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ABSTRACT

The aim of this project is to evaluate automatic com-
pensation for moving targets in the supervigory control of
remote manipulators.

An experimental system was built which consists of a
master/slave manipulator, a moving table for the woving ob-

ject, and a computer controlling hoth the manipulateor and the
table.

A software system was made which allows the master/
slave operation with object motion compensation under computer
control. The method of resolved motion rate control was
adopted for the manipulator control. The computation time
in this way proved practical and permitted a system sampling
interval of 0.05 s.

Experiments were carried out with human operators per=-
forming manipulation tasks in the master/slave operation
under computer control. Their performance was compared
in three situations: no object motion, compensation for the
chject motion, and no compensation. The comparison of the
compensation. and no compensation situations showed that the
compensation reduced the operation time by 26 ~ 41% in the
peg moving task and increased the accuracy by two and a half
times in rectangle tracing. In valve turning, however, a
significant improvement was not observed,

Thys, it can be concluded that the compenzation for
target moticn can improve the performance of the human operator
aignificantly in certain kinds of tasks.
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1. INTRODUCTION TO SUPERVISORY CONTROL OF REMOTE MANIPULATORS

The new environments man is werking in with great hope are:
Outer space, undersea, and nuclear radiocactive. One problem en-~
countered by pecple who are trying to perform activities in these
areas is their physiological hositility, which keeps pecpla
distant from them, Either they must stay physically remote or

remain isolated by apecial garments or qapsules.

Manipulaters have been developE%,to extend the man's cap-
ability while keeping him away from the dangﬁkous working
site. The work done with manipulatiiis, such as repairing and
maintenance of equipment, is not roQ*}ne wor;} but varies from
time to time according to the state/.f the adjuipment, and re-
quires good judgment, dexterity, and great care.

The manipulators are usually ccrtrolled by a human coperator
in rate control or master/slave control. Operating manipulators
in this way is a tiring job and the operator gets exhausted after
a short time of work,

The use of the computer has bee.. introduced to help the
cperator. Ferrell and Sheridan (1] in 1967 proposed the super=-
visery éont:ol of manipulation, where the computer can he €0 scma
extent autcnomous, controlling the manipulator on its own, and
the human operator, releagsed from the direct control loop in

which he had to take care of every tiny motion of the manipulator,’

can become a supervisor of the gemi-autonomous manipulator or
robotic device.

2. PROBLEMS IN THE MANIPULATION OF MOVING OBJECTS

Undersea tasks done by human divers are getting more and
more costly and hazardous ag they have to be done at increﬁsing
depth (2]. Using a manipulator mounted on an unmanned movabla
submersible and controlling it from the sea surface ig the
mest desirable solution provided that the task can be performed
reasonably well. But the use of the manipulator has.its own
problems. One of them 15 the relative motion between the man-
ipulator and the object, which wasn't really a problem at all
in the case of human divers [3].

Underseas a submersible with a manipulator may fix itself
to the sea bottom, but the object the manipulator must handle
may be moving about in.the water, drifting due to the force of
the current. or, coaversely, the object may be fixed ang the
submersible with the manipulator may be moving around; or, both
can be moving.

In any of these cases there iz relative motion between the
manipulator and the object which the manipulator is to handle. .
The preprogrammed task motion may flail because the object simply
isn't where it is supposed to be. If the manipulator is con=-
trolled in master/slave mode, the human operator must make the
slave follow the object, i.e. he has to follow it himself on
the master, and do his proper detail manipulation job in addition.
As is easily imagined, this makes his work a lot harder.

If the relative motion of the object can be measured, obe~
ject motion compensation can be accomplished. That is, in
master/slave mode the object motion is added to the master motion
to give a reference to the slave motion, and is subtracted
from the slave motion to give the reference to the master motion,
In a p:epfogrammed-task mode the object motion is superimposed
on the pre&etarmined slave motion, So, in master/slave mode,



despite relative motion the operator can perform the same
task motion as if the cbject were staying still,

In this project, a method of object motion compensation is
developed, and experiments are conducted about the performance
of task operation in master/slave mode with moving objects,

assuming that the controller c’n know the relative motion of
the object,

3. FARDWARE FOR THE EXPERIMENT

It may help one to understand what has been done in this
project if the devices used in the experiment are described
briefly.

A master/slave manipulator which has been in use for a
long time in the Man-Machine SystemsLaboratory was used in this
project (Fig., 3.1l). A new PDPLl1/34 minicomputer was used to
perform the control jeb. A movable table was brought back
to life, offering three-dimensional {x,y,2z) motion under the
computer control to the object which is handled by the man-
ipulator (Fig. 3.2. Also, see Appendix Q).

