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ABSTRACT

This research is to develop and demonstrate the capability for
Va manipulator system to automatically compensate for random motion of the
object being mankpulated. This is done by means of a computer and a
"measurement arnm, a multi-degree-of-freedom position sensor independent
of the manipulator itself.

Following preliminary experiments 4 Dr. K. Taniwhich pre-
supposed perfect measurement, we developed the position sensor and the
Jacobian matrices of approximation necessary to interject and transform
the measurement to enable control. This report describes the interaction
of the 6 degree-of-freedom sensor, and the Jacobian matrices of first
order approximation. Evaluation tests were done for simple motions.
As the result of the tests, we found the errors acceptable, and believe
that this technique is useful for this type of compensation.
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CHAPTER 1

INTRODUCTION TO SUPERVISORY MANIPULATION

1.1 Supervisory Control

Recently te need has increased for operating vehicles and

devices far from the surface of the earth such as underwater submersibles

and space shuttles. tese operations are so difficult that fully unmanned

systems can not carry out them. Consequently, for these operations the

man is required to be within the systems to make some decisions. These

manned systems are divided into two categories: one is direct control and

another is supervisory control." We can explain the difference as follows,

by making use of Fig. 1.1.t1] In direct control, the human directly con-

trols, over the communication link, the separate propulsive actuators of

the vehicle, the actuators for the separate degrees of freedom of the

manipulator and the actuators of the video camera. The video picture is

sent back directly to the operator. The "hand control" can be a master-

slave positioning replica or a rate joystfck. In supervisory control a

computer is added to the teleoperator, and for short periods and limited

circumstances the teleoperator can function autonomously. Then the ter-

minology, teleoperator, is defined as follows: A vehicle having sensors

aud actuators for mobility and/or manipulation, remotely controlled by a

human operator, and thus enabling him to extend his sensory - motor func-

tion to remote or hazardous environments.

One example of direct control is the conventional master - slave

arm system, where the operator has to make all decisions for control on

the basis of all information from teleoperator in a short time. It will

7
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U

make him do too much work and might lead to misoperations in complicated

g systems. Alternatively, supervisory control may be advantageous to

achieve faster or more accurate control, or to control simultaneously in

more degrees - of - freedom than the operator can achieve by direct control,

or relieve him of tedium. This is why a computer is included to carry out

a part of the work in addition to the operator. Strictly speaking these

computer roles are divided into four categories, as in Fig. 1.2 []:

1) it can extend his capabilities to help the teleoperator

accomplish more than he alone were in control.

2) it can relieve him of some control tasks.

3) it can provide back-up by taking over control for a short

time if feedback is lost.

4) it can replace him when a task is too dull.

We have explained supervisory control so far in comparison with

the counterpart which is the manned direct control without computer. Next

it is also important to explain supervisory control in comparison with the

Iwork of divers or manned submersibles in the sea.
About ten years ago divers seemed to have an advantage over

manned work - vehicles with manipulators in terms of maneuverability,

manipulation, tactible sensing, and covertness. Because of smaller

unmanned vehicles and computers, only manipulation, sensing and cognition

*still remain the primary advantage for the divers.

* ! As to the comparison between teleoperators and manned submersibles,

because of the remarkable progress in television cameras and communication

achannels, the major difference remaining between manned submersibles and
9
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i teleoperators are cost and safety. 'he pressure vessel and life-support

equipment 23~ :he manned submersible much more costly than the same

vehicle without the pressure vessel and life-support equipment but with

remote control instead.

The above-mentioned explanations show that supervisory control

is getting zo have an advantage in terms of technology and cost compared

with divers and manned submersibles.

1.2 Compensation

There are many problems to be solved in the field of the super-

visory control. As an example, in the project we concentrate on remote

manipulation by the supervisory control, particularly on manipulation with
.4"

" ~:automatic compensation, which belongs to the 1st category in computer roles

said in 1.1, for moving targets.

.s far as compensation is concerned, a first step has been

achieved so far in our laboratory by Tani.[2] His work demonstrated that

automatic manipulator compensation for relative motion between manipulated

object and manipulator base made master - slave manipulation easier. For

his work, he used a hardware system which consisted of master/slave mani-

pulator, a moving table for the moving objects, and a computer controlling

Mboth the manipulator and the table. By means of the method of resolved

motion rate control, his software system allowed the master/slave operation

with object motion compensation under computer control. Tani's experiments

were of three kinds: no object motion, compensation for the object motion,

and no compensation. The comparison of the situations with the compensa-

tion without it showed that the compensation reduced the operation time or

increased the accuracy in some tasks.

11



CHAPTER 2

PURPOSE OF THIS RESEARCH

2.1 Compensation with Position Measuring

The manipulator compensation done so far presupposed a perfect

measurement of the relative motion between manipulated object and mani-

pulator base. The purpose of this project is to extend the compensation

by using an experimental 6 degree-of-freedom passive "measurement arm"

having a simple gripper, but otherwise flaccid. The operator positions

it with the actual manipulator. We explain it in Fig. 2.1.

A . T + R (2.1)

where

A: Absolute Position of the Object with respect
to the Manipulator Base

T: Table Position with respect to the Manipulator
Base

R: Relative Position of the Obj'ect with respect

to the Table

As shown in Fig. 2.l.a, in the case that the table where the

object is mounted is fixed, all the operator has to do is to pick up and

place the object with direct visual feedback. On the other hand, as shown

in Fig. 2.l.b, in the case that the table moves, he is required to do more

to achieve the same operation. That is, as we showed in Fig. 2.1.c he has

to pick it up and to place it by taking account of the movement of both

table and object. If there were some function which enabled him to operate

as if the table were fixed, it would be very convenient for him.

12 'W1111 1,1
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In this project, I define compensation as this function. Accord-

ing to the above mentioned notation, the compensation means to change A

from T + R to a. In other words it means subtraction of T from A.

2.2 Function of Measurement Arm

When it comes to subtraction of T from A, T has to be measured

while A can be controlled by the operator. In order to measure T, that

is, table position with respect to the manipulator base, we introduced

the measurement arm to the system. Fig. 2.2 by means of 6 potentiometers,

are set in each joint of the arm, we can measure each joint angle; there-

fore, we can estimate the position and orientation of the table with the

help of some geometrical calculations. With the aid of computation and

by making use of the measurement arm, the operator can pick up and place

the object on the moving table as if the table were fixed.

