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ARM] 4is a FORTRAN 77 program for the numerical solutions of the
inverse kinematics problems. This paper is a detailed description of the
current program (versicn 1).

The code is simple enough for practical use and besides has no
particular restrictions except for the specification of memory size.
‘Incorporated checking statements or routine are useful in identifying the

accuracies of solutions obtained.

Keywords: ARM1 Computer Code, Kinematics Problem, Bairstow's Method,

Manipulator Arm, Numerical Solutions Accuracies
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1. Introducticn

ARML (version 1) is a digital computer code, written in
FORTRAN 77, which was primarily developed to make a trans-
parent geometrical angular description of each joint while
the end-point of a multi-joint manipulator( 6 DOF*) moves
towards the destination position along some specified
trajectory in three dimensional Euclidean space. Since the
program has the capability to determine all possible solu-
tions for the so-callad "inverse kinematic problems", its
application is of particular interest in identifying all
possible orientation of the manipulator in the weorkspace.

As the underlying concept, some kinematic expressions are
unified into a sigle polyncmial and thereby, the obtained
results contain much useful information in evaluating the
mechanical performance or in determining the optimum joint
angle design as well as in investigating the topoclogical
situations of mechanical link moving in the space.

In other words, the benefit derived by this apprcach is that
feasible solutions latent within kinematic relationships can
be extracted as explicit ones, 1In this respect, the ARMIL
may be viewed as a new and powerful approach to deal with

the inverse kinematics problems.

Before the execution, the program needs kinematic data
which completely describe the structure dimensions of the
system to be analyzed — link lengths and mechanical
constraints of articulated joints. ( see Fig. 1l with

reference to the system configuration. )

*} DOF = Cegrze of Freedom
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In addition to this, the input data include the moticn in-
formation of the finger tip describing the location and ori-
entation at the starting point and terminal point. This
means the specification of the path in the task space.
Concerning the determination of sclutions, the code requires
two kinds of convergence criteria. One is related to the

determination of a gquadratic factor x2

+ px + g from a peoly-
nomial of the n-th order. The other is used to check the
exactness of the calculated articular angles.

Based on such input data, the program computes the individ-
ual joint angles for each position advancement on the
trajectory prescribed.

The main objective ¢f this paper is orientad to the ARM1
code user: with the intent of this, eguations are merely
described rather than derived. The major features of the
code, programming details and user information asscciated
with input data preparation are provided herzin.

They are self-contained for execution of the computation.

(L

A full description of analytical model is given elsewhers,

)*

*) Number in bracket designates reference.
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2. Calculational Method of the Joint Variables

Brief descriptions of a new approach to obtain the joint

solutions are herein presented to facilitate the program

user.

Referring to Fig.l, the location and orientation at the end-
point of the manipulator with respect to the base coordinate

is represented as the components of Tg matrix.

TG = AlAzAgAQAsAg

: n_o_ a
trr ti2 ti3 tia x “x %x Py
= taz1 tzz2 Tz23 tay - By Oy By Py

t; t ts ts -
1 32 3 ik nZ OZ az pz

o] 0 0 1
¢ 0 0 1
where By = Rot(zg,al)Trans(0,0,al)Rot(yo,-%}

A; = Rot(zi,82)Trans(az,0,0)
A; = Rot(zz,e3)Trans(a3,O,O)Rot(Yz,%}

A, = Rot(z;Lsu)Trans(O,O,au)Rot(yg,-%)

o
il

Rot({z4,85)Trans{as,0,0)Rot(xs, -“21)

2; = Rot(zs,85)Trans({as,0,0)

t11 = -51(521C3C34€C2355C4C34C2354S5)+C1{Cu4S5-C55455)

tiz = 51(52355C5+Cz3SsSsC;—CZasaCa)+C1(Ca 5+SuScSs)

t13 = s:(sS2:55-C23CuCs3)-C18uCs

tiv = -s;(as5(852:2C:Cs+C2:S¢CuC3+C23:5:S553)
+as(S;3C5*C2355Cu]+(as*ah)57345252]
+c:[as{CcuSc—S54,85C5)—@855455]

t:1 = 51(C4Se*5u5506)+cl(523C5C5+C;3C;C555+C23Su55)

£33, = S:1(C4C3+S4,S55Sg)-C1(S21C3553+C235555Cu~C2155C35)

_4_.
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t7 = ‘*S'l_SuC;‘."Cl(52355_c23c“c5}

t;s = silaslcuss-susscs)-assaessl+c:las{sz2icscs
$C2356C,Cs+Cy28uS5)+as(8:3C:s+C238:C:)
+({as+an)sss+azsz]

t:1 = C5C35C23-CuC555S23-5uS5823

Li2 = ~C:385C;:354858¢C48521-5uC5523

ti:; = —-8s5¢i31-c4as55;5

ti;y = a3 (CsCaCz3—55C5C4523-5456523}+as (C5C22‘55C+523)

+(a3+au)csy+azcs+ay
where c; = cosi;; &, = sing,; Cij = COS(El-rﬁj}:
slj = s;n(ei+ ej)

After components t;;~t;, are representsd as a trigonometric

function of only cg and sg,we define : tanf; = t.

1-¢2 £ = 2t
Thea ©5.= Togr s Ss = pogr and tARYs T TIRT

Using this formula, the above kinematic relationships are

tranformed intoe the folldwing polynomial
4

"L r, tT =20.

i=o *
In other words, the problem of finding the articular angles
of a manipulator is raduced to a non-linear algebraic
eguation with reference to tan (8:5/2).
In order to compute roots cf this equaticn as exactly as
possiblé, we used the Balrstow's methcd (2)'(3).

Based on real root of pelynomial, individual joint solutions

are determined in the following.
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{l) Calculation of 84

Once the desired solutions t are found from the algebraic

eguation , a joint angle 65 can be ezasily calculated.

That is, tan %f =t

thus, we have

Correspending trigonome+ric function is:

S = s5ingg

C; = C0S3g .

(2) Calculation of §;

Let
X: = XX + asA
and Y, = asC - ¥YY ,
whers XX = P, ~asn,
YY=py-amY

From the relatiocon Xl;l =Y1s4,

Thus, we obtain 8, = tan'l(éi)
1

S = Sine]_

Ci1 = C0OsH;,

{3) Calculation of 6.

8,3 = tan-! i(mz-i-nz-a)/(-2agusz+nz) -t"n'l(i\
n;/
2
>/l - { (‘{'12 +n? —a)/(-2az47v* +n%)}
whera a = az? = ajzu’
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N = ascg{n c,-n s;+ (s,0_- femmd
5Cs Ry 1 <51 {s1 % chl);anus}
- {'PXSL'*PYC1+ aa(nxsl“nycl)}
- Z2Z = -_ -
and pZ agnz a7 .
So,3 = Sinezg
C3 = cosS23

{4) Calculation of 64

4

- £
By = tan l(cu) .

where cy < B c1 + Dsl

sq = (=B 57 + D cy )/ea3( S33 x 0)
Sq = ~F/s23 ((cp3 = 0
B = n,sg + 0,Cg

D = ny56 + OyCG

F = OZC6 + nzSS

(5) Calculaticon of 8s

8s = tan'l(

cs )
whera Ss = (Rci - Cs3:) /sy
= {c:i(-n.cs5 +0 55) - sl(nyc; —oys;) Y/ sy
(s
ss = {ca23{A s, +C ci) - E sz3}/cs . (sy = 0

0
wl
i

(A S1 +C CL)SZ3'¥E Cz23 .
A =-n Cg + 0,Sg
C = nyc6 - OySG

E = n,Cg — C,55

i

0}
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{6) Calculation of 8:

Ca = ‘[pz -asgn,_ — az —a:(n Cs -OZSS) -'a34C33}/a2

z 2z
5, = {—pxslirpycl4-a5(nxsl-nycl)-as(nyc;-nxsl)cs

- as(Slox“chl)Ss"aau S23}/az

Therefore, we have

-1 E9
g, = tan™" - — .
C:
(7) Calculation of 83

From the calculation of §;; and 8., we czn get

83 = 823 = 6;
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3. Computer Program QOutline

In this section , the overall summary of the current code is

described.

(1)

(2)

A3)

(4)

(3)

Program name

The program name is ARM1/mod(.

Program language

The programming language 1s FORTRAN 77. Source deck
is made for double precision and requirss approxi-
mately 140 KB core storage, 2 intermediats areas of
disk storage, and printer output.

Computers

The code 1s principally designed for the FACOM-38(
computer (with EBCDIC code). By an appropriate con-
version routine, however, the prasent code is avail-
able for the other machine with ASCII code.

System architecture

The system organization of the code consists of two
major subprograms : one is the calculation routines,
and the cother is its graphic processing software.
Function and range of application

The code has the capability cf solving the inverse
kinematics of 6 DOF robot manipulator ( without
mechanical redundancy and offset ).

Since time dependence does not directly appear in
the solution process of this approach, it is to be
noted that the dynamical analysis for the manipu-
lator motion is not handled in the ARML.

Numerical procedure for solutions




{7)
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In the present algorithm, the kinematic relations
from the base to end-point of manipulator are
represented by a high order algebraic equation with
real coefficients. Thus, all complex roots appear in
the form of conjugate pairs. Each such pair
corresponds to a quadratic factor x2_+ px + g with

real coefficients p and g.

-Balrstow's method consists in finding numerically

such quadratic egquations, whose coefficients are
determined throughout the iterative calculation of
increments of Ap and Aq until the convergence cond-
tion given by input data is fulfilled.

Based on these roots of the quadric equétions, each
joint angle scluticn is obtained straightforwardly.
From the nature of periodicity of the trigenometric
function, every possibility for solutions is taken
into consideration within the range of its mecha-
nical constraints imposed for each joint angle.

In the computation of arctan(x}, the principal value

is defined as @ —73<4d

A

—
"

For instance,
the value of 8 = tan 1(x1/yy) is :

8 and y1<0. then @ 7 (rad)

it xi

]|
il

if < 0 and v1>90. then & 0 (rad)

Concerning the accuracy of solutions, the previous
test results wera of the order of less than 1078 on
the average.

Program size



(8)

(2)
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Based on the application of_the variable dimension
method, the extension of the program size is allowed
resulting in the increase of core memory.

Running time

Although running time is highlv dependent on the
problem to be solved, it was very short in our
previcus test cases.

{ They are about 0.8 ~1.5 sec. )

Auxiliary programs

Two auxiliary programs GRHS51 and GRHS52 developed ars
concerned with graphics information, which can be
usad to producs plots fof polynomial behaviors and
individual Jjoint angle profiles, respectively.

These two programs are also operational on the FACOM
380 computer system.

The programs, written in FORTRAN 77, ragquirs about

20 KB core storage each.
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4, Programming Details

As the embodiment of the algorithm stated in the previ-
ous section,in fact, much attention was directed towards the
programming techniques necessary to solve the algebraic
equation of high order as exactly as possible.

To this end, the decision was made to make use of the
Bairstow's methodology instead of a simple Newton-Raphson
numerical method. For the equation derived from the
kinematic relationships, however, individual r=zal coeffi-
cients Aprayses.rdyy were ,at large , of an extremely
complicated form. On further examination of the character-
istics, in some cases, they are too large and in other cases
too small depending on the given pdsition and orientation of
the manipulator. It is inadvisable to make a direct frontal
attack against the eguation with such properties. Prior to
entering the concrete solution procsdures, therefore, the
consideration on treatments of these coefficients was
raquired so as to suppress propagation of numerical errors
as low as possible.