The manipulator is an Argonne National Laboratory E2
master/slave manipulator. It is articulated type with six de~
grees of freedom {BA, Oxge Bys 804 0o, 8,) excluding gripping
action, and can be modeled as shown in Fig. 3.3 along with
its dimensions {3]. The master and the slave have the same
contruction, both being electromechanical except that the
master has a grip which fits the human hand and the slave a
gripper similar to a pair of tongs, The electric drive is by
means of 10 Watt 115 Volt 60 Hz A.C. motors, The upper three
Joints (8,,6,,0,) are connected to their motors by means of
gears. The lower three joints (OL, GR' eha and the grip are
connected to their motors by means of cables and pulleys.

A servo has been constructed to control each joint angle
with its potentiometer output compared to the refersnce input
value. In master/slave mode,.in which the computer control can
ke irrelevant, the master servo and the slave servo are coupled
to give the master/slave control lecop shown in Fig. 3.4.

This allows bilateral control with force feedback., To improve
stability, two other loops are present: a tachometer feed-

~10-
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Pig. 3.5.

forward and a tachometer feedback loop. 1In the computer
control mode the servos for the master and the slave act
independently in reference to their respective input valuss
from the computer as shown in Fig. 3.5.

The manipulator was originally controlled by an Inter~-
data Model 70 computer. Thus the need arcse to change its
computer interface completely to fit the new computer, a PDPLLl/34.
Details of this interface are discussed in Appendix B,

A Data Aquisition and Distribution System ANALOGIC ANS400
is used to allow the camputer to communicate with the experimental
devices., The AN5400 is connected through a General-Purpose
Interface Module DR11-C to the PDP11/34. 1t has an A/D con-
vertor and a multiplexer providing 32 channels of analog input,
16 D/A converters, 32 bits of digital input, 32 bits of digital
output, and a 7-digit octal dial on the panel which can be
read by the computer,

The computer can take the following actions based on signals
from or to the manipulator through the ANS5400.

a) input the joint angles of the manipulator;
b} input the gripping force of the slave tongs;

€} switch between the two control modes: master/
slave and computer control;

d} output the reference values to the manipulator
servos in the computer control mode, or the
angular differences between the master and
the slave in master/slave mode,

The computer can also take care of the table action through
the ANS400.

a) 6Bee Iif the carriage has hit any of the limit switches;

b) specify the speed and the direction of the carriage
motion along the three axes ix,y,z).

The dexails of the ANS400 and the DR11=C are given in

Appendix A, 16



4. CONTROL THEORY OF THE MANIPULATOR MOTION

The manipulater can be modeled as shown in Pig., 3.3. It
has six degrees of freedom. Although the joint angles can rxepre-
sent the manipulator motion by themselves; cartesian coordinate
systems give more convenience and flexibility to the control.

Frame 0 is defined at the manipulator base and fixed to
the vehicle. Each joint of the arm is assigned a coordinate
system, starting with frame 1 at the first joint out to the hand
which is designated as frame 6.

The joint angles ek specify the rctation of the kth frame
with respect to the previous frame (k-1),

According to the notation given by T. Brooks [3], the trans-
formation from the hand frame to the vehicle frame is given as
0 0 , 1 L2, 3, 4, 5
AG - Al Az A3 A4 As As.
Also the transformation from the fourth frame (wrist frame)
to the vehicle frame is given as
0 o, .1 .2, .3
A4 = Al Az A3 A4.

Tables D.1 and D2 show the expression ot oh‘ and "A

T
Suppose one i3 given the following problem: given a position
(x,y,2), £ind the joint angles 01 through 96 that place the
manipulator at that position. A lcok at the transformation mat-
rices OA4 and ons shows that 05 and 06 are irrelevant. Solving
ﬂl through 64 given x, y, and z 13 a redundant system and yields
an infinite number of sclutions, Some constraint could be
given to make the system non-redundant but the problem is that

the system is analytically insolvable,

=1T=

One of the methods to overcome this dif!iculﬁy is Resolved
Motion Rate Control (RMRC)} proposed by D. Whitney [4].

x = £(8),

where X is a position vector at time t,

; = (xl,xl, .--,xn) ’
and § is a vector of joint angles at time ¢,

T - (81485, 000,81,

If wa define a Jacobian matrix as

[ ox, ax; ]
—ﬁr---nowm—

3(3). L T

we get the following relatlien:

% = 3(3) b.