14
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CHAPTER 3

METHOD

3.1 Control Theory of Manipulation

At first, we explain the control of manipulation. It is the

control of A: Absolute Position of the Object with respect to the Mani-

pulation Base, illustrated in Chapter 2. In Sec. 3.1 the general method

is stated and in Sec. 3.2 the approximated method we used is stated.

Generally speaking, an unconstrained rigid body has six indepen-

dent degree of freedom: three independent translation components and three

independent rotation components. f 31

Since the hand of a manipulation is rigid body, it needs six

independent components to be fixed in the space. We define the following

six components: x, y and z which show the translation P of the hand and a,

5 and y which show the orientation or rotation of the hand. In order

to describe these six parameters, we use the coordinate system whose nota-

tion is given by T. Brooks.[4] Matrix mA means the transformation fromn

the m th f rame to the n th f rame. For example the transf ormation f rom the

hand frame (6 th) to the vehicle frame (0 th) is given as

OA 0A1 
1A2 

2A3 
3A4 

4A5 
5A6  (3.1)

Each frame is defined in Fig. 3.1 and components of each matrix are shown

in Table A.l.

According to this notation, x, y and z are the vehicle coordinates

at point P. With the definitions that the x axis means the x axis in the
m

16

Jth



94

NI

I 3x 93

40.0"

Angles a are the rotations
of coordknate frame k. Angles3are assumed zero as shown. 45~

1.39"

Fig. 3.1 Defini.tions of Coordinate Systems and Rotation Angles of the
Maniplator (fran Brooks [4])
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m th frame and the xmYm plane means the plane containing the xm axis and

the ym axis, we define the rotation a, =3 and y in Fig. 3.2. The rotation

a is the angle between the y 0 z0 plane and the plane which contains the Y6

axis and which is perpendicular to the xoYo plane. The rotation a, 3 and

y are defined in Fig. 3.2.

If all joints e, through e6 (9k specifies the rotation of the k

th frame with the respect to the k - 1 the frame) are given, these six

parameters are found as follows.

Xl 0 0

L 6  
0 (3.2)

a tan- 1 ( h y  ) 
(3.3)tYhy 

-

xhy -x)2 + (Yhx -y)2

y tan 1 (y hx 2 35

x -x) + (Yhx

18mom
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where

hy0

y hy " 0 A 6  1 y 6 (3.6)

hy0

L1 11

xhx 1

-x 0 A6  (3.7)

Zhx

In contrast with above procedure, it is difficult to finda1

through e 6 when x, y, z, (1, 8 and y are given. Since we want to keep the

orientation of the hand parallel to the xoyo plane, we have to give

80 (3.8)

Y- 0 (3.9)

From those equations, we find 60 and 0 as follows. From equati.ons (3.4)

and (3.5), 8-0 and Y 0 mean z hy - z - 0 and z -h z - 0, respectively.

That is,

20



Zh Z (0,0,1,0) 0 A I - (0,0,1,0) 0 A [1]
U(0,0,1,0) 

0 A [1 a2  0

=tan (-(sine1 os 3 4 2sinecae, (.0

COS642 +ine4 )/(case case cas6

+ Coas1 si6 1'6)(oslCs 2 Coa 3 -sine 1 sini 3 )] (.0

(00 o0 0A[J- (0,0,1,0) 0 A sJ
-h (0,0,1,0) A 6  0 ~ 6 a0

111

6 ta 0 sin 1 4

+ case1 1(cas sine2 O sine, cas3 csn

+oa1 Coa2 s63 s64 )[oa1 Coa2 Coa3

21



-sine 1sine 3) Coa5 - (sine 1Cosa 3 Cose4 +

1oaICs 2 sie3 Coa4 + oa1 sie2 Coa4

sine 5 } (3.11)

0Where mn represents an element in matrix A 6*On the other hand, from

(3.3) a. is excpressed as

(1,0,0,0)0 A f6 1 - (1,0,0,0) A 6 0
tan a - -101

(0,1,0,0) 0A 1 - (0,1,0,0) 0A 0

6 6

a

2

+ sine Coa tane 1/[cose Coa case
2 3 5 1 3 4

- sine 1sine 2sine 4- sine 1Coa sine cos6

-(case1 sine3 + sine 1Cos 6 cose 3) tane 5 (3.12)

22
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To eliminate e5. substitution of (3.10) to (3.12) gives

t tan a - (-cosG1 cose 3 sin 4 - sine I sine cosS 4

+ sine cosS 2 sine3 sine 4)/(cose2 Cos 4

+ sine sine sine4 )2 3 4

= s (3.13)

2 By means of S instead of , we define P.

P = S(cose 2 cose 4 + sine2 sine3 sine 4 )

+ sine sine cose + cose1 cosS 3 sine41 2 41 3 4

- sine1 cose 2 sine 3 sine4  (3.14)

Now that we give four parameters: x, y, z and P, to find e1 through 34'

the equations are rearranged as

x - 1.39 (sine2 sine3 cose4 - cose 2 sine4) - 40 sine2 cose 3

(3.15)

123
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y =1.39 (csi Cosa~ Cos-! - sine COSi 2 si.; Cosa

1 2 4 4 1 2 3 4

+ Cose6 sine ) +I 18 Cosa (3.16)

Z - 1.39 (sine 1 Coae Coae + Coae1 Coae sine 3Cose

+ case sine 2sine9 ) + 40 (-Coae Coa Cosa

+ sine sine 3) + 18 si.ne (3.17)

P - S(cose 2 Coae + sine sine 3sine4

+ sine 1sine 2Coae + Coa 1Coae sine

- sine 1cose sine 3sine 4(3.18)

It is quite difficult to solve equations (3.15)-(3.18), then we introduce

the relation between the total differential and the partial differential

of a function. (5]

The total differential of f is defined by the equationf 61

df ~ + Ldy + -Ldz (3. 19)

24
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where f is a function of three variables x, : and z, and -- is the partial

derivative with respect to x.