Now, we first take the absclute values of respective coef-
ficients of decision equation and assume that C be the

logarithm of their geometric mean. That is,

c = % logio laol]ail ... 1an!

where n is a degree of polynomial £(x).

I£f la,| = 0, we set C =C + 1.0 (i.e., we use 1.0 for

lOglu]ai| in the above formulation)
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Using the value of C obtained, each coefficient is defined as:

If the absolute value of new coefficient made through this
procedure is less than 107°°, that term is regarded as to be

zero, and omitted from the present eguation system.

After establishment of the algebraic eguation, the next
thing we must do is to find a guadratic factor x2 + pE + g
according to the Bairstow's method.

Concering the initial values p and ¢, the programming was

specified as follows:

(1) Initialization of p and g

(a) First case (IR = 0)

e if a, = 0, then we assume P = 1 and @ = 0.
e ifa_ #0, | a__o a,_ .
n (1) |-B220 0.2, | p=0.01 |for <10°
a
n n=2;
<
a
q=—
L %n-2
( fn-1 // n—l] 5
thené E= for 2107
a ! -
n-2 \\ n-2|
or ﬁ
a
q=—=
L © Z%n-2
n-2
{(ii) 2 <0.2, p=0.5 and g=-1.0
n

(B) Second case {IR = 1)

When the starting values of case (A) are bad and the result-
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ing convergence of soluticn 1s not accomplished within iteration
numbers required, the second opticn (B) 1is used for the initial

values p and g.

e if a, = 0, then we assume p = -1.0 and @ = 0

e if a, # 0,

( a__. a
(i) |-B==! 0.2, | p=-0.01| for <10°°
%n . | “n-2
a
q-= Il
8n-2
a a._q|
then < p=—an1 for |—2=L| 10"
n-2 n=-2!
ﬁ
a
q=
L ®n-2
5y |-n=2 - d g=-1.0
(11) = <0.2, p=-0.5 and g=-1.
\ n

Using the above initial conditions, increments A p and A g
in the Bairstow's routine are computed by the elimination
method., Final determination of them is made under the spec-
ified convergence condition. Following the detsrmination of
a quadratic factor, the same procedures ars repeatad for the
polynomial with degrees ( n-2,n-4,...,4,2 ).

Now, we should keep in mind that the existence demain of
roots t is determined uniqqely from the censtraints of the
angle @ 6 ,because we assume t =tan(&d4/2) . Additionally, when
the absolute value of imaginary part of root t is less than
10—3, the code prccesses that root as to be real.

Cnce roots of the equation are deterxmined in this manner,
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respective joint solutions may be cobtained easily in
accordance with representation described in the section 2.
The problem is that accuracy. The guickest and best way to
verify the validity of their solutions is to substitute the
joint angle solutions into the original kinematic expres-
sions and examine its reproducibility.

Thus, we incorporated one of perhaps the most important
routines in this code, that is to say, this software is a
module to compute the direct kinematic problem and to gen-
nerate all the location in the workspace of the rokot within
the joint angle limits., The cbtained joint solutions are fed
into this routine prepared for a calculation of the arm
matrix Ts,which should correspond to the Tg matrix used to
determine the joint angle. When the maximum abscolute error
derived by using the reproducea component values of matrix
T is less than some tolerance (EPS1 specified by input
data),the joint solutions (&...,96)are regarded as feasi-
ble ones.

Application of the dir=sct kinematic routine will contrib-
ute to enhance the reliability of Jjoint angle solutions.

In order to make easier for everyone the use of the ARM1,
the program is described in the most simplest form.
All the data to be used are set in the main memory. The user
must specify the control parameter on the size of memory,
which is prepared in the main pregram, according as the size
of problem to be solved,

The frame work of the current program ARM1 is composed of

two parts : the first one is devotad to the calculation of
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the joint angles, whose program name is referred to as MANU.

On the other hand, the second part is , a@s the subsidiary
for the first program, concerned with the graphical
processing of the obtained solutions. The code GRH31 is a
plotting program to provide a pictorial informaticn on the
solution behavior of a polyncmial. Curve plotting is
available within the designated range of independent
variable 33 every position step on the trajectory given.

Another program GRH52 produces plots of each joint angle
solved by code MANU, The organization of the entirs soft-
ware system is is presented in Fig.2. As can be seen in
this figure, the calculated results are written on the disk
with the unit 61 and 62. The former file is prepared for
drawing the solution behavicr of the polynomial composed of
the ceoefficients computed, while the latter for demonstrat-
ing the results of joints solutions.

The graphics output of these data ars processed by reading
the stored contents of above dump files through the GRHE1
and GRH52 from the unit 51 and 52, resgpectively.

Pertaining to the input or output information, the program
description is as follows.

(1) input requirements included

title of problem, position and orientaticon vector
at the end-point of manipulator, position numbers,
convergenée factor and so on.

(2) output information included

(A) a complete copy of input data

{B) print out of the calculation




INPUT
DECK

\

/

JAERI-M 86-059

Print out

<>
vaNy | Frs| 2MPL re)
(“proGRAM) (#1 ST 6l
FT62 5
DUMP [FTez| GRH92 t:
FILE Xl
F2 /
_ (€ ~©s)
Fig.2 Overall system Layout of Code ARMI1

i |(position)
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( for each position advancement )
The output of the calculated results consists of a
complete edit and a short edit.
The short edit is limited only to the jeint solu-
tions. In this edit, the following notations may
appear when the calculation is abnormal.
Namely,
-999.D0 :denotes no real roots for the polynomial
in gquestion. { All the roots are complex.)
-888,D(} :denoctes no.desired joeint solutions within the
mechanical constraints.
999.D0 :denctes no convergence for Ap and Ag in
determining the cgefficients of the first
quadratic factor. It is indicative of no
jeint angle sclutions.
In this third indication, each value is
output in the following location.
the latest value of p :is written in the location of &3
the latest value of g :is written in the location of &y
the latest value of Ap :is written in the location of &5

the latest value of Ag :1s written in the locaticon of 93

Contained in the complets edit is :
(i) real roots of polynomial
(ii) correspending joint angle solutions
{iii) component values of Tg matrix
(iv) Aabsclute errcrs

{C) graphics
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{ at the end of calculation, the followings are
plotted. )
(i} plots of polynomial

(ii) plots of individual joint angles

From above statements, some distinguishing characteristics

of the code ares summarized below.

(1)

{(2)

For six DOF linkage mechanism ( see Fig.l ),a non-
linear mapping from Cartesian space into joint coor-
dinate space is almost exactly accomplished, given
the link data, mechanical constraints data_and
manipulator motion schemes at the end-point.

In that case, a non-linear algebraic equation trans-
formed from the kinematic relationships is the key
factor to determine the joint angle solutions.
Derivation of solutions is based on the Balirstow's
iterative methods with some tolerance. From the
standpoint of the programming technigues, the incor-
poration of important check routines, double preci-
sion description and balancing treatments on the
coefficients of the equation are effective to aveoid
excessive round-off errors and to guarantee the accu-
racies of Joint angle sclutions.

On the basis of the intrecduction of the variable
dimension technique, the detailed analysis of the
inverse kinematics will be permitted,

The graphics software developed is also useful in the

sense presenting plot information related to the pre-
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dicted joint angles or polynomial curve.

Finally, a complete description of each subroutine in ARM1
is offered in Appendix 1 together with flow charts, the
program tree structures and labelled common table.

Input data definitions of the code and the sample problem
are also presented in the Appendix. Included is a complete

description of the problem input file that was read by the

code.
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5. Conclusion

We provided the user information on the code ARM1 such as
model explanaticon, programming details, and input data
preparation. The method is justified by another paper.
This paper will be contributive to the user in knowing

how to handle the currant code,
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Appendix 1. A Complete Description of Each Subroutine

Explanatory notes

.

i n: denotes the input to the module.

i/0 denotes the input and cutput to the module.
out denotes the output to the module.

E S denotes the real argument.

S denotes to he defined in the data statement.
denotes the attribute of the variable.
denotes the declaration of array.
denotes the type of the variable.

e
A
ar e ae

(1) Program MANU

Module name AXYZ Module type | Subroutine Module NO. 1

Function calculales a cross product of a normal vector n and
a sliding vector a.

Calling form | AXYZ( DATA, L)

Call module

Called moduleg INPUTO, INPUTI, INPUTZ

Arguments:

[i/o) DATA {R%¥8} (3,4,2):. vector data relating io the orientation
at the end-point of manipulator
[inlJL {I%4} : index of input data ( “t” means the initial position

[{Tats]

and “2” the terminal position. )

Flow chart and remarks START

A NX0O

RETURN

d
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Module name

BEA

- Module type Subroutine | Module NO. :Z

Function

is the Bairstow’s iterative method to find an appro-
ximation to a quadratic factor of a given polynomial
f(x)= rotrixt e « « trax (degf(x)=n, ri=real).

Calling form

BEAC N, A, B, C, R, S, DR, DS, LC )

Call module DMTX, T6Z
Called module 5AISU-
Arguments:
[i n] N {1%4} . the number of coefficients of polynomial

Ci n] A {R#8} (1): real coefficients of polynomial

- K-1
CACIY=rn-isi=l N ), F(E) = = riti (O N=25 )
T i=0

[i/0] B {R%8} (1): work area
[izo] C {R¥8} (1): work area
[i n] R {R¥8} :
[i n] S {R$8} :

Cout] DR {R#8} :
Cout] DS {R¥8} :
Lizo] LC {1%4} :

coefficient of a quadratic factor x2 + Rx + §
coefficient of a quadratic factor x2 + Rx + S
an increment of R

an increment of S

the number of iterations

Flow chart a.nd remark's:

B
Bz=—dz—REt

¢
(S ]

=34

LTl T TR Rt TR S

AL)=0EN-2
i Cieiy X(2)=0(N-3)
Cr—82 =3, W12
s Jreo
’ bS=i(2}
p e Bt
cail T2
Com b =BGy =50,
|
detersrnation of
OR and 05
LC=Lest |

_23_
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Module name | CFSET Module type | Subroutine Module NO. 3
Function NA KB NG
performs the operation ZAi X ZBi = =C; .
i=0 i=0 i=B

Calling form | CFSET( A, NA, B, NB, C, NC )

Call module DCLEAR

Called module T6

Arguments:

Ci n] A {R£8} (O:NA): variable A;

[i n] NA {1%4} : the number of A;
i n] B {R¥8} (O:NB): variable B;

[i n] NB {1%4} . the number of B;
Lout] C# {R%8} (0:NC): variable C;

(i n] NC {i%4} . the number of C;

Flow chart and remarks

( START )

call
DCLEAR

j=—0,NA
Jj=0.NB

3

Civj+=CisjtAi » B

( RETURN )
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Module name

CHK

Module type | Subroutine Modutle NO.

4

Function

substitutes the obtained angular solutions into the
components of Tg matrix and checks the validity of them.

Calling form

CHKCT, ST, 11, 1K, TL,EPS1,1D, IT,NTHETA, ANS, ITHETA, 1CNT)

Call module

ouT

Called module

THETA

Arguments.
[i/0] T {R¥8} :

Cizo) 11% {14} .

