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000000
000005
00000S
000007
000007 [090]
000000 (011
000002
000005
000037
000042
Q00074
000074
000076
000076
000112
000126
00014z
00014z
000152
000162
000172
000172
000202
000212
00022z
000222
000zz4
000224
000240
000246
000262
000270
000304
000312
000007 [011
005745 {001

251
CHORMMNK K K KA KRR HOKIK K KKK KKK KR OKACHOKHOK A KK KRR KKK AR KRR KKK )
ENVIRONMENT
PROGRAM RMS0100 (INFUT,0QUTFUT) ;
CRRHORRRORHORORRKRRACARRRK KR KK HORHOKHOKHKRRORHOROKHKHKACKHKHRRRHRKHOIHRRR KKK KK HKKKH )

VAR INDEX : INTEGER 3
c : CHAR H

COROK RO OO RO OROROKHORCROK HORK 3K OROKROKR RO ROR K HOROK R OK O KOK MR OKBOR HOK M HCHROK 3R HOR 3OK 3 RO OK KK )
PROCEDURE
WRPOSI 3 Ok 09/30/84 %)
(K

FURFOSES:

... DESIRED POSITION & ORIENTATION OF GRIPPER'——— WRIST POSITION

PARAMETERS IN AFPEARING ORDER:

(NONE)
GLOBAL PARAMETERS:

M, N ¢ NUMEER OF D.0O.F WITHOUT/WITH END-EFFECTOR INPUTS
GLOEBAL VARIAELES:
U t UNIT MATRIX, HERE AS HELF VARIAELE INFUT
EMB : THE ROEBOT’S ORIENTATIONAL SUBASSEMBELY EACKWARD OUTPUT
EMF : THE ROEQT’S ORIENTATIONAL SUBASSEMELY FORWARD QUTPUT
TNE ; EBACKWARD MATRICES NON-DECOUFLED OUTPUT
TNF ! FORWARD MATRICES NON-DECOUFLED OUTFUT
TMR : BACKWARD MATRICES DECOUFLED OUTFRUT
T™MF : FORWARD MATRICES DECOUFLED OUTPUT
TB : HELP MATRIX OUTPUT
TF ! HELP MATRIX QUTPUT
EULERO
EULERY ,
EULER1 : EULER-ANGLES OUTFUTS
LOCAL VARIAEBLES:
(SEE BELQW)
PROCEDURES AND/OR FUNCTIONS CALLED:
‘ARJDOO’ : FROCEDURE CONTAINED IN ELEMENT RMS0100-2A .
‘ROTMAT’ ¢ FROCEDURE CONTAINED IN ELEMENT RMS0100-2A
COMMENTS: '

... NO ARRITHMETIC CALCULATIONS, EUT PURE FHASE SHIFTING
X)

VRK I , K ¢ INTEGER j
EEGIN (XWRFOSI#)
FOR Ki:=M+1 TO N DO
BEEGIN ARJDOO (K,’EB’EMBLK-11,EMEBL K 1) END 3

FOFR Ki=N DOWNTO M+1 DO
BEGIN ARJIDOO (K, ’F’ EMFC K J,EMFIK-11) END 3

WRITELN J

WRITELN (‘Euler-Angle FHiO atout Z-Axis —=—=)’) 3 READLN (EULERO) 3
WRITELN (’Euler—-Anale Theta Y—Axis —=—=>’) 5 READLN (EULERY) ;3
WREITELN (‘Euler—Anagle Phil Z-Axis —==)‘) 3 READLN (EULERI!1) 3
ROTMAT (’Z’,EULERO, U, TE) 3

ROTMAT ('Y’ ,EULERY, TH, TFY 3

ROTMAT (/27 ,EULERL, TF,TNERCLO1) 3

ROTMAT (2’ ,EULERO,EMEINI, TE) 3

ROTMAT ('Y’ EULERY, TE, TF) 3

ROTMAT (72’ ,EULER1, TF,TMELOI Y 3

WRITELN 3

WRITELN (’Erter F.X [0 .. 3801 =—-=)’) 3 READLN (I) 3
CTNECLO].P.X:=1 j TMECO].F.X:=TME[O].F.X + TNELO]l.F.X 3

WRITELN (‘Enter F.Y [0 ..., 3801 -—-->’) j READLN (I) 3
TMEBLO].P.Y:= 3 TMBLO].F.Y:=TME[O].P.Y + TNECOI.F.Y ;

WRITELN (’Enter F.Z {0 ... 6301 =~==-)’) § READLN (I) 3
TNE[(O].P.Z:= s TMECO].F.Z:=TMECO].F.Z + TNBCOY.FP.Z 3

END CHLIRPOSI¥) 3



289
290
291
292
293
294
295
296
297
298
299
300

314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
33
3335
336
33
338
339
340
341
342
243
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371

005745
005745
005745
000005
00000S
000314
000316
000326
000341
000354
000367
000367
000377
000412
000432
000005
005745
005745
005745
005745
000005
00000S
000434
000436
000446
000461
000474
000507
000527
000005
005745
005745
005745
005745
000005
000005
000531
000533
000543
000556
000571
000604
000617
000637
000005
005745
005745
005745
005745
000641
000660
000667
000667
000672
000675
000675
000721
000735
000743
000751
000757
000757
000761
000763
000772
000774
001017
001022
001022
001027
001116
001205
001274
001363
001452
001457
001457
001457
001457
001457
001457
001460
001460

[001]
{011

o1l
{001

[00]
011

o011l
[001

(003
o1

(o013
[001]

[001]
[011

{011
[o0z3

[0z
o1
[011
{001

. 252

(**************************************************************************)
PROCEDURE
BOTHOF 3 (k 10/05/B4 %)

BEGIN OKEHOTHOF%)