If x, y and z are all functions of a single variable, say t,

then the dependent variable f may also be considered as truly a function

of the one independent variable t.

Since only one independent variable is present, df/dr has a meaning and

it can be shown, by appropriate limiting processes, that

df f dx-++ _f dz (3.20)
dt xt -y dt 'z dt

For a short period of time At, it can be replaced by

Af . 9 + f=!.+f .Z(3.21)
At ;x It ;y t Az At

Consequently, we get

Af - fx Ax + fy Ly + f z (3.22)

where f = 3f/x.
x

Applying the relation to our problem gives

Ax x 1 x2 x3 x4

A- Y 2 y A 2
-- ' (3.23)

Az z 1 A 31 1
Ap p- - 4 L P4  A 4

~~.0
%x - J(9)

25



Provided that IJ(e)l v 0, we have

2e Ax

= J(M) (3.24)

A6 3 A z

Each component of Jacobian matrix is shown in Table A.3.

3.2 Jacobian of ist Order Approximation

By looking over components of the Jacobian matrix, we find it

contains many trigonometric functions. Decreasing the trigonometric

functions in number will cause more ef.iciency in terms of mechanism and

time for calculation. Then we introduce the appropriate Jacobian matrix

so that we may eliminate the trigonometric functions, provided that 6 is

limited in the neighborhood of 0: e (- a - C0) is small.-R0 S 0

At first we consider the Oth order approximtion: sin5 and

coses are expressed as sin-s 
= 0 and cose = 1, that is,

sin e - sin (6 + C) 6 sine

-0 (3.25)

cos e -cos (e0 + es) cos60  )

The Oth order approximation makes Jacobian matrix constant so

that we do not need estimate it after the manipulator starts moving as

well as we get C with ease. But it causes much error.

26



The lst order approximation: sin j e and cos are expressed as

si = es and coses = 1, that is,

sine - sin (0 + as) - sineo + as cos3 0

(3.26)

cos6 - cos (90 + 9 s) - cose - 9 Ssine

This approximation has less complicated calculation than the conventional

one and less error than the Oth.order approximation. The final form we

get is expressed as

3 2s
(Ax'Y'AZ Ap)( n 63s

4s

aC n is constant27

2s7

Ii9 3D 2D43



Next, as an example of higher order approximation, we consider

the 2nd order approximation sine and cos6 are expressed as sine zi;
62 sss

and cos6  - I - that is,s 2''

O2

sin e sin (6o + ) (1 - s ) sine + a cose

S 2 (3.28)

cos 6-cos (a + s ) - -) cose - 9 sine
0 s 0

These equations prove that the higher order approximation needs more

complicated calculation compared with the Oth and 1st order ones, though

it is more accurate. Accordingly, we conclude that the 1st order is the

most appropriate in terms of simplicity and accuracy. The components of

the 1st order approximation are expressed as

x 1X1 x 12 x13 x14 x15 ls

2 - 2s (3.29)
x 3 e3s

L.41 - -- 4 5j j

yl1 is

2s (3.30)

y3 63s

Y4 04s

Y41 - - - - - -  Y45  1

28



z1 11 15 I3 2 6 2s (3.31)

3 I3s

z e
L4 jI I 4s

41 - - - - - - - z45

p1 11 --- 15- is

p 2s (3.32)

3 3

P 4.1 4s

L41-------- 45  1 L

where x, = 3

Details are shown in Table A.4. Consequently, we have 9, through

Ae A / (n -1,-- 4 )

where

x 1x 2- -- x4

A- 1 (3.33)
2 1

p1 - - - - - - p4
r- -i
x 1Ax -- -x4

An (3.34)
z 1Az

p1 AP - -- P4

E 29



In reference to e5 and 86, they are much influenced by the posture

of the hand so that they change more than others. Therefore, introducing

the approximate calculus for 85 and 86 is not suitable. So we get 85 and

@6 by the basic expression.

5 Mfl' f 2' 83' 84), 6 6 -f(8 1 ' e2, e3, 84' a5) (3.35)

According to those methods, we can get (6I 1 2,- -,----- 86), consequently

x, y, z and S by means of equations (3.15) - (3.18).

As the result, we can control A.

3.3 Compensation

According to Chapter 2, T is measured by the measurement arm.

We show the basic idea of measuring the position and orientation of the

table. The measurement arm consisted of 6 joints all of which are rota-

tional pairs. In practical use, the extreme distal link is kept perpendi-

cular to the horizontal plane. On this condition, we can get x, y and z

coordinates of point Q and angle a. For convenience, we define angles

e1', 82' and length Z as in Fig. 3.4 and Fig. 3.5.

Accordingly, point Q is determined by

Q X- Z cose 2

Qy - Z sin82 ' (3.36)

QZ a Z sine1  -(b cos( 1 + a4 ) + C)

30
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U where

Z - a cose' + b sin (611+94

a 1 M tan-1 (1/(tane 1 tan6 2))

C 2 -tan -1(tan 2 l/sine%)

These coordinates are determined in terms of the coordinate system which

is fixed in the measurement arm. However, they need-.to be expressed by

the common coordinate system which the slave arm can use. ln terms of

the comon system, point Q is expressed by

Q + Ax

Q - Q + A (3.37)

Q MQ + Az
z z

Where (Ax,AIy,Az) means the vector which shows the distance between two

origins of coordinate system.

(6 ~~- 2  66  (3.38)

31
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a) 01' and e2f

b) Point P

c) Point Q

Fig.- 3. 4 . Rtatiilal 7-Angles in Practical Use
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CHAPTER 4

EXPERIMENTS

We mainly had two experiments: one was to measure the accuracy

of the Measurement Arm; another was to measure the accuracy of the first

order of approximation of Jacobian Matrices used for the straight-line

motion of Slave Arm.

a. As to the first one, we combined the Measurement Arm with the

RTable illustrated in Fig. 2.1.b. and made the table move with the distance

of S(Zx, Zy, Zz) by means of the program MSURE. As illustrated in Figs.

4.1 and 4.2, we got good linearity, with errors within +0.15 inch. This

is a good result, considering the experimental mechanism of the Measurement

Arm.