[iZz0] 1K {1%4} :
[izo] 1L% {1%4} :
[i n] EPST {R%8} :
Coutl 1D {14} :
Cizod 1T% {1%4} :
[i/0] NTHETA {I%4}

Cout] ANS {R%¥8} (7.

[i/0]

[i70] ICNT% {1%4} :

ITHETA {i*4} :

real roots of a polynomial
[i/o] ST% {R%8} (7,3,3,3,1):

solutions of joint angles

a flag related to ‘the angle &,

a flag refated to ‘the angle 84

a flag related to the angle 85

a convergence factor in an error estimate of

joint solutions

indication of convergence obtained

a sequential position number of input data (O,NDEL)
- a total number of adopted angular solutions set
1): the adopted angular solutions

the number of adoptied joint solutions set at each
position in the Cartesian space

count number per each root of polynomial (1,1A)

Flow chart and remarks

When the maximum error related to the components of the arm matrix Ts
is Tess than EPSI, a set of joint solutions 81 to 85 is adopted.

[common variable]
COMMON /NA/ AL L
A3 i
AS [i
COMMON /PAR/ ZIN% [
ZA% [
COMMON /7PAlI/ PP [

LA2 [i nl ,
A2 [inl,
LAB [ n]
,Z0% [i nl ,
,ZP% [ n]

n]
nl
nj
n]
nl
nl
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(  START )

Initialization

calculation of com-
ponent of matrix Ts

linput data-—cach

error calculatio# error=

<:::EEEE}rged? yes
no
[ call OUT”

set salutions to ANS

(  RETURN )
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]
Module name DALSU Module type {Suhroutine Module NO. ES

Function solves g hiéh order algebraic equation using the
Bairstow’s method.

Calling form | DAISU(M,4,B,C,X, [4,EPS,R.S.DR.DS)

Call module BEA, INDEX, RS250, T8Z

Called modulel MAIN

Arguments:

LiZol M¥ {1%4} ' the degree of polynomial

CiZe] A% {R#8} (1): the coefficient of polynomial

[izo] B% {R%8} (1): work area

[i/0] Ck {R¥8} (1): work area

Lout] X¥ {CPX16} (1): all roots of the equation

Li/o] 1A% {1%4} © the number of complex roots obtained

[i n] EPS {R%¥8} : convergence condition with respect to DR and DS
in determing a quadratic equation x2 +Rx + §

[i/0] Rk {R¥8} ! coefficient of a quadratic factor x2 + Rx + §

Li/o] S% {R¥8] ! coefficient of a quadratic factor x2 + Rx + S

[i70] DR% | R*S} increment of R

[izo] DSk {R¥8} :increment of §

Flow chart and remarks
The convergence criteria on the R and S is as follows.
$# If IDR{< EPS+ 102 or IDS| < EPS -+ 102, then if JDR[<EPS &]DS|<EPS
DR and DS will converge.
§ If |DR= Rl EPS & IDS|=1S)* EPS. DR and DS will also converge.
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|

Initialization

NeM+1

<

L

cal! T8Z

call INDEX

=] >2

‘\ESE:ifIE,/’

=2 /L

seive the linear eg. solve a quadric eq. call RS250

-~

call BEA )

:@
no

yes

determine the roots

( RETURN ) -
Ne=N—2
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o
Module name DATAIN Module type iSubroutine Module NO. ES

Function is a collection of input data routines.

Calling form DATAINC DATA, NDEL, EPS, EPS1, NTI, NO )

Call module INPUTO, INPUTIL, INPUT2

Called moduld MAIN

Arguments:

[i/o] DATA% {R¥8} (3,4,2) ! vector data as to position and orientation

[i/0] NDEL {1%4} :
[i/o] EPS {R%8} :
[i/0] EPS1 [R%8}

Lizo] NTI {C¥50} :
[i n] NO {1%4}

position numhers hetween the initial and end point
convergence condition with respect to DR and DS

. a convergence factor in an error estimate of

joint solutions
title of problem

. array size of program {variable dimension)

Flow chart dnd remarks ( START )

GET="2" and L=l

@

~
7

read
NTI,5DEL | GET="2'amd L=2

-1

L—1.k

no

————<:::ji;£:2>> NI

DATACL . 4.L)

yes
>

read
EPS.ZPSI

call call call
INPUTO INPUTL

l , |

( RETURN }
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module name DCLEAR Module type | Subroutine Module NO. '7
Function sets all array elements {o zero.

Calling form | DCLEAR{ W, N )

Called modute] CFSET

Arguments:

[out] W {R#8} (1): arrays with zero

Ci nd N {1%4} the size of array

module name BMTX Module type Subroutine Module NO. 53

Function

solves simultaneous equations by using the elimination

method.

Calling form

DMTX(N, A, B,

X, 1SW)

Called modul ¢

BEA

Arguments:
Cin] N {1%4}

.
-

order of a sqguare matrix

Ci n] A {RE¥8} (N,N): coefficient matrix

Li n] B {R¥8} (N): constant vector ( input )

[out] X {R¥8} (N): solution vector

[out] ISW {1%4}

a flag related to solutions

Flow chart and

DCLEAR

]+<1,N

remarks

( START )

W{i)+=0.00

( RETURN )

( START )

selection of pivot

forward elimination

backward substitution

( RETURN )
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Module name

INDEX

Module type

Subroutine

Module NO. (e

Function

re-arranges the coefficients of a new polynomial with
the degree lower by 2 after finding out a quadratic

factor

Calling form

INDEXC M, N, A, X, 1A

Call module

Called moduld

DAISU

Arguments:

[izo] M% {i%a} :
Cizo] N¥ {134} :

[i/zo] A% {R¥8} (1):
Lout] X# {CPX16} (1): all roots of the equation

Cizo] 1A% {1%4}

the degree of a polynomial
the number of terms in the polynomial (= M+] )
the coefficient of the polynomial

the number of complex roots cobtained

Fiow chart and remarks

[f the absolute value of new coefficient is Iéss than 10°30,
that term is regarded as to be zero.

3 .

J+=1 441

——
R—1I-1

=0
>0

M= -k
P N~ K

ACTYen ACTHK) [

I

RETURN

<
<z
® 2z 1A= last |
X 14y~ (.00. .00
<2 P k2 1 I

i
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Module name

INPUTO Moduie type | Subroutine Module NO. '1()

Function

requires input data as to the orientation at the
finger-tip of the manipulator.
( user specified option )

Calling form

INPUTO ( DATA, L )

Call module

AXYZ

Called modul o

DATAIN

Arguments:

[Lout] DATA% {R%8} (3,4,2): vector data relating to the orientation

at the end-point of manipulator

Ci/o] L% {144} . index of input data ¢ “1” means the initial position

and “2” the terminal position. )

Flow chart and. remarks

This module
GET="0".

is available when the user selects the input data option

{ START )
read
mracra.Ly <3

call AXYZ\

( RETURN )
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Module name _ INPUT} Modute type | Subroutine Module NO. 1 1

Function requires its input data when the user wants to specify
the orientation of the manipulator with Euler angle.

Calling form INPUT1  DATA, L, W1, W2, ¥3 )

Call module AXYZ

Called modulel DATAIN

Arguments.

[out] DATA% {R#8} (3,4,2): vector data relating to the orientation
at the end-point of manipulator
Cizo] L% {1%4} ! index of input data ( “1” means the initial position
and “2” the terminal position., )
[i/o] Wi {R¥8} : a rotation angle around the z-axis ¢ (deg)
CiZo) W2% {R¥8} : a rotation angle around the y-axis 8 {(deg)
[i7o] W3 {R¥8} : a rotation angle around the z-axis 2 (deg)

Flow chart and remarks ' START
Euier angle transformation
read
¥1,¥2,W3

Euler(¢, 8,1 )=Roi(z, ¢ JRotly, 8 )Rot(z, ¥ )
Wi—WitPP/180

[common variable]
coMMoN /PA1/ PP [i n]

i=1,3
RAD~—DEG

Euter transformation

call AXyZ l

( RETURN )
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Modute name | INPUT2 Module type | Subroutine Module NO. 1 :2

Function requires its input data when the user wants o specify
the orientation of the manipulator with Roll-Pitch-Yaw
angle.

Calling form INPUT2 ( DATA, L, W1, W2, W3 )

Call module AXYZ

Called modulel DATAIN

Arzuments:

Cout] DATA% {R%¥8} (3,4,2): vector data relating to the orientation
at the end-point of manipulater
Lizo] L¥ {1%2} : index of input data ( “1” means the initial position
and “2” the terminal position. )
[i/o] Wit {R%8} : a rotation angle around the z-axis ¢ (deg)
[i/0] W2% {R¥8} : a rotation angle around the y-axis & (deg)
[i7o] W3%x [R%8} : a rotation angle around the x-axis 2 (deg)

Flow chart and remarks ( START }

Roll-Pitch-Yaw angle transformation

RPY( @, 8,1 )=Rot(z, ¢ JRotly, 6 JRot(x, )
read
f Wl,¥2.¥3 ;

[ common variable]
COMMON /PAL/ PP L[ n]

i—1,3

Wi+—Wi%PP/180
RAD=DEG

RPY transformation

call
AXYZ

{ RETURN )
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Module name

J0 Module tvpe | Subroutine Modizle NO. ']:3

Function

picks up complex roots in which the imaginary parts are
zero or sufficiently near zero.

Calling form

JO X, T, ICNT, IB, IRC )

Call module

Called modul ¢

MAIN

Arguments:

[ifo] X% {CPX16} (1): all roots of the equation

[i70] T% {R¥8} . real roots solved

[i n] ICNT {i%4} : count number per each root of polynomial (1,1A)
[out] IB {1%4} : ftlag as for existence of real roots

{ 1B=1:real/ [B=0:complex )

CiZo] IRCY {144} : return code ( IRC=0 in case of real root )

Flow chart and remarks
When the absolute value of imaginary part of X is less than 1078,
that rool is treated as to be real.

{ START )

P S
Teimaginary part of |

1RC=0
Ta—OREALIXCICNTD)

( RETURN )
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Module name

Subroutine

MAIN Module type

Module NO.

14

Function

calls in succession individual routines.

Call module

DAISU, DATAIN, JO, NANS, OUTANS, THETA, T&, VEC, VECI

the pelynomial to be solved.

I T+¢.NDEL

Flow chart and remaks
The program dimension must be specified as the control parameter at

the top of the routine together with the number of coefficients of
If a total number of joint solutions

sets are greater than NO,then memory error will cause termination
of the prohlem.

©( START )

; NTHETA < N0 =
no
yes

3
| initiatization I
!

cai

il Jo

DATAINI

@
ICNT+=1,14A
£

call THETA

I

J
=(
%0

call call
VEC VECI

PO

cail

T8 call ¥ang

NTHETA G 507

1

aall OuTANS

x }
call
DAISU

[common variable)
COMMON /PAI/ PP [i n] |

|

call OLTANS J

END

|
o
%

END )

| memary erear
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Module name NANS Module type | Subroutine Module NO. 15

Function processes the computed results when no desired real
roots of the equation were cobtained. The calculation
is made for next position number.