STATUS (O0,1,M,M)
SOLVOO (3,1,M,0)
SOLVOO (Z,0,M,0)
SOLVOO (1,M,M,0)

- e

STATUS (0,1,N,N)
SOLVOO (4,4N,N,C) H
SOLVOO (S5,N,N,C) i PPRINT (N) 3

Al

-

END (KBOTHOPX) ;

COHROROROROROROHOK ORI R K KK KK SR HOROROK KK MK HK K R KRR A5 ORI K 3K K KK KOOK K HOKAOKOK KKK )
FROCEDURE
ONLYPO ;3 (k 10/05/84 %)

BEGIN OKONLYFPOX)

STATUS (0,1,NyN) ;
SOLVOO (4,1,N,O)
SOLVOO (341,N,0O)
SOLVOO (2,0,N,0O)
SOLVOO (1,N,N,C)

- Wt 4u e

FPPRINT (N) 3

END OKONLYFOX) 3

RO MO KRR HROK HOKOROR K KKK R 3 OROKOKOKORHOKOR R HOKRKHOK MK SR KK KK 3K KK K HOK KK HOK HORMOK HORHOK )
FPROCEDURE

ONLYOR 3 Ok 10/05/84 %)

BEGIN OKONLYOR*)

STATUS (0,1 ,N,N) 3
SOLVOO (1,N,y,N,C) H
SOLVOO (Z4N,yN,C) ;
SOLVOO (34yNyN,C) §
SOLVOO (44N,N,(C) H
SOLVOO (S4yN,N,C) 5 FPRINT (N) 3
END OKONLYORM) 3
CORORORORARCR RO OROROROR R OR HOR K ORROR R KK RKOROR AR K ORROROROR R HOR S OR R ORORORIORIORORKORIORNOR K KK OK KK KKK KKK K )
EEGIN (X main proaram RMSO100 X)

VWRITELN (‘'R'M S O 1 OO RUNNING ...") 3§

INITIA j
WRFOSI 3

WRITELN (’F for Fagt / A for All option —-———)")
WRITELN (‘Option { Py .2 O only, 3 both —-———) )
IF INDEX=1 THEN ONLYFO 3
IF INDEX=Z THEN ONLYOR 3
IF INDEX=3 THEN EOTHOF 3

READLN (C) § WRITELN(C) 3
READLN (INDEX) 3

WRITELN 3

WRITELN 3

WRITELN (‘Rest poscible solutiont’) j

WRITELN 3

FOR INDEX:=1 TO N DO WRITELN (INDEX:10,LINKLINDEX3,ITHETA:10) j

IF C='A’ THEN BEGIN

STPLOT 3§

FLOT (FEHLERI3].ERVAR,IRE,FEHLERL3I].ERPARIN, 3, 1N, LINKIZI.ITHETA, L)
PLOT (FEHLERI[Z].ERVAR,[RE,FEHLERL2].ERPAR,Ny2,0,N,LINKLIZ] . ITHETA,1)
PLOT (FEHLERC1].ERVAR, IRE,FEHLERC1].ERPARYNy1,NyN,LINKI1],ITHETA, 1)
FLOT (FEHLER[4).ERVAR, IRE,FEHLERL4] .ERPARyN,4,N,N,LINKC4].ITHETA,0)
FLOT (FEHLERIS).ERVAR,IRE,FEHLERLS].ERPAR,N,S,N,N,LINKIS] . ITHETA,0)
ENDPLT ;

- @F ae we wa

END 3
END (K mairn gro3ram RMS0100 %)
(**************************************************************************)

(k TEKMINATION FERIOD end of element RMSO100-0A %)
HORK KR KR HCHOR 3 HOROKIK KKK HORORHOHHHOK R HOKHORRHRHRAORORMHHORHOIHORIHHRORRHAKHOKHOKOOROKK )

Comei1at i on complated — no errors fournd.



WP, 1RMS0100

otlector I1IRZB (841126 19:5:145) 1985 Ju)

/IN F.RMS0100-3A

1.
HNF.RHSOIOO-ZQ

2.
HNF.RMSOIOO—IQ

3.
)IN F.RMS0100-0A

a.
JLIB PASCALKLIE

5.
JLIB AFTNXNEW-PLOT

6.
JCLASS FILE

7.
}IN F.DES=-PLOTOO

8.
JEND

9.

IN F.RMS0100-3R

IN F.RMS0100-2R

IN F,RMS0100-1AR

IN F.RMS0100-0R

LIR PRSCALXL IE

LIBR AFTNKNEW-FLOT

CLASS FILE

IN F.DES-FLOTOO

END

AFCM status of output element
Quarter-word sensitive

ADDRESS LIMITS

15 UNKNOWN

001000 052023 2101z

053000 115401 17666
STARTING ADDRESS 046746

SEGMENT

RPLUS-DIAG

DUMP-UTIL

TABLE$/SYS7S

CHSTR

MEMINTERFACE

MEMSERR (COMMONELQCHK)
HSPKTS

F2ER

CHACT
FOFRIT/FTNINT
F2ATANS /FTNINT
FINPMD2

F2SUBSTR
FMATHERR
CRELADS/SYS 7S
FFRIRL /FTNINT
(ABSAD$/SYS75
F2ALOGS /FTNINT
FINPMD3

INFOR$/SYS 75
FINFMDS
FDASC$/SYg75S
CHREL

FINFMD4

CHOPN

CHCAT

CHMOVE
YFTNEQUS / FORF TN
F2EXIT
F2SINCOSS/FTNINT
F2ARGCK

CBEPS $CML

FORCOMS /F ORF TN
FISRTS /FTNINT
Famaves

SMAINS

$(1)

(1)
(1)
(1)

$(1)
(1)
$(1)
(1)

s (1)
(1)
(1)
$(1)
(1)
$(1)

(1)

(1)

(1)

B(1)