Next, we tried to make a straight-line motion of the Slave Arm

by means of program MAIN. As illustrated in Fig. 4.3, we make the arm

move from origin to point p,, the distance x1. The results are shown in

Tables 4.3, 4.4 and 4.5. For example, as to the reference x1(Axl, 0, 0)

in Table 4.3, we have the errors within 0.09 inch, 0.19 inch and 0.21 inch,

along the x-axis, y-axis and z-axis, respectively. This is also a good

result, considering that the Slave Arm mechanism has significant backlash.

The errors along the y-axis are big compared with others. It is mainly

caused by the backlash of the angle e1

In Figs. 4.1.c. and 4.2.c. we can see the increase in error, it

is because the z-axis of the Measurement Arm is not in parallel with the

z-axis of the Table.
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TABLE 4.1

ACCURACY OF MEASUREMENT ARI4-

a) M,4easured Data Z2. = Op z Z =

Z. inch x inch y inch z inch S

0 4.71 -6.78 3.89 0.870

1 5.75 -6.84 3.96 0.879

2 6.73 -6.85 4.03 0'.890

3 7.61 -6.78 4.10 0.908

4 8.53 -6.75 4.14 0.932

5 9.49 -6.67 4.19 0.964

b) Modified Data 2. 032.z

Zinch x inch y inch z inch S

0 0.00 0.00 0.00 0.000

1 1.04 -0.06 0.07 0.009

2 2.02 -0.07 0.14 0.020

3 2.90 0.00 0.21 0.038

4 3.82 0.03 0.25 0.062

5 4.78 0.11 0.30 0.094
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TABLE 4.2

ACCURACY OF M!EASURE= ARM

a) Measured Data Z x 'zz

Z. inch x inch y inch z inch S

0 3.74 -12.71 3.70 0.812

1 3.71 -11.79 3.74 0.815

2 3.74 -10.80 3.77 0.807

3 3.79 - 9.76 3.79 0.811

4 3.83 - 8.71 3.80 0.823

5 3.84 - 7.77 3.80 0.842

b) Modified Data Z. 0 0

. inch x inch y inch z inch S

0 0.00 0.00 0.00 0.000

1 -0.03 0.92 0.04 0.003

2 0.00 1.91 0.07 -0.005

3 0.05 2.95 0.09 -0.001

4 0.09 4.00 0.10 0.011

5 0.10 4.94 0.10 0.030
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z

Fig. 4.3 Accuracy of Approximnation Vehicle Fraim
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T-BLE 4. 3

jAccuracy of Approximation x., ~Y, Iz 0

a) Measured Data

inch

LXx y z

0 -0.01 -0.13 -0.00

0.5 0.49 -0.35 -0.04

AP1 0.98 -0.17 -0.33

2 1.98 -0.32 -0.05

3 2.99 -0.32 0.13

4 3.90 -0.32 0.21

b) Modified Data

inch

Lx 1 x y z

0 0.00 0.00 0.00

0.5 0.50 -0.22 -0.04

1 0.99 -0.04 -0.03

2 1.99 -0.19 -0.05

3 3.00 -0.19 0.13

4 3.91 -0.19 0.21
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TABLE 4.4

Accuracy of Approximation X 1  Axlx .zl 0

a) m4easured Data

inch

Ay, x y z

0 -0.00 -0.06 -0.01

0.5 -0.02 0.32 -0.03

1 -0.07 0.88 -0.09

2 -0.02 1.74 -0.15

3 -0.07 2.84 0.19

4 -0.06 3.87 0.26

b) Modified Data

inch

AY, x y z

0 0.00 0.00 0.00

0.5 -0.02 0.38 -0.02

1 -0.07 0.94 -0.08

2 -0.02 1.80 -0.14

3 -0.07 2.90 0.20

4 -0.06 3.93 0.27
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I TABLE 4.5

Accuracy of Approximation X., Ax Ay, 0

a) Measured Data

inch

AZ1  x y z

0 -0.00 -0.06 -0.01

0.2 0.03 -0.22 0.13

0.5 -0.04 -0.16 0.45

1 0.01 -0.31 0.97

2 -0.05 -0.30 1.97

3 0.01 -0.55 2.90

b) Modified Data

inch

AZ 1  x y z

0 0.00 0.00 0.00

0.2 0.03 -0.16 0.14

0.5 -0.04 -0.10 0.46

1 0.01 -0.25 0.98

2 -0.05 -0.24 1.98

3 0.01 -0.49 2.91
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TABLE 4.6

Accuracy of Approximation x2, y2  '2 0

a) M4easured Data

inch

AY xyZ

0 2.92 -2.22 1.15

0.5 3.46 -2.50 1.20

1 3.93 -2.19 1.14

2 4.90 -2.32 1.28

3 5.82 -2.26 1.36

4 6.88 -2.43 1.63

b) Modified Data

inch

Ax2 y z

0 0.00 0.00 0.00

0.5 0.54 -0.28 0.05

1 1.01 0.03 -0.01

2 1.98 -0.10 0.13

3 2.90 -0.04 0.21

4 3.96 -0.21 0.48
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I
TABLE 4.7

Accuracy of Approximation x2, 6x2 i".z2  0

a) Measured Data

inch

'Y2 x y z

0 2.92 -2.12 1.14

0.5 2.94 -1.84 1.09

1 2.93 -1.43 1.10

2 3.00 -0.48 1.11

3 3.00 0.73 1.05

4 2.88 1.77 1.16

I
b) Modified Data

inch

& 2  x yZ

0 0.00 0.00 0.00

0.5 0.02 0.28 -0.05

1 0.01 0.69 -0.04

2 0.08 1.64 -0.03

3 0.08 2.85 -0.09

4 -0.04 3.89 0.02
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TABLE 4.8

Accuracy of Approximation x 2 , x2 zI2

a) Measured Data

inch

L 2xy Z

0 3.00 -2.32 1.19

0.5 2.87 -2.25 1.58

1 2.96 -2.30 2.05

2 2.92 -2.64 3.10

3 2.86 -2.81 4.08

4 2.82 -3.06 5.04

b) Modified Data

inch

A~z 2  x y z

0 0.00 0.00 0.00

0.5 -0.14 0.07 0.39

1 -0.04 0.02 0.86

2 -0.08 -0.32 1.91

3 -0.14 -0.49 2.89

4 -0.18 -0.74 3.85
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3 CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK

%. The purpose of this research was to extend the compensation

done previously by Tani which presupposed a perfect measurement by using

a sensor.