Calling form | NANS(ANS,ID,!A,IB,IT,NTHETA,R,S,DR,DS)

Call modutle NOA

Called module] MAIN

Arguments:

[out] ANS {R%8} (7,1): adopted joint solutions
Cin] ID {I1%2} : code determined in module CHK ¢ If 1D=1, then the
convergence criteria for a set of joint sclutions
: are satisfied. )
Li n] 1A% {1%4} . the number of complex roots obhtained
[in) IB {I¥4} : code determined in module JO ( |B=1: real,
iB=0: complex )
Ci n] IT# {1%4}  a sequential position number of input data (O,NDEL)
[i/0] NTHETA {1%4} : a tota! number of adopied angular solutions set
[i n] R {R¥8} : coefficient of a quadratic factor x2 + Rx + S
[i n] S {R¥8} . coefficient of a quadratic factor x2 + Rx + S
i n] DR {R%¥8} :increment of R
[i n} DS {R%8} :increment of S

Fiow chart and remarks

{ RETURN
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Module name

N Module type | Subroutine Module KO, ']fs

Function

calculates a cross product of vector N and vector 0.

Calting form N
Call wmodule
Called module] VEC
Module name]  NOA Module type | Subroutine Module NO. | 17

Function

performs complete print-out regarding to the position
and orientation vector.

Calling form N
Called module VEC
Flow chart and remarks

[common variabhle]

COMMON /PAR/ XY [i/e]

NOA

N
( START ) ( sTaRT )

Nx Ox &x Pr

A—NX0 | write I Ny Oy ay Py
Nz 0z &z Pz
(Crenums ) (" RETURN )

XY(L,1)=IN(1)=nx
XY(2,1)=ZN(2)=ny

XY(3,1)=ZN(3)=n: [ common variahie][ e
XY(1,2)=Z20(1)=0x« COMOY /PAR/ NX Li n WY TP nd
$Y2,2)72002)%0y MR
XY(3,2)=20(3)=0; oLt
XY(1,3)=ZA(1)=ax Az Li n] X Cinl,
XY(2,3)=ZA(2)=ay Py [i nJ ,PZ{i n]

XY(3,3)=ZA(3)=a:z
XY(1,4)=ZP(1)=px«
XY(2,4)=ZP(2)=py
XY(3,4)=ZP(3)=pz
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Module name

ouT Module type ISubroutine Module NO. 1 8

Function

provides the important calculated results such as the
real roots of polynomial, adopted joint angles set and
miscellaneous data.

Calling form

gutC T, ST, 11, IK, IL, EL, G, IT, ICNT )

Called moduld

CHK

Arguments:

[i n] T {R#8} :

[i n] ST {R%8}

Ci nd 11 {1%4} :
[i nd 1K {14}
Ci n] 1L {14} :

[i n] EL {R%8}
[i n] G {R&8}

i n] IT {1%4}

real roots of a polynomial

(7,3,3,3,1): solutions of joint angles

flag related to the angle 81

flag related to the angle 64

flag related to the angle 85

(3,4): the computed values of Tg. components by ohtained

Joint angles
(3,4):difference between the computed values and input
position and orientation vector
» a sequential position number of input data (O,NDEL)

Ti n] ICNT {1%4} : count number per each root of polynomial(l,|4)

Flow chart and

COMMON /PAR/ NX
NZ

[commen variable] ( START )
[i n] NY[Cinl, | I write PAR I

AX

COMMON /PAT/ PP

oy [i nd ,02[i n],

AZ[i nl ,PX[inl, L“‘—"//’—H
PY [i nl ,PZLi n]

remarks

£ind ,0X [i nl

i n} ,AYTi nl

write EL

(i n]

write ¢

RETURN
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Module name

OUTANS

Module type

Subroutine

Module N{.

19

Function

writes a title and adopted angle sclutions on the disk
file with a unit 832.

Calling form

OUTANS(NTI, ANS, NTHETA )

Call module

Called module

MATN

Arsuments:

i n] NTI {C%50} :

[i nl ANS% {R¥8} (7,1):

titie of problem
adopted joint solutions
i n] NTHETA {1%4} : a tota! number of adopted angular solutions set

Flow chart and remarks

{  START )

write WTi
I+, NTHETA
write
NS, 1) | =17
{ RETURN )
Module name INP Module type BLOCK DATA MODULE NO. ZZ()

Function

stores the physical data.

[common variable]
COMMON /NA/ A% [out]
COMMON /M0/  M0% [out]
COMMON /MS/  MS% [out]
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Module'name

RS250 %Module type i

Subroutine Module NO.

21

Functjon sets the initial values of R and § in order to determine
coefficients R and § in a gquadratic equation .
Calling form | RS25CC N, A, R, S, IR )

Called module

DATSU

Arguments:

i n] N {1%4)
[in] A {Re8]

Tout] R {R*S} :
Cout]l S {R¥8} :

Tind] IR {1%4}

. the number of terms in the polynomial (=
(1) the coefficient of the polynomial
coefficient of a quadratic factor x2 -+ Rx
coefficient of a quadratic factor x¢ + Rx +
. flag to change the initial condition

M+l D

Flow chart and memarks

{13 Inirializacion of p and g

{A) Firse case {IR = Q)

{21 Second case (IR = 11

aif a arave p = =1.0 and g = ¢

- we a
" q, then

e ifa, #0,

=it L 9, then we assuse F'= | and q = &,
* ira 44, a, [ la H \\
n i =2l , g, . -d. i_azli -t a ]
15y = ‘_c 2z, | p=0.01 [faz {Focsi / 4 .,"_.i" 20.2, | g=-a.01 /'“ L::;- (I
. \ [Fa-
o
173 -

a-3 =3 .

a-t / f25mal

than < F-ln—z \!cr et 0 ). . . fea: 1-__‘_]_! s 1071
ar a-2 \ i'n-zr
l:\ a
q= g -
Pa-i 1 3.2
(11 l“'z! 0.2 =4.% and q= 1.0 2]
s, | 10 p=a. q . tit) I*:;l <0.1, p=-0.5 and qm-1.0
n
$4The values p and g correspond R and § in flow diagram. respectively.
= v
- - i jal value
use the initial valu use the initi
R s —R- S

{ RETURN )
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Module name S5823 Medule type Subroutine Module NO. ;2:2

Function calculates the joint angle 823,

Calling form { SS23(ST, 11, 1523)

Called modulel THETA

Arguments:

[izo] ST {R%8} (7,3,3,3,1): adopted solutions of joint angles
Cind 11 {132} : a flag related to the angle 84
Li/0] 1523 {1%4} : the number of the angle & 23-solutions obtained

Flow chart and remarks

{common variable] { START )
COMMON /PAR/ NX Li n] ,NY [i n],

NZ[ionl 0% [inl,
oY [i nd ,0Z [i n],
PXL[i nl,

PY Li nl ,PZ [ al

COMMON /PAT/ PP [i n]

COMMON /NA/ A2 [i n) ,A2 [i n] , czlculate € o3

AL [t n] ,A5 i n],

A8 [i nJ periodicity

COMMON /M0/  MOZ [i nal ,M03 [i nj

COMMON /MS/  MS2 [i n] ,MS3 [ n]
COMMON /AF/  VZZ [i n]

[mitialization

-~

Bo3+—F23 + |

|

no
within spec.?
(823)

] yes
[S23+1523+1
ST+ 8 23

( RETURN )
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Module name S1 Module type | Subroutine Module NO.

23

Function calculates the joint angle 81,

Calling form S1(ST, 1S1 )

Catl module

Called modulet THETA

Arguments:

fout] ST {R¥8} (7,3,3,3,1): adopted solutions of joint angles
FiZzol 1Sl {t%4} : the number of the angle & 1-solutions obtained

Flow chart and remarks

{ START )
[common variabte]

COMMON /AF/ va Li n] ,v¢ [i nl,

vxx £i nl ,vyy [i n]
COMMON /PAl/ PP [i nl _
COMMON /NA/ a5 [i nl lnitiatization
coMMoN /Mo/ Mot [i n]
COMMON /MS/  MS1 [ n]

calculate 81

pericdicity

no
within spec.?
(81

yes

[Sie[S1+]
T+— a1

RETURN
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Module name §283 Module type Subroutine

Module NO.

24

Function

calcutates the joint angles 82 and 83 .

Cailing form | S2S3(ST, I, 'J, IRC )

Called module] THETA

Arguments:

[i/o] ST {R%8} (7,3,3,3,1):
i nl ¢t {1%a}
Cind 1) {i%d} :

Cout] IRC {1%4} : return code

adopted solutions of joint angles
a flag related to the angle &1
a ftag related to the angle 823

Flow chart and remarks

( START )

{common variable)

na

no

IRC—1

COMMON /PAR/ NX [i nJ ,NY [i n], Initialization
PX [i nJ ,PYLi 0],
COMMON /PAIZ PP [ n]
COMMON /NA/ A2 [i n] ,A3[i n?, calculate 8,
AL [i ad A5 [i nd, 3
AB [i n]
COMMON /MO/  M02 [i nl ,HM03 Ci n] i =
n ec..
CcoMMON /MS/ MS2 [i nJ ,MS3 {1 nJ Y Eafg
COMMON /AF/ VA Li nl, ¥VC [i n]
. . ves
VELi n] ,vZZ [i nJ
ST+ 82
f3—3d23— 82
within speg.?
(83)
yes
ST &3
)

( RETURN )
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Module name sS4 Module type Subroutine Module NO.

25

Function calculates the joint angle 84 .

Calling form | S&(ST, i, 1), 1S4 )

Called modulet THETA

Arguments:

[iZzo] ST {R48} (7,3,3,3,1): adopted solutions of joint angles
(i nd 11 {1%a} : a flag related to the angle 81

[in] 1) {14} a flag related to the angle @23

[izo] 154 {1%4} : the number of the angle 8 4-sclutions obtained

Flow chart and remarks

START

{common variable]

CoMMON /PAY/ PP [i n]

COMMON /M0/  MO4 [i nl

COMMON /MS/ . MS4 [i n]

COMMON /AF/ VB Linl], VDLin],
VF [i nl

Initialization

calcuiate 8y

periodicity

[

GG + !

no
within spec.?
(81)

yes

[S1+153+]
§ST+ 84

{ RETURN )
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Module name

53

Module type | Subroutine

Module NO. 26

Function

calculates the joint angle @5,

Calling form

SS(ST, 11,

LE, VK, 1585)

Called module

THETA

Arguments:

[i/o] ST {R¥8} (7,3,3,3,1):
Linl H1 {144} ¢
Ci nd 1) {1447} ¢
Lin] 1k {1%4}

[i70] 155 {i%4

adopted solutions of joint angles
a flag related to the angle &1

a flag related to the angle & 23

a flag related to the angle 84

? ¢ the number of the angle &@s5-solutions obtained

Fitow chart and

[common var
COMMON /PAL/
COMMOK /MO/
COMMON /MS/
COMMON /AF/

remarks

iable]
PP Li nl
MOS [ n]
MS5 [i n]
VA Li n]
VE[i n]

, v [ionl,

pericdicity

( START )

Initiatization

calculate @5

fs+~@6s5 + |

Wwithin spec.?
{&s)

j yes

1S5+ 155+
ST+~ 35

( RETURN )
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Module

name | THETA | Module type | Subroutine Module NO. | 27
i

Function callsg individua! modules to determine rotation angles.