$(1)

$(1)

(1)
$11)

B(1)
$(1)

001000 052023

001000

0015350
001750
00z133

002245
003004
003037
00310z

003177
003571
004104
0045S1Z
004553
005246

e}
(e}
44
il
wn
LN

005756
006153

006601
00704z

007216
007317
0074573

010131
010160

11 Thu

14301116

IBANK WORDS DECIMAL
WORDS DECIMAL

DBANK

001547

001747
00Z132
00zz44

00730073
003036
003101

003176

003570
004107
004511
004554
0035245

005352
005755
006152
0064600
007041
0077315
007316

00745z
010130

010157
otzaaz

$(2)
$(2)

% (0)
% (2)

$(0)
$(012)
$(2)

% (2)
$(012)
% (0)
6 (Z)
$(2)

$(2)
$(2)
$(012)
5(2)
®(2)
$(0)
B (2)
%(4)
$(0)
% ()
% (O)

% (2)

% ()

053000 115401

532000
053423

053471
053479
053537
0S354z

05342z

053470

053474
053536
0553541
053547

MEMSERR

0533550

053624
DMFP$

05473546
054361
054531

055177
055646
DMF$

057025
057061
060z24
060235
061234
061437
061445
061511
061645

061654

053623

060z23

0614326
061444

0&£1510

061644

061652

061727

14
=8
z8
07
23

o8

29
07
13
06

23

o7
28
28
13
28
13

0S

=8
0S5
=8
07

-

14
o7
10
03
16
13
07
19
Z6
13

1z

MAR
JAN
AFR
JAN
MAR

SEP

FEE
JAN
JAN
ocT
FEB

JAN
FEE
APR
JAN
[S12¢
JAN
MAY

APK
APR
AFR
JAN
FER
AUG
JAN
JAN
FEER
DEC
JAN
JAM
FEE
ocT
JAN
SEF

78
81
83
83
84

84
83
83
82
83

83

83

NG

a1

83
83

253

10:53:15
13:53:22
02:46:39
10:41:43

15:20:12
11:01:20

14:53:24
10:40:34
15:42:21
13:40:52

09:37:20

10:42:17
10:29:21
02:42:48
15:42:23
0z:42317
15:42:00
14:35:45

0z:43:39
15:01:10
0z2:43:16
10:41:07
09:38:46
16:23:31
10:42:52
09:06:03
08:15:54
17:20:35
15:42:25
10:39:49
10:53:5
11:02:5
15:4
17:52:14




254

FTNPMD1 $(1) 01z444 012444 $(2) 061730 063067 22 DEC 83 14109105
$(036) PMDSCOM
CBEPSSFTN i ) N $(0) 063070 063073 03 OCT 83 14:12:15
£2AUTO $(1) 012445 012734 $(0) 063074 063170 24 MAR 83 16:53:123
£20LOSE $(1) 012735 012772 $(2) 063171 063173 19 NOV 8z 15:51:44
F2BDREQUS /FORF TN 20 DEC 8z 08:15:20
FINSCMLSERR (COMMONELOCK) 0673174 063174
pMDSCOM (COMMONELOCK) 063175 063176
F2INIT ' $(2) 063177 063607 S JUN 84 17:58:18
ERUS/SYS7SR1 10 SEP 83 00:30:51
peMDP-UT IL $(1) 012773 013014 03 MAR B84 12:16:17
$(3) 013015 013070
PSWRE $(1) 013071 013256 $(2) 063610 063622 03 MAR 84 12:17:26
$(3) 013257 013267
READS INFOR $(1) 013270 013337 $(2) 063623 063757 06 AFPR B84 09:04:26
$(3) 013340 0133S6
pSWRO $(1) 013357 013440 $(2) 063760 063763 03 MAR 84 12:17:37
PASCSWBD $(1) 013441 015300 $(0) 063764 064017 20 MAR B84 15:09:59
$(S) 015301 015314 $(a) 064020 064060
$(7) 015315 015375 $(016) PRS$SS
$(011) 015376 015546
$(013) 015547 015655
$(015) 015656 016023
PSWRD-UT IL $(1) 016024 016133 $(2) 064061 064061 03 MAR B84 12:17:22
$(3) 016134 016137 .
PSGETC . $(1) 016140 01624Z 03 MAR 84 12:115:56
. $(3) 016243 016247
CALLSWBD $(1) 016244 016407 $(2) 064062 064072 03 MAR 84 12:15:03
$(3) 016410 016411
PSWRF $(1) 016412 016576 $(2) 064073 064105 0% MAR B84 12:17:29
$(3) 016577 016607.
PSWRS $(1) 016610 016761 - $(2) 064106 064114 02 MAR B84 12:17:40
$(3) 016762 016762 : .
CMLSPASS INT % (1) 016763 017027 $(2) 064115 064117 03 MAR B4 12:15:09
$(3) 017030 017041 %(4) 064120 064141
PSWRC $(1) . 0317042 017110 $(2) 064147 064146 3 MAR B84 12:17:19
COMMUNSARER : . $(2) 064147 064153 03 MAK 84 12:15:10
PSFUTC s (1) 017111 017177 $(2) 064154 064155 03 MAR 84 12116130
PSINPF “H 1) 017200 017407 $(2) 064156 064167 3 MAR 84 12:16:11
$(3) 017410 01741z
PSOPCL $(1) 017413 017433 03 MAR B84 12:16319
PSOUTF $(1) 017434 017601 $(2) 064170 064171 03 MAK B84 12:16:21
$(3) 017602 017605
FS$RDC $(1) 017606 017262 $(2) 064172 064176 03 MAR 84 12:16:39
Pu-AZ $(1) 017620 017657 3 MAR 84 12:18:44
PSURT $(1) 017660 017750 $ (2 064177 064217 3 MAR 84 12817833
$(3) . 017751 0177S51-
PASSFZFCA $(0) 064220 070143 0T MAR 84 12:17346
PASSFTNSINTT B(1) 01775% 020016 *(2) 070144 070152 03 MAR 84 12:17:49
$(3) 020017 0zZ00:0
FSRLN $(1) 020021 02Z003% 03 MAR B84 12:16:54
FSRDI $(1) 0zQ0T3 00134 $02) 070153 070157 0> MAFR 84 12:16%44
% (3) 0Zz0135 020135
FSTRNG $(1) 20136 020164 . 03 MAR B4 12:17:16
$(3) 020165 0Z0171
RUNSERROR $01) 0z0172 Q0615 $(2) 070160 070z34 20 MAR 84 15:06312
$(3) 020616 020655 $(4) 070235 070445
$(5) 020656 020707 $(6) 070466 070476
$(7) 020710 )
PROLOG $(1) 021767 $ () 070477 07055z 07 MAR 84 12:18:40
$(3) 0zZz272 : )
PSENTRY-EXTT $ (1) 02311 $(2) 070553 070554 07 MAR B4 12:15:41
PASS$$ ( \ :
DmmscgonnomsLoc“) $02) 070555 071056 01 DEC B8z 09:42:19
OLDSCH (COMMONEL OCK) 071057 07106%
VEDATA ( c 071063 071125
Wm3coﬁgg:2NBLDCh) $(1) 22502 02376 $(0) 071126 071517 o> DEC 83 10:45:37
$(32) INFO-010-LC $(014) VsDATA
F2CDCDs #0015y OubEen $(2) 071520 071565 06 FEE 81 10:49:45
F2RTRNS $(2) 071566 071570 06 FEE 81 10:49:35
FTNDUMP $(1) 023277 026066 $(0) 071571 073614 " 30 DEC 82 16:18:28
$(3) INFO-010-LC $(014) DMP$ ) o
F2rrGs $(1) 026067 026070 $02) 073615 073624 17 MAR 81 16:341:20