For this purpose, as a sensor we developed a 6 degree-of-freedom

passive Measurement Arm having a simple gripper but otherwise flaccid.

In addition to developing the sensor, we extended the control method by

considering some approximated Jacobian matrices instead of complicated

strict Jacobian matrices. Consequently, we developed the Jacobian matrices

of first order approximation with no trigonometric functions.

We performed two experiments: one was to measure the accuracy

of the Measurement Arm by moving the table; another was to measure the

accuracy of the Jacobian matrices of first order approximation by moving

the Slave Arm. The result showed the capability of compeisation with

the Measurement Arm as a sensor.

Having developed the basic hardware and software for compensa-

tion by means of the sensor, we intend to improve this compensation by

using these techniques in the near future.

As an example of future work, I show the following two programs.

One is the program named TTT, which will keep the same orientation of the

hand of the Slave Arm and the same distance between the table and Slave

-p Arm, regardless of the position of the table. This is to test the total

error caused by the hardware and software of the system. Another is the

program named HICOM which is to extend Tani's compensation by using the
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sensor. These are almost completed but not yet perfect.

In order to extend the compensation with sensor, we suggest

developing a program which considers the errors caused by mechanisms

such as backlash in addition to present considerations.
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I APPENDIfIX I

TRANSFORMATION MA~TRICES

as



TABLE A.1.

5 Frame Transformation

[0 Co.e -sinE, 0
A,0 sa1 Cs1 010 [ 0 "10 1]

Cos '2  0 sine2  0-

1 F0 1 0 181
A = -sine 2  0 cOse 2[ 00 1

1i 0 0 0l
20 l cos'J -sine3  0

A30 sinq. 3 Cosa 3  0
0 0~ 0 1]LCOS84  -S3-,,e 4  0 -1.39 sine4l

3sine 4  COSe 4  0 1.39 Cosae4A0 0 1 -40

10 0 01

4 0 Cosae5  -sine5 0
A5 sine 5  Cosae5  01

[0 0 0 1J

CoaF 0 sine6  01
5 0e 1 0 01

5A 6 -sine 6  0 Cosa 6  0
6 0 0 01
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TABLE A.2

Transformation from Hand to Vehicle

all a12  a13 a14

6A a 21  a 22a 23a2

'31 a32 a33 a34

0 0 0 1

a 11  , (C2C4 + S2S3S4) C6 + (S2S3C4S5 -C2S4S5

- S2C3C5) 56

a 12  = (S2S3C4 - C2S4) C5 + S2C3S5

a 13  '(C2S4S5 - S2S3C4S5 + S2C) C6

+ (C2C4 + S2S3S4) S6

a14  =1.39 (S2SJC4 - C2S4) - 40 (S2C3)

a21  - (C1C3C4 - S1C2S3C4 - S1S2S4) S5S6 + (C1S3

+ S1C2C3) C5S6 + (C1C3 - S1C2S3)S4C6 + S1S2C4C6

*22  M(C1C3C4 - S1S2S4 - S1C2S3C4) C5 - (C1S3 + Sl02C3) S5

*23  . (S1S2S4 - C1C3C4 + SlC2S3C4) S5C6 - (C1S3 + S1C2C3) C5C6
+ (C1C3 - S1C2S3) 5456 + S1S2C4S6

*24  -1.39 (C1C3C4 - S1C2S3C4 - S1S2S4) + 40 (C1S3

*31  '(C1S2S4 + S1C3C4 + C1C2S3C4)S5S6 + (SlS3 -C1S2C3) C5
+ (C1C2S3 + S1C3) S4C6 - C1S2C4C6

*a32  '(C1S2S4 + S1C3C4 + C1C2S3C4) C5 + (C1C2C3 -SIS3)

a 33  w -(C1S2S4 + SIC3C4 + ClC2S3C4) S5C6 + (S1C3 + C1C2S3)
+(C1C2C3 - S1S3) C5C6 - C1S2C4S6

*34  ' 1.39 (S1C3C4 + C1C2S3C4 + C1S2S4) + 40 (S1S3 -C1C2C3)

+ 18S1

where Si w i- 1 Cl -cose
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APPENDIX II

JACOBIAN MATRICES
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TABLE A.3

Jacobian Matrix

x I x 2 XI x4

2. Y2 3 Y4

z1 z 2 z 3 z4

Lp 1  p2  p3  p4

where x 1  axI3Ol

x 1.39 (C2S3C4 + S2S4) -40C2C3

x 3  =1.39S2C3C4 + 40S2S3

x -1.39 (C2C4 + S2S3S4)

Y, -1.39 (S1C3C4 +i ClC2S3C4 + C1S2S4)
+ 40 (ClC2C3 - S133) - 18SI

Y2= 1.39 (S1S2S3C4 - S1C2S4) - 40SlS2C3

Y3 -1.39 (SlC2C3C4 + C1S3C4) + 40 (C1C3 - SlC2S3)

Y4= 1.39 (-S1S2C4 -ClC3S4 + S1C2S3S4)

z 1.39 (C1C3C4 -S1C2S3C4 - SlS2S4)
+ 40 (SlC2C3 + c1S3) + 18C1

z 1.39 (-C1S2S3C4 + C1C2S4) + 40ClS2C3

z3 1.39 (C1C2C3C4 - SlS3C4) + 40 (S1C3 + C1C2S3)

z4- 1.39 (C1S2C4 - SlC3S4 - C1C2S3S4)

p1  = 0 + C1S2C4 - SlC3S4 - ClC2S3S4

P2 S (-S2C4 + C2S3S4) + (S1C2C4 + S1S2S3S4)

p3  = S (S2C3S4) +~ (-S1C2C3S4 - ClS3S4)
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Table A.3 (Continued)

=S (S2S3C4 - C2S4) + (ClC3C4 - SlC2S3C4
-SlS2S4)

where Si sine1 and Cl =cos6 V
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TABLE A.4