Calling form} THETACT,ST,EPS1,ID,!T,NTHETA,ANS, ITHETA,ICNT,NO )

Call module | CHK, SS23, S1, S$253, S4, 535, VECSET

Called modulel MAIN
Arguments:

[i7o] T% {R¥8) . real roots of a polynomial

Li/o] ST% {R%8} (7,3,3,3,1): soluticons of joint angles

[iZo] EPS1¥ {R%¥8} : a convergence factor in an error estimate of
Jjoint solutions

[iZo] 1D¥ [1%4} indication of convergence obtained
[izo] IT% {1%4} : a sequential position number of input data (0,NDEL)
Tizo] NTHETA% {I%4} . a total number of adopted angular soiutions set
[i/o] ANS¥ {R%8} (7,1): the adopted angular solutions
[i/o) ITHETA% {1%4} . the number of adopted joint solutions set at each

position in the Cartesian space
[izo] ICNT¥ {1%4} : count number per each root of polynemial (1,1A)
[i n] NO {1%4}. : array size of the program (variable dimension)
Flow chart and remarks

{common variable]
COMMON /PAL/ PP [i n]
COMMON /ZM0/  MOB [i nl
COMMON /MS/ Ms6 [i n]
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( START )

calcuiate @8

no

within spac.?

(EV

yes

cali
VECSET

call

Lie1,181 51

cail
5823

J=1,1523

call
sS4

Tk«<1,184

call

ILe1,183

call
$253

call CHK

{ RETURN }
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Module name T8

Module type Subroutine

Module NO.

28

Function

transforms the kinematic relationships of manipulator
represented in T6 matrix into a high order algebraic
egquation with a single variable.

T6(A)

Calling form
Call module CFSET
Called modulef MAIN

Arguments:

Coutl A {R¥8} (25): real coefficients of polynomial

Flow chart and remarks

[common variable]

COMMON /NA/ Al Li nl A2 [i nl,
A3 [i n] ,Ad [i n] .,

START

Initialization

¢
[ a(;) |

1l

A5 [i nl ,a8 [i n] oy

COMMON /PAR/ ZN [i nl ,20 [i nl,

Zr [ nl]

pagi?

ik

CFSEY

FFCD)

(1)

U

X112

il

calil '
CFSET

LLie

+I.ﬂ
it

<ail
CFSET

—

P
~
~

X

XLy

3

CFSET

x(n

i

g

CFSET

2
I
.._I,‘,_

g

LFseT

FCH)

2

CFSET

RCEY

ACLY

RETURN

g

—4 9'-
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Module name "TBZ Module type Subroutine Module NO. 29

Function balances the magnitude of coefficients appeared in
individual terms in order to prohibit the propagation
of numerical errors

Calling form TGZ(N ,A)

Call module

Called module DAISU

Arguments:

i nI N& {I¥4} . the number of terms in a polynomial
Ci n] A% {R¥8} (1): coefficients of poelynomial

Flow chart and remarks

<1,

>0

C—C + 1.0 C—Tog A(I)+CJ
|

D«~10C/1

[=1,8
[ v

A -=ACI/D

{  RETURN )
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Module name VEC Module type | Subroutine Modute NO. | 30

Function makes a linear interpolation calculation wfth reference
to the position and orientation vector.

Calling form { VEC( DATA, NDEL, T )

Call modutle N

Called moduleg MAIN

Arzuments:

[i n] DATA {R¥8} (3,4,2) : vector data as to position and orientation
[i n] NDEL%¥ {1%4} : position numbers between the initial and end point
[i n] IT§ {1%4} © a seguential position number of input data (O,NDEL)

Flow chart and remarks

{ START )

J=1.1

1+—=1,2

A

) X¥(1,J3 interzelation
. [Common variabl e] of DATACI.J.1) ang 04TACI,J.2)

COMMON /PAR/ XY [i/0]

TES—
SV DT ez e

1—=1,3

XYCL, D)+=X¥et, I3/TES

call N}

= AXN

i

e~
JXYCT, 2024XY(2, 2024010 2,102

t—1,3

X9¢1, 2= LI TES
|
1

call #H

RETURN

g
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Module name

|
VECSET ‘|Module type

Subroutine

Module NO.

31

Function

collects some important relationships described as the
function of &g, which are freguently used in the

program.
Calling form VECSET(ST)
Called moduley THETA

Arguments:

Li n] ST {R$8} (7,3,3,3,1):

adopted solutions of joint angles

Module name

VECI

Maodule type

Subroutine

Module NO.

32

Function

replaces the vector data with two dimensioenal array.

Calling form

VECI( DATA )

Called modul ¢l

MATN

Arguments:

[i n] DATA {R#8} (3,41,2): vector data as to

poesition and orientation

{common variable]

COMMON /PAR/S NX [
NZ i
oy [
AX [
Az (i
Py [i
LS|

n]
nl
nj
nl
nl
nl
COMMON /NA/ n]
COMMON /7AF/

VXX Tout]
vZZ [out]

Ny [
0% Ti
JOZ L
AY [
X L
Pz (i
JAB [
VA [out] ,
vC Loutl ,
VE [out] ,
LYY (outl

Fiow chart and remarks

VECSET

( START )

VEC1

J= 1.1

initiaiization

|

foraulation

( START )

1—1.3

L XYL Qe
DATACLL ), 1)

nl .
nl,
nl,
nl
nl .,
nl

nl

vB [out] ,
¥D [out] ,
¥F [out] ,

( RETURN )

{ RETURN )

[commoen variable]
COMMON /PAR/ XY [out]
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(2> Program GRH51
module name CLC Module type Subroutine Module NO. 1
Function 24
makes the calculation of f(8)= T ritan(8/2)

i=0

Calting form | CLC(ND, NUM, A, ¥, TH)

Call module

Called modulel MAIN

Arzuments:

[i n] NDE¥ {144} © point numbers between upper and lower limits of @
Ci n] NUM {0%4) @ ihe number of terms of a polynomial

[ind A {R¥E1} (1): the coefficients of a polynomial

Tout] v {R¥4} (1) the calculated result of f(&)

[i n] TH {R#4} . x(upper limit of the joint angle & ( deg ) >

Flow chart and remarks

START )
I Initialization

Pa—1,80+1

X—=XMIN+XDELC! - 1)

J+=1.,8un

YYo= YY « X+a( )

=]

=

] Y(e=vy !
]
(' RETURN )
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module name EARYO! | Modutle type Subroutine Module NO. 2

Function catculates YMIN for scaling.

Calling form } EARYOICN, Y, YMAX, YMIN)

Call module

ey

Callod modultel M

Arguments:

[in] N {1%4} : point numbers hetween upper and lower Timits of @
i nd Y¥ {R¥4} (1) calculated result of function f( &)

Tout] YMAX [R¥4} :-YMIN (  absclute of f(8 dnin

Cizo] YMIN {R#4) U Yaon  ( -Cabsolute of fC& Duin ) D

Flow chart and remarks

YHIN]-~ B3
YMINZ+—G35

{e=1.84]

M-
AMINICYMINZ YOI

a0
IMIN

DUNIYMING

<::::::‘:;;»i__.____._l
IMINIYMI ]
=

YBF+—YMIN]

l YMINZ==ZNIN YMINL—ZMIN
YA INZ~—YBF

YMIN+—-100YMIN2
YHAX < -¥YMIN

{  RETURN
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module name

EARY02

Module type

Subroutine Module NO.

Function

draws the frame and lahel afier scaling of Y-axis.

Calling form

EARVO2(GX, GY, TH, YMAX, YMIN, ZMAX, ZMIN, ICNT)

Call module

NUMBER, PLOT, SYMBOL

Called module]

MAIN

Arguments:

[ize]
Lizo]
[i nJ
[in]
[ind
Li/o]
[i/0]
(i nl

YMAX
YMIN
ZMAX
ZMIN
TONT

GXk {R¥4}
GY$ {R¥4} :
THE {R¥4} :

(R¥4)
{R#4]
(R$1)
{R¥4}
ey

the actual
the actua!

length of x-axis{ mm )
tength of y-axis(C mm )

+ (upper limit of the joint angle & (deg))

.the value to be used
‘the value 1o be used
‘scaled Y-axis value(
sscaled Y-axis value(
.position number

in scaling
in scaling
max )
min )

Flow chart and remarks

(  START )

Initialization

plot of frame

scale of x-axis

scal ing of y-axis

{ scale of y-axis

( RETURN )
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module name INPO1 Module type Subroutine Module NO.

Function reads the title of problem and draws its title.

Calling form INPOICTITLE)

Call module PLOT, SYMBOL

Called moduiel MAIN

Arguments:
[i7o0] TITLEY {C%¥50} : +title of problem

modulie name INPO2 Module type | Subroutine Module NO.

Function reads the coefficients of the polynomial.

Calling form INPOZCA, IRC)

Call module

Called module MAIN

Arguments:
Li/o] A {R¥4} (1): coefficients of polynomial
Cout] IRC {I1%4} ¢ return code

Flow chart and remarks

(" STaRT ) ( smarr )

INPO1 INPO2 C
read
read Fi ;
title
( RETURN )

catl
SYMBOL “

)
RETURN !
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module name MAIN Module type Subroutine Module NO.

Function calls individual subroutines after initialization

Calling form

Call medule CLC, EARYO1, EARYO2, INPOL, ENPOZ, PLOT, PLOTS, PLT

Called module

Flow chart and remarks
{ START )

Initialization

call

call

cLC END

call
EARYO!

call
EARYOZ

call
PLT

[CNT+ICNT+]
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modulte name PLT Module type Subroutine Moduie NO.

Function provides plots of computed results.

Calling form PLT(N, Y, GX, GY, TH, ZMAX, ZMIN)

Call module PLOT

Called module MAIN

Arguments:

Ci n] N {1¥4} ¢ point numbers hetween upper and lower !imils of
[i nl VY {R#4} (1) calculated result of function f(8)

[i n] GX {R¥4} ! the actual! tength of x-axis( mm )

[i n] GY {R¥4} : the actual Tength of y-axis(C mm )

i n] TH {R%4} © = (upper Timit of the joint angle & (deg))

i nd ZMAX [R#4} 'scaled Y-axis value ( max )

i n] ZMIN [R¥4} iscaled Y-axis value ( min )

#

Flow chart and remarks

( starr )

tnitialization

plot

{  RETURN )
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Medule name

EARYO!

Module type

Subroutine

Module NO. 1

Function

divides T-number (i.e.numbering of roots ) into some

groups

Calling form

EARYOICID, NUM, NDATA, [NUM, IRC)

Call module

Called module

MAIN

Arguments:

Ci n] 1D {14} (2,1) ¢

Cout] NUM {14} (1) :

[i n] NDATA {1%4}
[i7o] INUM {1%4}
Cout] IRC {1%4}

position number and T-number

IDC1,NDATA) sposition number,

ID{2,NDATA) ;numbering of roots

T-number

a total number of data
the number of real roots

return code

( START )

Flow chart and remarks

101+ 141, HDATA

Inftial

I+ NDATA

1D€2.1)
=)

0
[ wncanany ||

[RC+—1 j

102«1,101-1

TAUM == | NuM# 1
NUMC I NUM) = DC2, 101D

n(z.ml):m—-

{  RETURN )
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Module nawe EARY1!

Module type Subroutine Module NO. :Z

Function

selects the same T-number { the same group of roots ).

Calling form

EARY11(DATA, ID,NUM,SCLDT,SCLN1,SCLNZ, 1X, ISCL,NDATA, 101,102)

Call module

Called

module MAIN

Arguments.