-
Since this is a linear system, & ¢an be solved for given x if
m=n and J(8§) "} exists.
e »
b= J(8)" %
As for a short period of time, At,
-
af = dat
- T
AX = xAt
a8 = (B lax
Bre+at) = § + 48
=%+ o)t ax

-§r
~18~- -



Por the impiamentation of this method one variable is intro-
duced in addition to x, y, and Z. Suppose the hand direction
vector E; as referenced to frame 0 is (¢,1,0). Since the vec-
tor % is perpendicular to 6? regardlesb ol L and 96' tha inner

product of 4% and 6; should be zero,

4
a2y, Y2 0,0 =0,
which can be rewirtten

4 4
8 a1t o2y,

S50 a new variable

-0,
p = s-‘all + 4a12
is introduced, which is to ba made zaro in tha control.
In this case n = 4 and
X = (x,¥,Z,p),
§ = (0,,0,,0,,00.
To keep vector 6§ horizontal,

6
832

which gives &

-n'

L3 : .
The additional constraint of keeping the hand vector SE
horizontal gives

6 -
a;; = %
which gives asr.

Table D.3 shows the alements of the Jacoblan matrix and
thae expression of the bases of the joint angles; 052 and 06:'

w]lQ-

3., _MASTER/SLAVE OPERATION WITH OBJECT MOTION COMPENSATION
UNDER COMPUTER CONTROL

If the chject to be manipulated is moving, it is desirable
to compensate the object motion for easy operation by a human
operator. By compensation is meant that the slave manipulator
hand moves with the object motion and in addition makes the
necessary motion to do the task on the object, while the master
makes the latter motion only. In this compensated mastar/slave
operation, the reference given to the slave will be the master
position plus the object position, and the reference given to the
magster will be the slave position minus the object position.

Since the cbject position is given in the cartesian coordin-
ate systéﬁ fixed to the frame 0 of the manipulator and the drive
is done on the joint angles, this control necessitates the trans-
formation from the angle representation to the cartesian repre-
sentation as well as the other way around.

The conceptual diagram of this control is shown in Pig.
5.1.

As discussed in the previous chapter, given the cartesian
position of the manipulator (x,y,z) and the hand vectors °y =
{s,1,0) and Gi horizontal, the RMRC logic ylelds the six angles
01: through 35r' From this state any angular value ﬂsd can be
superimposed on the base; eér without giving any effect back to

eSr through Blr'

Thus the degrees of freedom of the compensated master/slave
operation are five: x, vy, 2, s} and eﬁd' excluding the
gripping motion, which is not included in the computer control
but is retained in master/slave mode by itself, Thus, this
control system has one less degree of freedom than the manipulator
mechanism has. The recovery of this lost degree of freedom

=-20=



could be had at the cost of considerable amount of additional

[ e ey
| ‘l’ computation.
: ul By the use of a digital computef, the master/slave control
| > E gsystem becomes a discrete time sampling system, The sampling
| W 7Y " - time interval waa chosen to be one twentieth of a second {0.05 s).
| —— D _____._______iql —_——— " 42 The interval of 0.1 5 was tried but proved to produce motion which
1 1 Z 1 % 8 was too shaky. The system clock of the RSX-11M operating sys=
i l o X I % II g g oy tem which works on the 60 Hz line frequency is used.
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§. PRACTICAL PROBLEMS IN IMPLEMENTATION cycle earlier, has caused vibration, A value over 0.5 for
b causes the self-initiated motion of the manipulator.

In the course of developing programs many problems have

emerged. One is how to make the master operation by the human §.2. Compensation of the Gbject Motion
operator easy. Most of the remaining problems ares concerned The compensation of the object motion has introduced new
with stability. The measures taken are hardly academic. ) problems concerned with the dynamics of the manipulater. If

the slave is following the object motion and the master is com=
pensated, the value given from the slave to the master/slave
scheme should be (;s - it) and ‘;sz - itz)' and the reference to
the slave szhould be inereased by ita' where ;t is the table
position at the sampling time t and §t2 is that two cycles

; earlier, and zta is the position where the table is expected

- “';m + (l-a)';s . to be a certain time in the future.

6.1 Master/Slave Operation Under Computer Control

Simply using the master position as the reference to the
slave and the slave position as the reference to the magter has
led to a swaying vibration of the manipulator. The following
scheme 1s used to prevent this vibrat;gn.

-

Xar
This lead time is understood to result from the delay time

of the manipulator drive and the discrete updating of the re-

- ference signals by the computer. The roper lead time
where X  and X_ are the positions of tha slave and the maater g i P prope is '
8 m - - chosen by experiment. Figure 6.1 shows how this lead time takes
at the sampling time t, and x and x__ are the reference values
sr [ o care of both the delay time of the manipulator and the effect
cutput from the computer to which the slave and the master are
of the reference signals which do not change continuously but

controlled. Experiments have shown that a value over 0.7 for .
i change at the sampling time and Btay constant during the
a2 brings abgut the vibration. eycle .