Components of Matrix

x =0

13 0

x14 0

x15 0

x 21 -0

x22 = 1.39 [(-530 - C40) S20 + S40C20] + 40C3OS20

x 23 = 1.39 (C20 + C40) C30 + 40C2OS30

x24 M 1.39 [(-C20 - S30) S40 + S20C401

x 5 1.39 (C20S30C40 + S20S40) - 40C20C30

x31 0

1 32 = 1.39 (C20C30C40) + 40C20S30

x 33 =- -1.39 S20S30C40 + 40S20C30

x 34 ' -1.39S20C30S40

1 35 ' 1.39S20C30C40 + 40S20S30

x41 0

x 42 -1.39 (S20C40 - C20S30S40)

X43 -1.39S20C30S40

1 44 -1.39 (C20S40 - S20S30C40)

* 45 -- 1.39 (C20C40 + S20S30S40)

where C10 - cosG 10 , S10 - sine 1 0
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Table A.4 (Continued)

Y w- -1.*39 (ClOC3OC40 - S1OC2OS3OC4O)
+ 40 (-S1OC2OC3O - C1OS3O) - 18C10

y 2 -1.39 (C1O (-S20) S30 C401 + 40 [Cia (-S20) C30]

13--1.39 (SlO (-S30) C40 + C10020C30C40]
+ 40 (Cl0C20 (-S30) - SI0C30)

Y1 -1.39 [Sl0C30 (-S40) + Cl0C20S30 (-S40)]

y 5 - -1.39 (SlOC30C4O + C1OC2OS3OC4O)

+ 40 (ClOC2OC3O - SlOS30) - 18S10

Y2 1.39 (CiOS2OS3OC4O - ClOC2OS40)
-- 40C1OS2QC30 -S -2)S0

Y22 1.39 [S10C20S30C40-S1(S2)40
22 - 40Sl0C2OC30

Y2 l.39S10S20C30C40 - 40Sl0S20 (-S30)

524 1.39 [S10S20S30 (-S40) - SlOC2OC40I

Y2 1.39 (S1OS2OS3OC4O - Sl0C20S40)
- 40SlOS2OC30

Y3 -1.39 (C1OC2OC3OC4O - S1OS3OC40)
.40 (-S10C30 - Cl0C20S30)

Y3 -1.39 [SlO (-S20) C30C40] - 40S10 (-S20) S30

IN* 33 -1.39 CS1OC20 (-S30) C40 + ClOC3OC40]
+ 40 [ClO (-S30) - SlOC2OC3O)

Y3 -1.39 [SlOC2OC3O (-S40) + ClOS30 (-S40)]

35 - -1.39 (SlOC2OC3OC40 + C1OS3OC40)

old +40 (ClOC3O - Sl0C20S30)

a Y41- 1.39 (-C1OS2OC4O + S1OC3OS4O

-+ C1OC2OS3OS40) SO(S0 3S0

Y42 a1.39 (-S1OC2OC40 + S0(S0 3S0

34 m 1.39 [-ClO (-S30) S40 + S10C20C30S40]
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Table A.4 (Continued)

44= 1.39 [-SlOS2O (-S40) - ClOC3OC4O
+ S10C20S30C40]

y 5 1.39 (-S10S20C40 - ClOC3OS4O
+ Sl0C20S30S40O

z 1 1.39 (-SlOC3OC4O - ClOC2OS3OC4O - C1OS2OS4O)
+ 40 (C10C20C30 - S1OS3O) + 18 (-Slb)

z = 1.39 [-S1O (-S20) S30C4O - S10C20S401
+ 40 [Slb (-S20) C30]

z 3 1.39 [CdO (-S30) C40 - SlOC2OC3OC4O]
+ 40 (S1OC2O (-S30) + ClOC30]

z 4 = 1.39 [C1OC30 (-S40) - S1OC2OS3O (-S40)
- Sl0S20C4O

-s 1.39 (ClOC3OC4O - SlOC2OS3OC4O - S1OS2OS4O
+ 40 (Sl0C20C30 + C10S30) + 18C10

z 1 1.39 (Sl0S20S30C40 - S1OC2QS4O)
+ 40 (- SlOS2OC3O)

z 2 1.39 [-ClOC2OS3OC4O + CIO0 (-S20) S40]
+ 40C10C20C30

z 3 1.39 (-CIO) S20C30C40 + 40Cl0S20.(-S30)

z 24 '1.39 [-ClOS2OS3O (-S40) + ClOC2OC4Q]

z 5 1.39 (-ClOS2OS3OC4O + CI0C20S40)

+ 40C10S20C30

z 1 1.39 (-S1OC2OC3OC4O - C1OS3OC4O)
+ 40 (C1OC3O - Sl0C20S3O)

z 2 1.39 CIO (-S20) C30C40 + 40C10 (-S20) S30

z 33- 1.39 [C1OC2O (-S30) C40 - S1OC3OC4O]

+ 40 (Slb (-S30) + ClOC2OC3O]

z 4 1.39 [C1OC2OC3O (-S40) - Sl0S30 (-S40)]

z 35 1.39 (C1OC2OC3OC4O - Sl0S30C4OO
+ 40 (SlOC3O + C1OC2OS3O)
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Table A.4 (Continued)

z = 1.39 (-SlOS2OC4O -ClOC3OS4O + SlOC2OS3OS4O)

z = 1.39 (C10C20C40 -C10 (-S20) S30S40]