[in]
i nl]
i nl
[out]
[i/0]
Lout]
[i/o]
[i/o]
[in]
i nl
[i nl

DATA {R¥4; (6,1):

1D {1#4) (2,1)
NUM {1%4} (1)

SCLDT {R¥4} (1)
SCLNL {R$4} (1D

SCLN2 {R¥4} (1) :

IX {1%4}
ISCL {144}
NDATA {144}
101 {144}
102 {1%4}

rotation angles ( 83 to 8¢ )

position number and number of real roots
numbering of real roots{ T-number )
‘rotation angle corresponding to the same T-number
iposition no. corresponding to the same T-number
selected T-number

the position numbers

the number of data in the same T-number

a total number of data

variabhle of NUM

variahle of angles 81 to &3

Flow chart and remarks

START
Initialization

[+=[.NBATA

N
NUMCIOL)TTO02.1)

I-

1SCL—15CL#1
SCLNLOISTLI 101 1)
SCLNISCLY—1D(2. 1)
SCLOT(ISCL] =
AT0102.4)

—_—m e

T+-2.15CL

J=1.1

N R
H
SCLNLL S ISCLNELL )
¥

.

b

RETURN

—B D —
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Module name

[NP Module type Subroutine Module NO.

Function

reads the data to be plotted.

Calling form

INPCNO, DATA, D, NDATA, TITLE, IDATA)

Call module

Called module

MAIN

Arguments:

i n] NO {144}

the array size

[i/o] DATA {R#4} (8,1): joint angles &1 to &4

LiZo] 1D {1%4}

(2,1> . position number and T-number

[i/0] NDATA {1%4} : a total number of data
Lout] TITLE {C%50}  title of problem

Tout] IDATA {1

¥4}  : posotion numbers

Filow chart and

remarks
START

NDATA+O

read
title

NDATA+4DATA+L

read
data

oot

data end?

\

HDATA+NDATA-L

IDATA—iDC1.NDATA)

RETURN

b

__6 1__
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Module name

MAIN Module type

Subroutine

Module NO.

Function

calls individual subroutines.

Calling form

Call module

EARVOL,EARY10,EARY1L, INP,PLOT,PLOTS, PLT, SCALE, SYMBOL

Called module

Arguments:

101+1,1NUN

 START

call
INP

|

call
EARYDL

102«<1,8

call
EARY10

call
EARY11

call
PLT

END

~6 2~
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Module name PLT Module type | Subroutine Module NO. ES

Function makes plots of the ipdividual joints angles data

Calling form PLT(SCLDT,SCLN1,SCLN2,SCLX,NDATA,GX,GY, IDATA,1SCL,102,NUM02)

Call moduie §PLOT, PLTOL, PLTOZ2, SCALE

Called modulel MAIN

Arguments:

[i70] SCLDT {R¥4} (1):rotation angle corresponding to the same T-numbern
[iZo] SCLN1% {R#4} (1):position no. corresponding to the same T-number
[i70] SCLN2%¥ {R¥4} (1): selected T-number

[out] SCLX¥ {R%4} (1) : scale data of x-axis{min,max)

[i/0] NDATA% {134} * 4 total number of data

[i/o} GX¥ {R¥4} © the actual length of x-axis ( mm )
Li/o] GY¥ {R¥4} *  the aclual tength of y-axis ( mm )

[i nl IDATA% {1%4} © position numbers

LiZo] ISCL¥ {1%4} *  the number of data in the same T-number
CiZo] 102% {1%4} © variahle of the angles 81 to &4

[i/0] NUMO2% | 1%4} : T-number

Flow chart and remarks START

NZ—{IDATA-1)/100

l=0,42 R
call call
PLTOI PLTOL
call call
PLTO2 PLTO2

{ RETURN
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Module name | EARY1O | Module type | Subroutine Module NO. | 6

Function makes a plot of character ” T-number .

Calling form EARYIO(NUM, 101, NUMD2, T1)

Call module PLOT, SYMBOL

Calted modulel MAIN

Arguments:
[i n] NUM {1%4} (1) : T-number( numbering of real roots )
Ci n] 101 {1%4} : variable of NUM
[i/o] NuMo2 [1%4) - T-number{ work area )
[i n] T1{C$11} . character constant C title of "T-NUMBER” }
Module name | PLTO! Module type | Subroutine Module NO. | 7/
Function plots the co-ordinate axis.

Calling form | PLTO1(SCLDT, SCLX, ISCL, GX, GY, 102)

Call module AXIS, PLOT

Called modute PLT

Arguments:
Li/o] SCLDT% {R#4} (1):rotation angle corresponding to the same T-number
[i7o] SCLX% {R¥4} (1): scaled x-axis value

[i n] ISCL {144} © the number of data in the same T-number
[iZo] GXk {R¥4} » the actual tength of x-axis ¢ mm )
Tizo] Gyt {R%4} *  the actual fength of y-axis { mm )
Ci n] 102 {1%4} T variable of the angles 81 to 8%
Flow chart and remarks @
_ PLTOT 1
EARVIQ TTeTL/7 Y1013 cali J
AX1S
= |
SvmeoL ' RETURN

RETLRY )
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Module name

PLTO2

Module type | Subroutine Modute NO. E;

Function

makes plots of joints data.

Calling form

PLTO2(SCLDT,SCLN1,SCLNZ,SCLX,NDATA, ISCL,NUMO2, |, 102)

Call moduie

SYMBOL

Called module

PLT

Arzuments:

[i nl SCLDT {R¥4} (1)
[i n] SCLNL {R¥4} (1)
[i n] SCLNZ {R%¥4} (1) :

[i n] SCLX {R#¥4} (1)
Ci n] NDATA {1%4}
Tind 1SCL f1%4)

[i n] NUMOZ {1%4)

i n] | {1%4}

[i n] 102 {1%4}

‘rotation angle correspending to the same T-number
sposition no. corresponding to the same T-number
selected T-number

scaled x-axis value

a total number of data

the number of data iv the same T-number
T-number

vartable related tu ithe range to be plotted
variable of the angles 81 to 8%

Flow chart and remarks

START )
'

SiN—100%]
SAZ—10aCi+1)

Je-[.H0ATA

SCLYIC Y02

RETURN
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=ANALYSIS/77= % TREE STRUCTURE =*x ENT
-—-——xDACOS
+--DATAIN-———~ INPUTO=-=~=~— AXYZ
1 +--INPUT2-—---xD(CQS
1 I +-xDSIN
1 I +——AXYZ
I +~=INP3T1====2%DCOS
1 +-xDSIN
1 +==AXYZ
+-=-VEC1
+==VEC --—=x0BLE
1 ’ +-*DS@QRT
I +—-N .
+--Té6  ————- CFSET ~—=—= DCLEAR
+==DAISU ~=~-—- T62 ~-—--xDABS
1 1 +-xDL0OG10
I 1 +-*DNINT
I 1 +-xDBLE
I +==-INDEX =----x%DABS
1 +--R8250 ~-—-*DABS
I +--BEA  -=—-- DMTX
I I +--T&Z
1 I
1 I
I 1
I +-xDABS
I +-xDCMPLY
I +-¥CDSQRT
+~=J0 -———-xDIMAG
I +-xDABS
I +-xDREAL
+-=THETA ——-—-xDATAN
I +==VECSET--~~-%xDCOS
I 1 +-xDSIN
I +=-=51 -=-=-=%xDATAN2
I +--5523 —---—-xDC0S
I I +-%DSIN
I I +-%DTAN
I 1 +-xDSART
I 1 +-x*xDATANZ
I +--54 -——=zDC0S
I I +=-xDSIN
I I +-*DABS
I I +-*¥DATANZ
1 +=-=85  i=--- *DSIN
1 I +-xDCOS
1 1 +-%xDABS
I I +=-%xDATANZ
I +=-=-8283 —----%DSIN
1 1 +-%xDCOS
I 1 +-xDATANZ
I +=-=CHK -===xDSIN
I +-%DCOS
1 +-%*DABS
I +-=-0UuT
1 +-xDBLE
+-—0UTANS--—-—*IDINT
I +=xSNGL
+=-NANS ----- NOA

RY POINT =

--=-=-xDABS

----xDABS
+-xDL0G10
+-*DNINT
+-xDBLE

-===xSNGL

Program Tree Structure of Code MANU

MAIN
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MAIN ~---xPLQOTS
+--INPQ1 -———- SYMBOL--~-~xSYMB4
I +=%PLOT
+--INPQ2
+--CLC ———=xACDS
I +-%xTAN
i +-%FLOAT
+--EARYO1-—-—--xAMIN1
I - +-%xABS
+~-EARYQ2----xPLOT
1 +--SYMBOL---=-%x3SYMB4
I +-%xIFIX
I +-xFLOAT
1 +-xNUMBER
I +-xAL0OG10O
I +-%xABS
+-=PLT —--——%xFLOAT
I +-xPL0OT
+-xPLAOT

Program Tree Structure of Code GRH51

MAIN ~—=—==- INP

+--EARYO1

+-xPLOTS

+--SYMBOL~~-~~%x3YMB4

+-xPLOT

+--EARY10-———- SYMBOL~---xSYMB4

I +-xPLOT

+--EARY11

+-xSCALE

+-—PLT ———~—xFLOAT
+-xSCALE
+--PLTQO1 —-—---x%AXIS
I +=xPLOT
+--PLT02 -—=== SYMBOL~----%xSYMB4
+-xPLOT

Program Tree Structure of Code GRH52
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Appendik 2. Input Data Reguirements

In this section , the ARM1 input data regquirements are
presented in the form necessary for computer execution from
TSS terminals.

Record 1 TITLE(A5D)* = Title of Problem
Any alphanumeric or special charac-
ters may be input in column 1

through 50.

I

Record 2 NDEL (I*4) Position numbers between initial and
(NDEL 2 0} terminal position.
If NDEL = 0, Record No.8 through No.ll

are neglected, because a point inter-

polation is ncot used.

n

Record 3 EPS (R*8) Convergence conditicn related tc the
determination of a guadratic factor

(x2'+px-+q)

EPS1 (R*8}) = Check of the validity of the calculated
articular angles.
Joint angles solutions are substituted
into the components of the Tg matrix
and compared with the given data.
Record 4 ~ Record 6 -~—--- Initial peocint data ----
'Record 4 DATA(1,4,1) = PX(R*B} = Initial position of x-direction

of the manipulator hand {(m})

DATA(2,4,1) = Py{R*S) Initial position of y-direction

of the manipulator hand (m)

*) () denotes the type of variable.
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I

DATA(3,4,1) P _(R*8) = Initial position of z-direc-

-

tion of the manipulator hand

Record 5 GET('Al") Option of orientation calculation

| = '0': user specified

= "1': Roll-Pitch-Yaw transformation

= 'Z': Return to the initial stage Record 1
(Re-trial of input datal.

= excepting the above letter (default)

: EBuler transformation

Record 6

(i) If GET = '0', then
DATA(1,1,1) = NX(R*8) = x-ccmponent of ncormal vector n
DATA(2,1,1) = NY(R*8) = y-compeonent c¢f normal vector n
DATA(3,1,1) = NZ{(R*8) = z-component of normal vector n

(ii) If GET = '1', then
wi (R*8) = Rotation angle about the z-axis (Deq)
wa (R*8) = Rotation angle about the y-axis (Deg)
wi (R*8) = Rotation angle about the x~-axis {Deg)

The direction cosines are calculated as follows.