$(044) FTN$CML$ERR



o#Ps (COMMONBLOCK)
F2RBS

F2ACTIVS/FORFTN

F2CON

F25CT
PFLGTH
PPCLIP

PPSCAL

PPSCLE

PPCHIS (COMMONEBLOCK)
PPCAX (COMMONEL OCK)

PPSTAN

PPFRAM

PRIMC

PPHELF

PPSDEF

FPPUSH

PRIME

CVTTOU

PRIMA/FILE

PFRNG

$(1)
€ (3)
$(3)
$(7)
$(1)
$(3)

$(1)
$(3)
$(013)
$(1)
$(3)
$(013)

$(1)
$(3)
$(013)

$(1)
$(3)
$(013)

$(1)
$ (3)
$(013)
$(013)

$ (1)
$ (3)
$(013)

$ (1)
$(3)
% (0173)

(1)
$ (3)
$(013)

$(1)
$(3)

(1)
% (3)
$(013)

$(1)
% (73)
$(013)

(1)
$(3)

$(1)
% (3)

(1)
% ()
$(0173)

026071 026407
INFO-010-LC

026410 026572
0Z63573 026744
0z674% 027044
027045 027144

027145 0z7533
INFO-010-LC
FFPCOMM

027534 030226
INFO-010-LC
FFCOMM

03027 030450
INFO-010~LC
FFCOMM

020451 030733
INFO-010-LC
FFCOMM

030734 031033
INFO-010-LC
FFCAX

FFMCOM

31034 031104
INFO-010-LC
FFCOMM

031108 031677
INFO-010-LC
FFMCOM

031700 032003
INFO-010-LC
FFCOMM

32004 OZz1ZZ
INFO-010-LC

032123 032321
INFO-010-LC
FFCOMM

032322 037666
INFO-010-LC
FECOMM

Q33667 033767
INFO-010-LC

33770 034471
INFO-010-LC

034473% 03S01%x
INFO~-010-LC
FFRCOMM

$(2)
$(036)
$(044)
$(2)
$ (0)
$(4)

$(0)
$(4)
$(6)
$(012)
$(0)
$(4)
$(6)
$(012)
$(0)
$(4)
$(6)
$(012)

$(4)
$(6)
$(012)
$(014)
$(016)
$ (0)
$(4)
%(6)
$(012)
% (0)
$(4)
®(6)
$(012)
$(014)
% (0)
$(4)
$(6)
$(012)
% (0)
%(4)
% (6)
$(0)
$ (4)
% (6)
$(012)
%(0)
$(4)
$(6)
$(012)
% (0)
% (4)
$(012)
$(0)
%(4)
$(6)
$(012)
% (0)
% (4)
% (6)
$(012)

073625 073665

073666 075010

075011 075743
FMD$COM
FTN$SCMLS$ERR
073744 076246
076247 076304
076305 076361

076362 076412
076413 076434
076435 076471
076472 076474
076475 076504
076505 076526
076527 076562
076563 076571
076572 076604
076605 076635
076636 076651
076652 076652
076653 076655
076656 076661
076662 076677
076700 076717
076720 076735
FPPCHIS

FPPCOMM

076736 076750
076731 076756
076757 076764
076765 076766
076767 077007
077010 077065
077066 077137
077140 077147
FFCOMM

077144 077145
077146 077304
077305 077314
077315 077315
077316 077316
077317 077345
0773446 07735%
077353 077734
077735 077753
077754 100006
100007 100021
106022 101476
101477 101565
101566 101665
101566 101703
101704 101705
101706 101725
101726 101726
101727 101760
101761 102170
102171 102260
102261
102272
102273
102326 102435
102436 102461