-3 1.39 (-Slb (-S30) S40 - ClOC2OC3OS4O]

z 4 1.39 [ClOS2O (-540) - SlOC30C4O - Cl0C20S30C401

z 4 1.39 (C10S20C40 - SlOC3OS4O - ClOC2OS3OS4O)

p1 1  - -SlOS2OC4O- ClOC3OS4O + SlOC2OS3OS4O

p1 2  -C10C20C40 -CIO (-S20) S30S4O

p1 3  - -S10 (-S30)S40 -. 'ClOC2OC3OS4O

P1 4  -ClOS20 (-S40) - SlOC3OC40 - ClOC20S3OC4O

p1 5  , ClOS2OC4O - SlOC3OS40 - ClOC20S30S4O

P21. ' ClOC2OC4O + C10S20S30S40

P2 S [-C20C4O - S20S30S4O]
+ S10 (-S20) C40 + S1OC2OS3OS4O

23= S (C20C30S40]
+ Sl0S20C30S4O

P24 =S C-S20 (-S40) + C20S30C4O]
+ SlOC20 (-S40) + S10S20S30C40

f p 2 5  -S [-S20C4O + C20S30S4O]
+ Sl0C20C40 + S10S20S30S40

p3 1 -- C1OC2OC3OS4O + S10S30S40

P3 S [C20C30S40J
-S10 (-S20) C30S40

p 3 3  -S [S20 (-S30) S40]
-- SlOC20 (-S30) S40 - C10C30S40

p3 4  S [S20C30S4O]

p 35 S [S20C30S4O]I - S1OC2OC3OS4O - Cl0S3054O
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Table 4.3 (Continued)

P4 1  m - SlOC3OC4O - ClOC2OS3OC4O - ClQS2OS40

P2- S [C2OS3OC40 + S20S40]

p4 " S [S20C30C40]
+ C1O (-S30) C40 - SlOC2OC3OC4O

P4 4  ' S [S20S30 (-S40) - C20C40]
+ ClOC30 (-S40) - S1OC2OS3O (-S40) - S1052OC40

p 5- S [S20S3OC40 C20S40]
+ C1OC3OC4O S1OC2OS3OC4O - S1OS2OS4O
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APPENDIX III

LIST OF COMPUTER PROGRAM4S
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Straight-line motion of Slave Arm accord-

ing to the reference (Ax, Ay, Ax, A's) in

Figs. 4.3 and 3.2, by means of Jacobian

Matrices of 1st Order Approximation in

Secs. 3.1 and 3.2.

MSURE": Measurement of Point Q (x, y, z, CL) in

Fig. 3.4 which is the extreme end of

Measurement Arm, by means of the method

in Sec. 3.3.

Motion of Slave Arm so as to keep the

constant distance between the table

measured by "SUBME" and Slave Arm measured

by "SUBS1", regardless of the position of

table.

"HICOM": Extended Compensation done so far by

means of Measurement Arm as a sensor.

Subroutines for "TTT" and "HICOM"

"SUBI", "SUBO": Input and Output of each angle.

"SUBS1" and "SUBMI": Present angle of Slave Arm and Master Arm.

"SUBS2" and "SUBM2": Desired angle according to the reference

(Ax, Ay, Az, 6a) for Slave Arm and for

Master Arm.

"SUBME": Measurement of the extreme end of Measure-

ment Arm.
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.0 7 7.4 , il C 7

C

CALL kr ±mi
Ci4LL L~T2.)
C-*LL rC~2~~
TOYPE C*' 'I'-4T5 :ULTER' CONR~r~'

CALL AIN;6( 16 - -,;,iE:T
CALL AQUTS0:.A,17,j4':ATA
CALL

v) COIT 1UE
C C.~ NCU T1~t IPG; rEL' E

AA A6 4EFT x'ro44

TYPE i~ f .I SPEED,

ACCEPLuT *!i)

TY PE T" ~IQ'r~ j" E N 7 T OZ..-i~ IC H Et 1 S, 1. C fE G

C AL L jAA~L

63 THS 1 =rH?3 c
THS' =TNXEI -'
THS3=THXSI(,)r, C
THS4=7H, .3I. 2)
iHS ='"1 ,( '(A +7H',,: (3) 0/.+0 727* rHs,

THSM=TIXiI 3)-HeS3)*,.5

rH2=Tr'T 7
rHH3=rTHIM 1(6) - TH1l
THN'-AxhIl (24)

TrPEiT:Ml,4 ID T ,r e3f).tr1rA~3)

TYPE s'h13

TYPE *,TiS1-32,MS

7YPE *tTHS~yST trS3

PE WPRESNT THS' rnit fully log~il zep ,- I.(Ao2

63
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4 +~ Q-TH 1 - S

F- 1. 39~$* ( I Ti.jXO- '3) TI.

3 +40 0*~ -COS TH21~~'~-3 1 i
4 +STS~ I~ 7Hb S

TYPE ~Xpf..:7;
rTF PE F N:.A SET NEEDS-t ,FUrT 1'

LP(I1,tE~GO '3TO 104)

THSC4=TH

S4=SIN(THSC:4;

XX( I)A'

c A 1, 4) =0

XX( 5) 1 3'7',3 C4+ 32 04)l-4O(Z
AXX2-) 0

xX(2,24 l~-3-*'44 0 L 35
XX(23)-=4 t+~rc-4.'CZ 3

XX35)13.?&32E-'C3CA) +110.(S)

XX(3,4 1 .3O;2i C34

cXX .5) 1 3 9*, 2*C lkE *S 34 r )
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I XX .,4)=: 3. t;"S4-+C

1 1- t. 0.:;L~- "iC.

I 14CIL -3k4ft 1z -S1.C~S

- x - 4I

1~ 7~E- K. 
7
L)

Iy
13 -0 1 r.::Z6C4)

ZZ'(2,2)=1 .3z*Ci2S~4+~(3E4

c

ZZ'(2,Ij)=I.3?* -:SvC2*,C4 C:5*C*'4)

ZZ 52 1 1.3. :;!S *C~~ 4 C \ :32*) 1-szs c
1 +4O,.:*'43)CIC.v) Qi

ZZ(234=I.zi i I-C C3*CA-34..1 A*( I h t01(-3

ZZ (3 !5) 1 . -30XS2*C2-6xC3*Si-CSkAS>K34I' ,1 13 S1 S_
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PY..

;'X (1 4 =0 0

PX(2,)=-C2!C3"- 6-3

FX (l4,' 7 ' -4

P X 4 32 SC40*

4 1 .

p y 15)- C v cS *C OC3 C1!

CC 40 *J1--2

200 C, ?r-7U

TE(4,4)=..THc

TSt 71 =THS2T(V

TSS(5)=1.0
c

DgO Si L=I-x
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C~~y y1 4.() fT 7J'~?1
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1~~O +cosr.s;I~r T. fLj.