DATA{LI,1,1) COS Wi "COS Wy

DATA(2,1,1) = sin w1 Ccos W2

DATA(3,1,1) = —-sin w2

DATA(1,2,1) = cos wi*sin w; *sin wz—-sin w) *COS Wi
DATA(2,2,1) = sin wi *sin w3 *sin w3z+C0OS Wi *COS W3
DATA(3,2,1) = cos wz*sin Wg.

(iii) If GET = Euler optioecn,

Wl(R*B)

Rotation angle about the z-axis (Deg)

w; (R*8)

It

Rotation angle about the y-axis (Deg)




JAERI~M 86-059

w3 (R*8) = Rotation angle about the z-axis (Deg)
The direction cosines are:

DATA(1,1,1) = CcOS w;+COS W;:COS W3 = Sin w;y +sin wj

n

DATA(2,1,1) sin wi «COS W +COS W3 + COS Wi *Sin wgs

DATA{3,1,1) = -sin W, -cos W,

DATA(1.2,1) -COS Wi *COS W;+*sin wy - sin wy «COsS W;

DATA(2,2,1)

fl

~sin wi+*cos Wz-sin Wi '+ COS wi*COS W3

DATA (3,2,1)

sin w, -sin wj
Record 7 If GET = '0', then

bDATA(1,2,1) OX (R*B)

I
It

x-compcnent of sliding vector O

DATA(2,2,1) = OY(R*8)

y-component of sliding vector O

DATA(3,2,1) = CZ(R*8) = z-component of sliding vector O
Record 8 ~ Record 11 ---- Terminal point data
Record 8 DATA(1,4,2) = PX(R*S} = Terminal position of x-direc-
tion of the manipulator hand (m)
DATA(2,4,2) = Py(R*S) = Terminal position of y-direc-
tion of the manipulator hand (m)
baTAa(3,4,2) = PZ(R*S) = Terminal positicn of z-direc-

tion of the manipulatoxr hand (m)

Record ¢ GET('Al") Option of orientation calculation
= '0': wuser specified
= '1': Roll-Pitch-Yaw transformation

= 'Z': Return to Record 4

{Retrial of end-point data)

N

excepting the "above letter (default)

Euler transformation




Record 10

(i) If GET = '0Q°',
DATA(1,1,2)
DATA(2,1,2)
DATA(3,1,2)

(ii) If GET = '1°
Wy (R*8)}

W, (R*B)
W; (R*8)

JAERT -M

86—059

then

= NX(R*8) = x—cdmponent of normal vector n

= NY{R*8) = y-component of normal vector n

= NZ (R*8} = z-component of normal vector n
then

r

]

1]

Rotation angle about the
Rotation angle about the

Rotation angle about the

z-axls (Deg)

yv-axis (Deq)

x-axis (Deg)

The direction cosines are calculated as follows.

DATA(1,1,2)
DATA(2,1,2)
DATA(3,1,2)
DATA(1,2,2)
DATA (2,2,2)
DATA(3,2,2)

(ii) If GET

W, (R*8)

fl

W, (R*8)

Il

W3 (R*8)
The direction
DATA(1,1,2)
DATA(2,1,2)
DATA(3,1,2)
DATA(1,2,2)
DATA(2,2,2)

DATA(3,2,2)

COS W, *COS

sin w; *cos

—sin w;

COS wj;*sin
sin w;*sin

COSs W, *sin

Euler option,.

Rotation angle
Rotation angle
Rotation angle

cosines are:

COs W) *COS
sin w,*cos

=-sin w;*CoO

Ws
W
W, *sin w,
W, *Sin w,
W3
about the
about the
about the

W, "COS W3

Ws "CO8s Wi

S W,

- sin w; *cos w;

+ COS Wy *COS W3

z—axis (Deg)
y—axis (Deg)
z-axis (Deg)

~ gin wq*sSin wq

+ cos w;*sin wy

~COS W; *COS W;'Sin wy; — s5in w; *COS W;

-sin wi*C0OS wW,*sin w,

"sin w;*sin

Wi

+ COS W, "COS W;




Record li

If GET = 'Q"
DATA (1,2,2)
DATA(2,2,2)

DATA(3,2,2)

r

M

JAERI -M

then

OX (R*8}

0Y (R*8) =

0Z (R*8) =

86—058

x-component of sliding vector O
y-component of sliding vector ©

z-component of sliding vectcr O
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appendix 3. Sample Problem

(1) Schematic description of sample problem

¢ Position co-ordinate of the initial point A =

(=138 ,356,1631) { mm in unit )
# Position co-ordinate of the terminal point B =

( 199,3254d,1631) { mm in unit )
# Number of points ( position numbers ) = 41

# Dirscticn cosines

NY = 9.6 0X = 1.9
NY = 0.9 oY = 6.9
MZ = 1.9 0z = ©€.8
# Convergence condition
ges = 1g7% , =zz3i o= 1073
BASE
O /-'f
s LTy
7L

LJ

Z

«

End point

- | "
Initial point TR (mm)
l Fff/: B (100, 350,1631)
T
A (mm}
(-100,350,1631)

Straight line mcticn from point A to B
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(3)

JAERI-M 86-05%

List of calculated results

{ complete edit

....Xtraction

)

AERAKEEE XX KA A X E XA AKX E XXX AR XXX I XXX A XXX XA A A XA KT XL LN R XA XX A RR XXX R R R KA X KX R XN XX kX

ANSWER OF POLYNOMIAL
ADOPT ANSWERS (DEG)

THETA1
THETA4

non

INPUT
VALUES ---

CALCULATED
VALUES ---

ABSOLUTE
ERRORS --—-

-177.2467
146.2277

THETAZ
THETAS

.0
0.0
1.00000D0+00C
1.09379D-08

-1.17620D-0%9
1.00000D+00

1.093790-08
1.176200-0%9
8.32667D-17

TAEEIX X LI T LA XL AR X E TR AL R L AR LN

ANSWER GF POLYNOMIAL

ADOPT ANSWERS (DEG)

THETA1
THETA4

INPUT
VALUES ---

CALCULATED
VALUES ~---

ABSOLUTE
ERRORS ---

2.7533
-33.7722

THETA2
THETAS

0.0
0.0
1.00000D+00
1.09379D-08

~1.176200-09
1.000000+00

1.09379D-08
1.17620D0-09
1.11022D~16

-1

= 0.30261D+00

-0.15¢02
-85.0428

1.00000D+00
0.0 '
0.0

1.0000CD+00
7.83633D-10
-1.09379Db-08

1.11022D-16
7.836330-10
1.093790-038

< 7 = TAN{THETA&/2) >
THETA3Z = -85.725¢%
THETAG = 33.673%1
0.0 -1.000000-01
: 1.00000D+400 = 3.500000-01
¢.0 : 1.63100D+00

-7.836330-10
1.00000R+00 @
1.176200-09 :

7.836330-10 :
0.0 :
1.17620D-09

-1.00000D-01
3.500000-01
1.631000+00

4.428000-09%
5.41339D-10
9.09681D0-10

EEXEXEXEEXR KA XKLL L L I XX EL XK AR R A A XTI ENELRKEXIEE R R

LER S SR SRR SRR RS SRS R R SRR SRR R R R R RS S

ANSWER OF POLYNOMIAL

ADOPT ANSWERS (DEG)

THETAL
THETAG4

INPUT
VALUES ---

CALCULATED
VALUES ---

ABSOLUTE
ERRORS

182.7533
146.2277

THETAZ
THETAS

0.0
0.0
1.0000CGD+00
1.09379D-08

-1.176200-09
1.000000+00

1.09379D~-08
1.17620D-09
1.11022D-16

nos

-— 1

= 0.30£610+400

0.1502
-85.0428

1.000C0L+00
0.0
0.0

1.00000D+0C0
7.83633D-10
~-1.09379D-08

$.71445D0-17
7.83633D-10
1.09379D-08

< T = TANCTHETAG/2) >
THETA3 = 85.725¢9
THETAS = 33.46731
P0.0 -1.00000D~01
:1.0C000D+00 ¢ 3.50000D-01
T 0.0 0 1.463100D+00

-7.83633D-10
1.00000D+C0
1.17620D0-09

7.83633D-10
0.0
1.17620D~-0¢9

-1.000000-01
3.50000D0-01
1.631000+00

4.42800D-09
5.413390-10
?.09682D-10

XXX XXTR XA XXX XXX XXX I XXX A IR X R K S X bk k2 8

-1

= 0.30261iD+00

-0.1502
-85.0428

0000D0D+Q0

oo ©

1.
C.
0.

1.000000+00
7.83633D0-10
~1.09379D-08

?.71445D-17
7.83633D-10
1.09379D-08

_80_.

< T = TANCTHETA&/2)} >
THETA3 = -85.7259
TRETASG = 33.6731

0.0 -1.00000D-01

s ee

1.00000D+0CC
0.0

-7.83633D-10
1.00000D+00 :
1.17628D0-0%

7.83633D-10
0.0
1.47620D-C9

3.500000-01
1.631000400

-1.00000D-01
3.5300000-01
1.631000+00C

4.42800D-09
5.41339D-10
2.09681D-10




ARKEERRKKEREEE Rk IR LI K

ANSWER OF POLYNODMIAL -~

ADOPT ANSWERS (DEG) -

THETA1L
THETA4

INPUT

18.08B96
-18.8751

VALUES ---

CALCULATED

VALUES -==-

ABSOLUTE

ERRDRS

JAERI-M 86—059

THETAZ
THETAS

0.0
0.0
1.00000D+00
7.17967D-13

-2.00653D-12
1.0000C0+00

7.17967D-13
2.00655D~12
4.16334D~17

ti!*****t***ill*#t*i#tll#!ttt****tﬁ*

ANSWER DOF POLYNOMIAL -

ADOPT ANSWERS (DEG) -

THETA1
THETA&L

INPUT

-177.5756
147.5513

VALUES --~-

CALCULATED

VALUES ---

ABSOLUTE

ERRORS =---

THETAZ
THETAS

0.0
0.0
1.00000D+0¢0
$.14610D-10

-9.57911p-11
1.00000D+400

9.14610D0-10
?.57911D-11
2.77556D-17

R R R AR TR R kR kR ARk Rk Rk Rk Rk

ANSWER OF POLYNOMIAL -

ADOPT ANSWERS (DEG) -

THETA1l
THETA4

INPUT

2.4244
-32.4487

VALUES ---

CALCULATED

VALUES ---

ABSOLUTE

ERRDRS ---

THETAZ
THEYAS

0.0
0.0
1.000000+00
?.146090-10

-9.57909%D-11
1.0000C0D+00

9.14609D-10
?.57909D~11
2.77556D-17

-—- 2

= -0.47868D-01

70.5747
16.2995

1.00000D+C0
0.0
0.0
1.00000D0+00
-1.925230-13

~7.179950-13

2.77556D-17
1.92523D-13
7.179950-13

- 1

THETA3
THETAG

= 0.29022D+00

-0.1250
~85.478B0

1.00000D+0C0
0.0
0.0
1.000000+00

6.07156D-11
-9.14610D-10

5.55112D-17

6.07156D-11
9.146100-10

- 1

< T

[}

.0
.co000D+00
.0

[

1.92555D-13
1.00000D+00
2.006550-12

1.92555D-13
0.0
2.006355D-12

***#**llk##**t*t**t##*****tt*k*******ii**#******mi*ttt*

TANCTKETA&/2) >

-B7.7473
-5.4810

-1.00000D-01
3.500000-01
1.63100D+00

-1.00000D-01
3.500800D-01
1.63100D+00

3.081150-13
B.64267D-13
1.088020-14

*tt***‘i*l*tt***ttt*****t****#t**tt#**tti**

< T = TAN(THETA&/2) >
THETA3Z = ~B86.0568
THETAG6 = 32.3679
1 0.0 + -9.51220D-02
s 1.00000D+00 ¢ 3.500000-01
0.0 : 1.63100D+00

e 4t

kok ok ok ok ok ok ok oK ok kR kok ok

= 0.290220+00

0.1250
-B5.4780

1.00000D+C0
0.0
0.0

1.00000D+00
6.07155D0-11
-9.146090-10

4.16334D-17
6.07155D-11
9.14609D-10

—81—

-6.07156D-11
1.00000D+00
$.57911D0-11

6.07156D-11
0.0
9.57911D-11

~9.51220D-02
3.50000D-01
1.63100D+00

3.71966D-10
4.38334D~-11
7.344350-11

EXEKEERRRRKLERRE AT R R KRR KK . X

< T = TAN(THETA&/2) >
THETA3 = B6.0568
THETAS = 32.3679
t 0.0 -9.51220D0-02
: 1.00000D+00 : 3.50000D0-01
1 0.0 1.63100D+00