16

(0123

08

09

06

NOV

oCcT

MARR

JAN

DEC

JAN

DEC

DEC

DEC

DEC

MAR

DEC

DEC

DEC

DEC

DEC

JAN

DEC

=
-

=
N

84
83

83

82

255

11:11312

13:09:17

16:18:4S

16:08:34
14:14:56

18:57:38

13:84:17

14:26:01



pPPTYPE (COMMONBL OCK)
pPPBEN

pPMODE
PPTEXT
FPLINE

PPMCOM (CUMMONEBLOCK)
PPSET

PPCOMM (COMMONBL OCK)
PPDRAW

RMS0100-3R

RMS0100-2R

RM30100-~1A

kM30100-0A

DES-FLOTOO

ALOGs 0400001

END MAFP, ERRORS: O

Common

FCORE®

$(1)
$(03%)
$(037)

$(1)
$(3)
$(013)

(1)
% (3)
$(013)

(1)
()

(1)
% (3)
$(013)

$(1)
$(3)
$(013)

(1)

T s (5)

$(7)
$(011)
$(013)
$(015)
$(1)
% (3)
$(7)
$(011)
$(013)
$(013)
(1)
% (3)
$(7)
$(011)
$(013)
$(015)
$01)
% (3)
$(7)
$(011)
$(012)
$(015%)
(1)
% (3)

S51.5961

035013 035164
FFRCOMM.
INFO-010-LC

035165 03534z
INFO-010~-LC
PFCOMM

035343 038606
INFO-010-LC
FFCOMM

035607 035636
INFO-010-LC

035637 03614z
INFO-010-LC
FPMCOM

036143 037210
INFO-010-LC
FFPCOMM

037211 037333
037334 037356
37337 037340
037341 037355
037356 037364
037365 037366
027367 042560
042561 0425673
042564 042640
0422641 043007
043010 043170
043171 043Zz4
043225 045000
045001 0450073
045004 045027
045030 045034
045055 045075
045076 045265
045266 046771
046772 046774
046775 047014
047015 047031
047052 047104
047105 047235
047236 052023
INFO-010-LC

Banks refarenced

STORAGE: Z1612/24/035177/0120277

$(0)
$(4)
$(5)
$(012)
% (034)
% (036)
% (0)
$(4)
% (6)
$(012)
$(0)
$(4)
$(6)
$(012)
$(0)
$(4)
$(6)
$(012)

$(0)
% (4)
$(6)
$(012)
$(014)

$(0)
$(4)
$(6)
$(012)
% (0)
% (4)
$(016)

$(0)
% (4)
$(016)

% (0)
$(4)
$(016)

% (0)
$(4)
$(6)
$(016)

$ (0)
$(4)
$(6)
$(012)

102462
102463
102474
102526
102611
102650
FRTYFE
102724
102727
102736
103040
103065
103121
103162
103260
103276
103302
103310
103316
103320
103326
103331
103374
103507
FECOMM
103551
103607
103650
103742
104110
104124
104144
PAS$$S

104161
104201
FRSt$$

104272
104312
FRS&¢$

104337
112357
112405
FARSE$S

112503
113714
114316
115162

102462
102473
102525
102610
102647
102723

102726
102735
103037
103064
103120
103161
103257
10327S
103301
103307
103315
103317
103325
1033320

103373,

103506
103550

103606
103647
103741
104107
104123
104143
104160

104200
104271

104311
1043736

112356
112404
112502

113713
114315
115161
115401

o8

06

11

11

11

11

DEC

DEC

DEC

DEC

DEC

SEF

JUL

JUL

JuUL

JUL

© NOV

82

84

84

256

143126143

14:¢26:15

14:25:52

09:19:50

12:15:26

14:01:51

14:14:40

14:21:03

14:26:47



Matrix Sys

Theta Offsget
[Dagrees]

tem of

Th

Robot 501

eta

[Degrees]

16
10

8
-a

1

1
=)

Euler—-Angles/[(Deqreeas]

Position

FORW

[01TE51]
-0.50000
-0.86603

0.00000
0.00000

{0lAartl

—-0.275464
0.96126
0.00000
0.00000

€117€3S]
-0.69466
-0.00000
-0.71934
0.00000

[1lACz]

0.98481
0.1736S
0.00000
0.00000

[z1TC3]
-0.68410
0.12063
-0.71934
0.00000

[2IALC3]

0.9998S%
-0.01745%5
0.00000
0.00000

[33T7CS)
-0.68611
0.10867
-0.71924
0.00000

[31AC43l

- =0.98769
0.15645
0.00000
0.00000

£4lTcs]
0.69466
-0.71934
0.00000
0.00000

C41ACS3

0.69466
-0.71934
0.00000
0.00000

£sS17CS]
1.00000
0.00000
0.00000
0.00000

/€ mm

A R D

0.86603
-0.50000
=0.00000

0.00000

Thetall]
0.00000
0.00000
1.00000
0.00000

-0.71934
-0.00000
0.469466
0.00000

Thetalz]
-0.17365
0.98481
0.00000
0.00000

-0.70841
0.1z491
0.6%466
0.00000

Thetal(3]

0.0174S
0.9998S
0.00000
0.00000

-0.71048
0.11283
0.69466
0.00000

Thetald]

0.00000
0.00000
1.00000
0.00000

0.71934
0.69466
0.00000
0.00000

ThetalS]

0.71934
0.69466
0.00000
0.00000

0.00000
1.00000
0.00000
0.00000

]l s

0.00000
-0.00000
1.00000
0.00000

0.96126
0.27344
-0.00000
0.00000

-0.00000
1.00000
-0.00000
0.00000

0.00000
-0.00000
1.00000
0.00000

0.17365
0.98481

-0.00000
0.00000

-0.00000
—0.00000
1.00000
0.00000

0.15643
0.987569
-0.00000
0.00000

0.156473
0.98769
-0.00000
0.00000

-0.00000
~-0.00000
1.00000
0.00000

-0.00000
-0.00000
1.00000
0.00000

0.00000
0.00000
1.00000
0.00000

ARifa
[Drgreas]