% SINI THS3))

+ IN TH,,: T1

... ~~~ w, *~

C"

. r lit * i l ; ::

DT 1 1.10)

TH2L )

TF( ~30 7021

F oltmi;A G
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Ic
7H I -T -'

e.20 :'ONT?'JUE

DO -r 2 2!I1 251 tJCO 'I UE

N' 302 jz,7

a ~c 1 F. ON ' T

L. -z ; :

rATA C E.,

r)10 V)

Hy T F I. T Z:~ A C.:

0 14T I~qJ

DOH cq
rLo 4c T

DO 7
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UA

viT -'kTIi !)

I** 'E -,'!

U ~ *cc:!
3 1

<".j&'? t**.C

3. VI (A
VC42;
.f21 4,

V 1) xeR4

THN.LL , re

IH I CI T 'D !
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I

C I

C T 2- Q,= ' ).)30T O

TA N N-Z., , T
G-3] TO " "

7 ' " 3! '":' ' '-" 2 " TH R

F ' .1 . .0. 0n S( '4)= -., 150,2, C
Z TWO' .- CO TO 900

-- h I', : - .I -

.< "J ,#. : 5 (2) ;+ DB wS rN(S 2 + THR 4 )

,e, 

C

C

,.).; *1 .'2,

A-' ID, tt.. . 3'. C/-3. 1 1! 7 )

TYPE *,t, ,,IZ,I,

3O TO :'j

ENDi
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C 
*d

D~nE~4IGN Aii7)

CMLL A . N 1T

TY 4 i CO-FUTEP CIrL'TF.OL 7

T. I

I-E7- ORIGIN ET

EF GO TO) F00

i.,.:)GO TO 9-

I'M I-

TYPE :.C J rNS I'

CAL
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V 6.

c -

c
liU.EO.! C.0 TI:

c
rvYFE ti.PEE17" t~jWj'.iTTCN"TT

P FE E D~~ NE * XiTTP'('-jT.ZTT
;i7CEPT -,.y

p~u.j.IiGO TO ^00

7fTE ;.4 .XMTT.YHTT:MrTT

ryss i' -7 T $ N)

:-t F-- *:, !NIT IAL cET Fl) ; 21 '
ACCEP"z.

GO TO ~
:M a Z

I 'Z.. l.i

ACCtPT *

rFtI.NE.hi 50 TO )
CSIKK

fs~wull
r"taY 0E

TL "OS
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II
3 IT3rINTrr

ZT4airL.'47h ;rH3 4 TL-4 O6

C
GO TO 600

c
0 THS(I)zr0.0

THS' )z-0.Cz
THS(3)aO.0
T4.S(4)zlO.0

C-0 PEI :LN

A4c-F.? -7I ~IF(I.NE.li SC TO c.

DO' 300) in'.,

'TO.) CONT~m-

I~ C:4TNUE

if CALL I S-l E

CALL SUN jQJ',A4

:Flr.ar.N) GO TO 3R!
50~ TO33
TYPFE #,'POINT 3'

24): COOT :E
~. ~COPY Ivejiable to

!)y -'qlbIp

-I 201d1>NuE
-t



C C

C
C

CALL Al: l.2

ACCEPT XPI
IF'l?.;kE8; GO TO 0

ACCiPT I,!--

C

140 TYFE i.,'rEA INITIAL E
ACCEPT ;,l
i~t*i.N.i, .;cw TO 12.

CALL SUBhE

C

C
CAL SDE WIOTAK

C
40 r(SEC,4'SU -0.0

C
CALL SUPS1

C
THM4 I I Ih

CAL.L M0 Cc py oQ(31)lO to Dto*&*&&
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U'AI 7
3C

Y SD=YS D'r + Ss :

C

c CALL SUBS"
CALL SUBM2

TH5c6=r *rN.i+-S I.,~

r HSC6=r;4,?'I THSJ6-flH5t2)
C r~ =r~ f~~ +E.~ (Th: ~ r 2I

TH . 3) fi;., 5' T-'-t)j,

C THSO' 7)=THs(2)

6;THm, 1 + T M(;
CC

CALL SUM~eCALL AOUjTSO 4.1,:~

YSTWXS I

XS1=XS
,.3 1 - 7S

C ,':SS

ym-= 0 1Copy 
Oale b. goo tat

Cpe ijit fu ly legible e od~
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THM11:THmt (L

C
170 74=SEC'!t~S( 7:

IF(Ir4,.Tr,' 00 TO I,,"
T21=SEC4N _13( T

c T2=1N1W7T2)'
IFUT2..Lr,60) GO TO 100

TYPE *9,'MODE WITHOUtT T*ELF OR, WITH TABLE'
ACCEP7 I
1F(.'.: 6) 3 0 TO

TYFE *9' ic'DE' 14ITH TAPLE"
MODE WITH THBE-OZ

c TYP'E *, 'COI,1CtrE.$1rE -_F TWOQ ORIGINS ?

ACCEPT ft!
IF(I.NE.1) GO TO 120

T*,PFE *,~T<.! TT:O. ~J T()
ACICEPT *," T 11 TT.ZTT

TYPE * 'ys rSZ" SS'

T 7S = I ;*j TN T (E 3 )
TYPE .,2SS!SJ

TYPE *

c TYPE ii. ZI3

171"E=1%rj I~~

C
:05 TY * T -4 ."L SPE ED

AC:EPT I -
I F 'I .NE .) I T 0- 1i)

ACCEPT .t'.:v.r! I I

44.F ID v. I -L CcP7 Ov nIkcibl, to DTIC does not

IF- M~E-.) 60 71 :spornlt full? legible reproducf~on
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CALL MOi0' P'X* II'!~i2

c 1=0.0I
Z1=0.0

X2)=O.O

C

310 rS-SECNDS 0)
C

CALL SUe:
C

THS(1I)=rH61 ')

CALL SUSl
C

CALLr S-(ZI
cXSEXS- .(

CALL SUMfE
C
CA;;u*gx--EL SPEED

z~ri=Ai 4> 1.7

C

YSE::Y3E
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ZE EI=Z E

sc

,xq

CALL -kc
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g~Ap

7 - -

S- - : ' -

--'A V. -

Copy available to DTIC does not

permit fully legible repxoduction
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