-6.07155D0~-11
1.00000D+0C
9.57910D-11

6.07155D0-11
0.0
9.57910D0-11

-%.51220D0-02
3.50000D-01
1.63100D+0C0

3.71966D-10
4.38333Db-11
7.34452D0-11
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XXX EE AR A AR R R A Rk Rk kA Rk R A R KR R N R R R R A N K A A M A R R K E R R R E A AN AR KK TRk

ND. === mmmmmmm e 1
ANSWER OF POLYNOMIAL -===wo=a- T
ADOPT ANSWERS (DEG) ----=--———-
THETA1l = 1B2.4244 THETA2 =
THETA4 = 147.5513 THETAS =
INPUT 0.0
VALUES --- 0.0
1.000000+00
CALCULATED 9.146080-10
VALUES «w- -9.579080-11
1.00000D+00
ABSOLUTE 9.146080-10
ERRORS ~»=- 2.57%08D0-11

5.55112D-17

XXX XLABXE XX EEXRX KL LI EEEXR AKX KRR KRR KX

ND. ---————--—mommmem e - i
ANSWER OF POLYNOMIAL -----—---- T
ADOPT ANSWERS (DEG) --—--==-=--
THETA1 = 17.3077 THETAZ =
THETAL = ~18.0868 THETAS =
INPUT 0.0
VALUES --- 0.0
1.000040+00
CALCULATED 5.84810D-14
VALUES --- -1.70985D0-13
1.00000D0+00
ABSOLUTE 5.84810D0-14
ERRORS === 1.709850-13

4.16334D-17

R R P R R R L]

NO. mmmmm oo 2
ANSWER OF POLYNOMIAL -—--————- T
ADOPT ANSWERS (DEG) =-——-————-
THETA1 = -177.8831 THETA2 =
THETA4 = 148.9123 THETAS =
INPUT 0.0
VALUES --- 0.0
1.00000D+00
CALCULATED . 6.44081D-11
VALUES ---  -6.548800-12
1.00000D+00
ABSOLUTE 6.44081D-11
ERRORS == 6.54880D-12

1.38778D-17

1

~0.1250 T
-85.4780 T

: 1.00000D+00
0.0 :
0.0 H

1.00000D+00 :
! 6.07154D-11 @
-9.14608D-10 :

¥ 5.551120-17 ¢
. 6.071540-11
: 9.14608D-10

¢.290220+00

< T = TANCTHETA&/2Z) >
HETA3 = -B6.0568
HETAé = 32.3679
0.0 -9.51220D-02
1.000000+00 3.50000D-01
0.0 : 1.631000+00

-6.07154D-11
1.00000D+00
®.579080-11

6.07154D-11
1.38778D~17
9.57908D~11

: -9.51220D0-02
T 3.500000-01
0 1.63100D+0C

P 3.71965D-10
T 4.38333D-11
I 7.34452D-11

XEXRERER XK X EXARRAFRR KRR R LA XXX KRR AKX LR R R XX Rk %

-—— 2
= -0.46577D-01 < T = TANCTHETA&/2) >
70.5241 THETAZ = -B7.9459
16.6095 THETA6 =  -5.3335
T 1.00000D+00 ¢ 0.0 -9.51220D0~02
: 0.0 : 1.00000D+00 3.500000-01
: 0.0 t 0.0 1.63100D+00

¢ 1.0CGC00D+00

=1.59069D0-14 :
: -5.85088D-14 :

1.38778D-17 :
1.59069D0-14
: 5.B5088D-14

s we

EEEXEXRELE XX KX RX K

1.59326D-14

1.0CC00D+00
1.70974D-13

1.59326D-14
5.55112Dp-17
1.70974D-13

P -9.51220D0-02

3.50000D-01
1.63100D+00

T 2.49939D-14
: 7.37188D-14
1.33227D-15

EEETREXRER AN LT XXX X R LKL AL %

-—— 1
= 0.27754D+00 < T = TANCTHETAG/2) >
-0.1028 THETAZ = -86.3825
-85.8%78 THETAS = 31.0228
: 1.00000D+00 : 0.0 -9.02439D-02
: 0.0 i 1.000000+00 3.500000-01
: 0.0 i 0.0 1.63100D+00

1.00000D+0C0 !
3.938430-12
P -6.44081D-11 :

i 2.77556D-17 ¢
P 3.93843D-12
65.64081D0-11 ¢

~3.93843D-12
1.00000D+CC
6.54880D-12

3.93843D-12
2.77556D-17
6.54880D0-12

-9.024390-02
3.50000D0-01
1.631000+00

P 2.63135D-11
P 2.98002D-12
4.97B6BD-12
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(4) Graphics output 1

( output of code GRH51 )

NG . 0

1.38-01

-1.35-34

¢.
65 (deg)

NC. A

l.3E=34

<[ L.JE-24
8. aq

g6 (degd

Solution behaviors of Polynomial
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(5) Graphics output 2

{ output of code GRH32 )

Gt - [ 2%t. nc. 0 %0 at. no. 20 ]
3 -
5 G: . [ ot. ne. 0 io0 2%. no. 41 |
. Gz . [ p%. no. 0 to nt. mo. 20 13
g ‘ =
<1 Ga . [ pz. no.l! $o0 gt. no. i1 4
; Gz - [ p=. ne.2! %o pt. no. i1 ]
=2
tg;- ------------------- LR N AR - = & - & 4 . L
1 + t
]
=1 G3 Ga
=3
we
==
z3 t t
w2
=] G2 Gz
- ke e e e e e e e e
1 t
g Gy Gs
i
-"u;an " 4.3 .30 1Z.38  18.3@  20.38  é.cg . I9.39  22.33 i8.33 40.om “om g | s2.33 ss.an
ans[TioN NURBERS
Calculated Results of Joint Angle theta 1
3 Gt . [ pt. no. 0 to pt. ne. 20 ]
)} Gz : [ pt. né. 0 to pt. no. 41 ]
3] Gz : [ pt. no. 0 to pt. no. 20 1
iy Ga © [ pt. no.2I to pt. no. 41 1 :
g I Gs : [ pt. no.21 to pt. no. 41 ] .
a- - —g, Gz—*‘ .
- - I
i 54 . .
Z- - . .
o ] * L % 8 4 = s o & & @ LI -4 -
= . - - .
w I .t .,
E‘ - 4_":I ) G3 -
'] Ga , G5— "'
.33 4.23 [RECTEE T T 16.33  28.38  24.33  28.:3 .23 18.:3 .33 44.39  «8.23  $3.22 55.3%

POSITION NURmEEEE
Calculated Results of Joint Angle theta 2
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PCSITION NunmZEsS

Calculated Results of Joint Angle theta 4

> (T S
) i
a4 Gz
Ei‘ Gt ¢ [ pt. nc. 0 to pt. no. 20 1]
éq- G ¢ [ pi. no. 0 o pt. no. 41 ]
o Gz : [ pt. no. 0 to pt. no. 20 1
n Gs [ pt. no.2! to pt. no. 41 ]
1 Gz [ pt. no.2! to pt. no. 41 ]
# G, G Ga , Gs
2] " ¢
‘.23 420 a-.‘:a. i .lZ.lSQ " lg-z@  z0.c@ .30 z:-:sl : ;z.:a " 18.:3 Q.23 P 8,33 52.23 35-33
PCSLTICN NUN2E3S
Calculated Results of Joint Angle theta 3
s .. ";-L" E Gi . ¢ [ pt. no. 0 to pi. no. 20 ]
. e m T I3 . -
2 e Gz ¢ [ pt. ne. 0 to pt. no. 41 ]
1 Gz - [ pi. no. 0 to pt. no. 20 ]
] Ga o [ pt. no.2! to pi. no. 41 ]
g Gs - [ pt. no.2! to pt. no. 41 ]
1 .-
s —62
S N )
' G“ * GS—" Las et . *
1.3 439 1.2 1z.22  18.23 2.3 . 16.33 3.2 .23 8.23 18.23 m.ca o aa.zg £2.22  s5.2a



-0%.12
n 1ot

THETAS {DEGI

-47 .92
1
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&
o

.00 36 .00
i t i

A

4.00 12.0a .00
L 1 i i A

-4, 0

THEYAB (NEBRY
L.

1

s50 0 s.as 12.20 16.30  pg.00 20,23 m.se 3238 18.33  +8.88  44.33

POSITION NURBERE

Calculated Results of Joint Angle theta 5

44.50

52.20

$6.30

prs I.MJ. -!Lﬂn N -Iq-ﬂﬂ L -lq-ﬂﬂ

<20 .23 12.32 1838 18.3@  T4.3@  23.a@ 12.33 35,33 «d.dd
A Tony quraSss
CELVION HUnZESS

Calculated Results of Joint Angle theta 6

_.8 65—

.03

48.20

82.33

$6-23
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List of input data

INPUT === TITLE
drtdb et bbb r b d+++++ T I T L
+
+ +++ BENCH MARK 2 +++
+

E ++++tt++ttttirititrtst

+
+
+

L L L L D b T T Y

INPUT -== N
N ===> L1
INPUT =--- EPS , EPS1
EPS ===> 1.000000-04
—————————— INITIAL  POINT =—m---mmmem
INPUT =--- PX : PY :FZ

PX ==> ~1.000000-01 PY ==> 3_.500000-01

KEYIN 0 : USER SPECIFIED
1 : RPY
Z i EARLY STAGES
DEFAULTS : EULER
INPUT =-- NX , NY , NI
NX ==> 0.0 NY ==> 0.0
INPUT --- OX , OY , OZ
0X ==> 1.0000CD+00 QY ==> 0.0
---------- TERMINAL POINT ———==r———n
INPUT --- PX : PY :PI
PX ==> 1.000000-01 PY ==> 3_.500000-01
KEYIN O t USER SPECIFIED
1 : RPY
T ¢ EARLY STAGES
DEFAULTS : EULER
INPUT —-— NX » NY ., NI
NX ==> 0.0 NY ==> 0.0
INPUT === OX - 0Y , 02
GX ==> 1,00000D0+Q0 GY ==> 0.0

EPS1 ===> 1.000000-03

1.631000+00 ( M 2

1.00000D+00

1.43100D+00 ¢ M )

1.00000D+00