+* - - + (1 ,.-o-‘
xlﬂ‘.‘ a .\t' a xm,

The above scheme still has a problem in that the master is

The lead time derived by experiment is
too heavy to be moved by a human operator, The use of tachometer ¥ exp i

feed-forward in the master/slave mode has suggested the following x: 0.10 s
schema [1]. y: 0.10 s
Xgp = &%y + (A-a) X, + b* (X, - X ,) o 0AS e
Too small a lead time makes the master move in the opposite
X = ar 4 (1'a)';m + b (% _‘;mzj' : directiom to the object motion, while too big a lead time makes
ol 8 " the master mova in the same direction. Too small a lead tima
whera 552 and ;mZ are the positions of the slave :ﬂd the master also makes the manipulator follow behind the object, while too
taken two cycles earlier. These values, x_, and Xz are used big a lead time makes the manipulator go ahead of the object,

because the use of X ; and X ,, which are the positions taken one

-dia . Lo w-df=-



output aignal from the computer
as the reference of the
manipulator servo (slava)
worion of the table

given or predicted

resultant motion of the
manipulator {(slave)

In a practical application where the object motion is
measured, the prediction of the object position is necessary
= ) [5]. In this project, where the object is moved in a predeter~
mined way, it is easy to achieve, but it may be difficult
in practice,

Tha eventual scheme is as follows:

- - - - - - - - -
X ™ a-Xp + (i-a) {xs-xt) + b-[(xs—xt}-(xsz-xtz)] * Kea

- -+ - - - - )
Xip ™ 2 (xsﬂxt) + (l-al L + b-(xm-xmzl

6.3 Resolved Motion Rate Control
For the resolved motion rate control program the following

tima

§
]
i
[
X1
o
a
Sg
0
! - E 'é method was used.
. ] f
.; E '.!; u?:- g. Given 01 through Qg0 %o Xo and z are calculated. Given
ol
L 8 . § 8 the destination position (x4, ¥4, Zg, 84), the variable
w 3
g = e A 4
r:g_ §§§ P = 33" 2 % 2
- - A e 2 is evaluated, The partial derivatives are evaluated forming the
l  As Jacobian matrix -
e - -
\ 2 e c Ix ax ax 3x
N - 8§ %4 36, 30, 90, .
»
i oy 3y . iy
. 81 2 F) 1 394
. - I =
w 3z 3z 3z 3z
o aal 302 303 334
el
[

position

-t
<D
W
oo
Ler]

The position increments are calculated as follows:

-25= -26-



Ax = x4 - X ’
1" %
Ay = ¥z = ¥
82 = 8%
4z = z5 ~ 2
8, = &
4 A
4p = -p
Now the equation to be solved is With a link connection,

8% = 3(%) af, 03 . 8y = 05

The matrix is 4x4, not too large, auﬁ one elgment ax/20, is . With the differential gear mechanism using 33/40 gear ratio,
zero. Taking advantage of this fact, an economized version ’ ’
of the method developed by T. Banachiewicz [6] is used instead 8 = (5 — Bgl/1.65.

of a general method.

’ wWith the interference of over
The variables x, y, z, p and their partial derivatives °3 ve 05 in adaicion,

are made of terms which congist of the combinational multiplica=
tion of the trigonometric functions »f °1 through 8,. At

first glance their computation locks time consuming but further
inspection reveals a lot of duplications of the same terms!

95 - (GL + BR)/2 + 0.27 03.

which enables simplication of the computation. Comparison of
Tables D.3 and D.4 shows how much calculation was saved by the
gimplification. One c¢ycle of this program takes 8.8 ms on the
pPDP11/34. The control needs two cyclea, one for the master
and one for the slave. This computation time isg quite accept-
able and compared with the system sampling interval 0.05 s.

6.4 Model Angles and Mechanical Angles of the Manipulator

Due to the mechanism of the manipulator, the mechanical
joint angles Bx, eY' az' BL, BR' and 6A are not quite the
_ game as the angles shown in Fig. 3.3. Three of the angles are
the sana.
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7. EXPERIMENTS ON THE PERFORMANCE OF HUMAN OFERATORS

Experiments were carried out toc evaluate how compensation
for the moving object helps the “uman operator, Operator per-
formances are compared for the three situations: no relative
motion between the object and the manipulator base, relative
motion between them but with compensation, and relative motion
but no compensation.