90.00
0.00
0.00

90.00
Q.00

240
-80.00

-103.28
360.17
313.23

1.00

0.00
0.00
250.00
1.00

374.69
63,23
~0.00

1.00

216.66
38.z20
0.00
1.00

159.98
-Z.79
0.00
1.00

159.98
~-2.79
0.00
1.00

0.00
0.00
0.00
1.00

0.00
0.00
0.00
1.00

0.00
0.00
0.00
1.00

0.00
0.00
0.00
1.00

0.00
0.00
0.00
1.00

R
Cmm1

0.00
220.00
160.00

=0.50000
-0.86603
0.00000
0.00000

-0.27564
-0.00000
0.96126
0.00000

-0.69466
0.00000
-0.719324
0.00000

0.98481
~0.17365
-0.00000

0.00000

-0.68411
0.12063
=-0.71934
0.00000

0,9998S
0.01745
0.00000
0.00000

-0.68611
0.10867
-0.71934
0.00000

-0.98769
-0.00000
0.15643
0.00000

0.6%466
-0.71934
0.00000
0.00000

0.69466
0.71934
0.00000
0.00000

1.00000
0.00000
0.00000
0.00000

I

Cmm1

250.00
0.00
0.00

0.86603
~-0.50000
=-0.00000

0.00000

0.96126
-0.00000
0.27564
0.00000

-0.71934
-0.00000
0.69466
0.00000

0.17365
0.98481
0.00000
0.00000

-0.70841
0.1z2491
0.69466
0.00000

-0.01745
0.9998S
0.00000
0.00000

~-0.71048
0.11253
0.69466
0.00000

0.1356475
-0.00000
0.98769
0.00000

0.71934
0.69456
-0.00000
0.00000

-0.71934
0.69466
0.00000
0.00000

-0.00000
1.00000
-0.00000
0.00000

257

Cascade #

EACK

0.00000
0.00000
1.00000
0.00000

0.00000
1.00000
0.00000
0.00000

-0.00000
1.00000
0.00000
0.0C000

0.00000
=0.00000
1.00000
0.00000

0.17365

0.98481
0.00000
0.00000

0.00000
-0.00000
1.00000
0.00000

0.156435
0.98769
0.00000
0.00000

0.00000
1.00000
0.00000
0.00000

0.00000
0.00000
1.00000
0.00000

0.00000
-0.00000
1.00000
0.00000

0.00000
0.00000
1.00000
0.00000

LN

[

-80.00
=Z80.00
300.00

1.00

=0.00
-250.00
-0.00
1.00

291.20
50.00
0.28
1.00

~-220.00

=0.00
-0.00.

1.00.

75.46
=1.33
0.z8
1.00

-160.00
-0.00
-0.00

1.00-

-84.53
-0.01

0.28
1.00

0.00
0.00
0.00
1.00

0.00
0.00
0.00
1.00

57.79
6

—13.23

1.00

-~
L



Matrix System of

Theta Offset
[Drgraas]

Euler-Angles/(Degreeas]

Fosition

/C mm

FORWARD

[O1TCS2
0.2337%
-0.8152
0.5z299%
0.00000

C01AC1] .

-0.27564
0.96126
0.00000
0.00000

11T7TCS]
-0.84805%
0.5z992
0.00000
0.00000

(11Acz]

0.92718
-0.37461
0.00000
0.00000

(z3TCS]
-0.98481
0.17368
0.00000
0.00000

.

(21AL32]

0.19081
0.98163
0.000900
0.00000

(31TCS]
-0.01745
0.99985
0.00000
0.00000

[3)AL4]

~-0.01745%
0.99985
0.00000
0.00000

[431TCS]
1.00000
0.00000
0.00000
0.00000

[4)ALS2

1.00000
0.00000
0.00000
0.00000

(S1T7TCS]
1.00000
0.00000
0.00000
0.00000

0.96126
0.27564
-0.00000
0.00000

Thetal1l
0.00000
0.00000
1.00000
0.00000

.00000
.00000
1.00000
.00000

ThetalCzl
0.37461
0.92718
0.00000
0.00000

0.00000
0.00000
1.00000
0.00000

Thetal3]
-0.98163
0.19081
0.00000
0.00000

0.00000
-0.00000
1.00000
0.00000

Thetalal

0.00000
0.00000
1.00000
0.00000

-0.00000
1.00000
0.00000
0.00000

ThetalSl

-0.00000
1.00000
0.00000
0.00000

0.00000
1.00000
0.00000
0.00000

Robot SO1

Theta
(Dragreas]

]

-0.14607
C.50939
0.84805
0.00000

0.96126
0.27564
-0.00000
0.00000

5299z
0.84805
-0.00000
0.00000

-0.00000
-0.00000
1.00000
0.00000

0.1736S
0.98481
-0.00000
0.00000

0.00000
-0.000C00
1.00000
0.00000

0.9998S
0.0174S
-0.00000
0.00000

0.9998S
0.0174%
-0.00000
0.,00000

0.00000
-0.00000
1.00000
0.00000

0.00000
-0.00000
1.00000
0.00000

0.00000
0.00000
1.00000
0.00000

Alfa
[Degraes]

?0.00
0.00
0.00

90.00
0.00

240
—-80.00

-80.24
279.85
301.77

1.00

0.00
0.00
250.00
1.00

£291.1z
51.77
0.00
1.00

203.98
-8x.41
0.00
1.00

30.53
157.06
0.00
1.00

.93
.06
0.00
1.00

0.00
0.00
0.00
1.00

0.00
0.00
0.00
1.00

0.00
0.00
0.00
1.00

0.00
0.00
0.00
1.00

0.00
0.00
0.00
1.00

A
Cmm]

0.00
220.00
160.00

-0.50000
—-0.866073
0.00000
0.00000

-0.27564
-0.00000
0.96126
0.00000

-0.69466
0.00000
-0.71924
0.00000

0.92718
0.37461
0.00000
0.00000

-0.64408
-0.26022
-0.71954

0.00000

0.12081
-0.981653
-0.00000

0.00000

-0.37834
0.58259
-0.71934
0.00000

-0.01745%
~0.00000
0.99985
0.00000

0.58910
-0.71934
-0.36811

0.00000

1.00000
0.00000
0.00000
0.00000

0.58910
~0.71934
~0.36811

0.00000

300.00

0.86403
~0.50000
-0.00000

0.00000

0.96126
-0.00000

. 27564
0.00000

-0.71934
-0.00000
0.69466
0.00000

-0.37461
0.92718
0.00000
0.00000

—0.66696
-0.26947
0.69466
0.00000

0.98163
0.12081
0.00000
0.00000

-0.29178
0.60329
0.69466
0.00000

0.9998S5
-0.00000
0.017435
0.00000

0.61003
0.69466
-0.38119
0.00000

-0.00000
1.00000
0.00000
0.00000

0.61003
0.69466
-0.38119%9
0.00000

258

Cascade #

1

3

a

S
EARCKWARTD
0.00000 -80.00
0.00000 80.00
1.00000 300.00
0.00000 1.00
0.00000 —-0.00
1.00000 —-250.00
0.00000 -0.00
0.00000 1.00
-0.00000 Z91.20
1.00000 50.00
0.00000 0.8
0.00000 1.00
0.00000 -220.00
-0.00000 ~-0.00
1.00000 ~-0.00
0.,00000 1.00
-0.37461 31.27
0.92718 155.45%S
0.00000 0.28
0.00000 1.00
0.20000 -160.00
-0.00000 -0.00
1.00000 ~-0.00
0.00000 1.00
0.83867 -1.44
0.54464 -1.03
0.00000 0.Zz8
0.00000 1.00
0.,00000 0.00
1.00000 0.00
0.00000 0.00
0.00000 1.00
0.52992 -1.0!
0.00000 0.%:8
0.8480S -1.46
0.00000 1.00
0.00000 0.00
-0.00000 0.00
1.00000 0.00
0.00000 1.00
0.5299Z% -1.0t
0.00000 0.28
0.8480% -1.46
0.00000 1.00



Matrix System of Robot SO1
Theta Offset Thets
(Degraes) .Degrees]
. 0 16
0 -2z
(o} 79
0 33
O -

Euler—-Angles/[Degreaes] :

Fosition

/C mm

FORWARTD

[OITLS]
-0.50000
-0.86603

0.00000
0.00000

LOJAC1L1]

-0.27564
0.96126
0.00000
0.00000

C11TE3)
-0.69466
-0.00000
-0.71934
0.00000

C11AcCz]

0.92718
-0.37461

0.00000

0.00000

£21T7CS)
-0.64408
-0.,26022
-0.71934
0.00000

Cz1AL3]

0.19081
0.781673
0.00000
0.00000

C31TL3]
-0.37834
0.58259
-0.719324
0.00000

C(31ARL4]

-0.54464
0.85867
0.00000
0.00000

£4a1TLS]
0.69466
-0.71934
0.00000
0.00000

C41ARCS]

0.69466
-0.71934
0.00000
0.00000

£sS17C3)
1.00000
0.00000
0.00000
0.00000

0.86603
=0.50000
~0.00000

0.00000

Thetalll

0.00000
0.00000
1.00000
0.00000

=-0.71934
-0.00000
0.69466
0.00000

Thetalzl

0.37461
0.92718
0.00000
0.00000

-0.66696
-0.26947
0.6%466
0.00000

Theta(3]

-0.98163
0.19081
0.00000
0.00000

.39178
60329
.69466
.00000

Thetald]

1.00000
0.00000

0.71924
0.67466
0.00000
0.00000

ThetalS]

. 00000
. 00000
. 00000
0.00000

o =~ O

]

0.00000

-0.00000

1.00000
0.00000

37461
.92718
00000
. 00000

. 00000

0.83867
0.5444&4
-0.00000

0.00600

-0.00000
~-0.006000

1.00000
. 00000

0.00000
0.00000
1.00GC00
0.00000

R1fa
(Degreas)

f0.00
0.00
0.00

90.00
0.00

240
-80.00

-80.24
279.85
301.77

1.00

0.00
0.00
250.00
1.00

91.12
S51.77
0.00
1.00

Z03.98
-82.41
0.00
1.00

30.53
157.06
0.00
1.00

30.5%
137.06
0.00
1.00

0.00
0.00
0.00
1.00

0.00
0.00
0.00
1.00

0.00
0.00
©.00
1.00

0.00
0.00
0.00
1.00

0.00
0.00
0.00
1.00

Ry
Cmm1

0.00
220.00
160.00

=0.50000
-0.86603
0.00000
0.00000

-0.27564
-0.00000
0.96126
0.00000

-0.6%466
0.00000
-0.71934
0.00000

0.92718
0.37461

0.00000
0.00000

-0.64408
-0.26022
-0.71934

0.,00000

0.12081
-0.98163
-0.00000

0.00000

-0.37834
0.58259
-0.71934
0.00000

-0.54464
-0.00000
0.83867
0.00000

0.69466
-0.71934
0.00000
0.00000

0.69466
0.71934
0.00000
0.00000

1.00000
0.00000
0.00000
0.00000

Cmm1]

%30.00
0.00
0.00

300.00

0.86603
-0.50000
~0.00000

0.00000

0.9612
-0.00000

0.27364

0.00000

-0.71934
-0.00000
0.69466
0.00000

-0.37461
0.92718
0.00000
0.00000

-0.66696
~-0.26947
0.69466
"0.00000

0.98163
0.19081
0.00000
0.00000

-0.39178
0.60329
0.69466
0.00000

* 0.83867
-0.00000
0.54464
0.00000

0.71934
0.69466
-0.00000
0.00000

-0.71934
0.69466
0.00000
0.00000

-0.00000
1.00000
-0.00000
0.00000

Cascade #

B ACK

0.00000
0.00000
1.00000
0.00000

0.00000
1.00000
0.00000
0.00000

-0.00000
1.00000
0.00000
0.00000

0.00000
-0.00000
1.00000
0.00000

-0.3746:
0.92718
0.00000
0.00000

0.00000
~0.00000
1.00000
0.00000

0.83867
0.54464
0.00000
0.00000

0.00000
1.00000
0.00000
0.00000

0.00000
0.00000
1.00000
0.00000

0.00000
-0.00000
1.00000
0.00000

0.00000
0.00000
1.00000
0.00000

(SR

(L

WARRD

-80.00
280.00
300.00

1.00

-0.00
-250.00
-0.00
1.00

291.20
50.00
O.z28
1.00

-220.00
-0.00
-0.00

1.00

-160.00
-0.00
-0.00

1.00

-1.44
-1.03
0.z8
1.00

0.00
0.00
0.00
1.00

-0.08
0.z8
-1.77
1.00

0.00
0.00
0.00
1.00

-0.26
0.13
-1.77
1.00
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8 stimation of computing costs for U,y and U,y

The manipulation of

= 1 j—1 - - ~ S
Upj oAl. Az...j A'j:..p ZAp—l’p l.Ap fOJ_ j—<p

involves (p-1) matrix multiplications such that the

computation of Uy requries kp(p-1l) additions and ky(p-1)
multiplications where k,=48 and ky=64 are respectively the
number of additions and multiplications required for a single
matrix multiplication if one excludes the computing cost of

j_lA' j=Q’ . j—lA o

5 Varying j from 1 to p step 1 and adding up

the p particular computing costs, those numbers increase to
k.p. (p-1). This number 1is the number of arithmetic

operations required for the computation of all the matrix

compositions U,y of the particular first order derivative

class involving only p A-matrices.

(Set k=k, in the case of additions, k=ky in the case of

multiplications)
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The total computing cost is found by varying the index p of

the summation

n
Y kp(p-1l) = k[1/6 n(n+l) (2n+i) - 1/2 n{n+l)]
p=1

which as is seen, yields the order n3

Similarly, the computation of Ugjy requires the following

number of additions and multiplications, which is of order

né:

n
Y kp2(p-1) = k[1/4 n?2(n+1)2 - 1/6 n(n+l) (2n+1)]
p=1

8.2.) Number of RIDs for the various SMP versions

We refer to Fig. 5.3.1 to evaluate the RJIJD-cost of the SMP.
Varying j=1 to p, we obtain the number of the RJDs necessary

for establishing the 2nd order derivatives of the class p

which is:
P

Nond = Y (52} = p.(p+tl).(2p+1)/6
j=1

The total number of RJDS evaluated for a class p is given as

follows:
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Function Block Number of RJDs required
SKB (Standard kin. block) P

FOPD (1lst order part.deriv) p. (p+l) /2

SOPD (2nd order part.deriv) p. (p+l) . (2p+1) /6

We have to vary p=1 to n, in order to take all possible
classes p into consideration. Doing this, we find the total

number of RJDs needed for a robot with n d.o.f.

Neomplete = n4/12 + n3/2 + 17n?/12 + n

The total number of RJIDs required by the first variation of

the SMP (Fig.5.3.2) evaluated for a class p is given as
follows:

Function Block Number of RJIDs Required

SKB (Standard Kin. Block) P _

FOPD (1st order part.deriv) p. (p+l) /2

We have to vary p=1 to n, 1in order to take all possible
classes p into consideration. Doing this, we find the total
number of RJDs needed for a robot with n d.o.f.:

= n3/6 + n? + 10n/12

let variation
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The total number of RJDs for the 2nd variation of Fig.5.3.3,

evaluated for a class p, is given as follows:

Function Block Number of RJDs Required

SKB (Standard kin. block) o)

We have to vary p=1 to n, in order to take all possible
classes p into consideration. Doing this, we find the total
number of RJIDs needed for a robot with n d.o.f.

N2nd variation — Il (I'1+l) /2

The total number of RJIDs of the 3rd variation Fig.5.3.4 is

N3rd variation — Il

8.3.) Computing costs of SMP method

A rough estimation finds that the computation of

n

Dijy = X Trace{Uyy.J.U%;}

p=max (i, 3)

requires maximum 84 multiplications and (64+n) additions for
given i and 7J.

The computation of

n
= Y Trace{U

max (i, 3, k)

T .
Dijk pjk'J'U pjk}
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claims the same computation costs for given i,3j and k.

n
Similarly, D; = X -m,gT U, ry
p=i

claims less than 13 multiplications and (10+n) additions.

Following an investigation by Leel8, where the number of Dj,

D;5 and Dy4 to be computéd has been found as shown below

Term Number of terms to be comuted
Dy n
Dij 1/2n (n+1)

The aggregate number of multiplications are then:

84 n3 + 42n? + 24n
; .

The aggregate number of additions are:

131 199 £2
3

1
3nd + 6n3 + 6 nZ + n

These numbers are computating costs required 1in the

calculation of the terms D;, D;jj and Djjy-

In arriving at the results for the Fj for i= 1,2,...,n, .the

following remaining costs must be taken into account
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2n3 + n? multiplications

n3 + n? additions

so that in total, we have

3nd+ 6 nd + 6 n?2 + 3 n additions and

30n3 + 43n? + 24n multiplications
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