The motion of the object, or the motion of the table, which
actually was the relative motion between the object and the
manipulator base, was arbitrarily chosen as follows:

x = 1.4 sin(6.2832/5.0)t - 5.6 s8in(6.2832/14.5)¢

y = 1.4 3in(6.2832/6.5)t = 5.6 ain{6.2832/18.5)¢

r = 0.4 cos{6.2832/5.0)t ~ 0.4 cos{6.2832/6.5)¢t,
where x, y, and z are expressed in inches and t in seconds.

The master/slave operation under computer control was chosen
for all of the three situations to provide equal degrees of free-
dom of the manipulator metion and equal ease of master handling,
although master/slave mode without computer could have been
used for the no object motion and no compensatlon situations.

Three kinds of experiments were conducted: peg movenent ,
valve turning, and rectangle tracing.

In the peg movement eiperiment (Fig. 7.1} a peg was used
which consisted of a 2.6" x 2.4" x 0.8" board to be gripped
by the slave tongs and a 0,39" dia, x 1.25" pin sticking out
of the board. A board wasg mounted on the table carriage which
had eight holes of 0.44" diameter arranged in 2 x 4 array with "
intervals. Seven of the holea had 0.1" champher and were
used for the experiment, The subject operator was told to
insert the.peg pin into cne hele and move it into the next and

-29=
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Fig. 7.1l.
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so on around the board., The time was measured from the inser-
tion into the first hole to the insertion into the same hole
after one round of travel. Each subject made five trials for
each situatien,

Fig. 7.2 shows the results of this experiment. The mark
shows the average time and the arrows show the standard deviation
for each subject. The figure shows that with compensation the
operation time is 1B to S1% (29% average) greater than with no
object metion, but 26 to 41% (32% average) less than without

sompansation,

In the second experiment (Fig. 7.3) a valve was mounted on
the table carriage. Time during which the subject rotated the
valve two turns was measured. Filg, 7.4 shows the results of
this experiment, This experiment did not show ¢lear differences
between situations.

The reascns for this seem to be as follows: In the peg
movement task the manipulator pesitioning is initiated by the
operator. But in the valve turning task most of the manipula-
tor positioning is initiated by the slave which grips the moving
valve firmly. The peg movement task is rather easy with no ob-
ject motion at all and gets a little awkward with motion and
compensation and more awkward without compensation. On the

other hand, the valve turning task is as awkward in one situation

ag in any other,

The valve turning in this way may be an inhuman task, Po-=
gsitioning of the manipulator tongs by the human operator and
automatic turning of the valve by the computex, which was ex-
perienced in T. Brooks' thesis [3], might show different re-

sults,
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In the third experiment a piece of paper which has con=
centric 4™ x 6" and 3" x 5" rectangles drawn on it is placed on
the carriage, The rectangle in the miidle of the two is con-
sidered as the reference rectangle. The subject was requested
to trace the raference rectangle with a magjc marker gripped
by the slave. The eight greatest errors of the trace from the
reference rectangle were measured and their mean value was .
computed, For the selection of the eight errors tha follows

"ing rule was adopted:

Take the maximum error, Discard all the errors

in the same direction (inside or outside) within
the neighborhood of one inch (m- .sured ¢ the
reference rectangla) from the pfzvious error point,
Take the maximum error from the rest. Repaat

this. operation until eight values have been

chosen. ’

Figure 7.6 shows the examples of the tr:ices drawn with the
manipulator. Figure 7.7 shows the corparative errors for thae
three situations. With .ompensation the aveiyje error is |
about twice as big as with no object motion !nt two and a half
times as small as without compensation.

~35= [
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Rectangle Tracing

Fig. 7.5,




{c) no compensation (e = 0.812)

{b) compensation {a = 0,.275) (d) selection of errors

F{j. 7.6. Examples of Rectangle Traces ) Fig. 7.6. (Cont.)
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8. CONCLUSIONS

The aim of this project i{s to evaluate automatic com-

pengation for moving targets in the supervisory control of
remote manipulators.,

An experimental system was built which consists of a
magter/slave manipulator, a moving table for the moving ob~

Ject, and a computer controlling both the manipulatdr and the
tabla.

A software system was made which allows the master/
slave operation with oblect motion compensation under computer
contrel. The method of resolved motion rate control was
adopted for the manipulator control. The computation time

in this way proved practical and permitted a system sampling
interval of 0.05 s.

Experiments were carried out with human operators per-
forming manipulation tasks in the master/slave operation
under computer contrcol. fTheir performance Wwas compared
in three situations: no object motion, compensation for the
cbiect motion, and no compensation. The comparison of the
compensation and no compensation situations showed that the
compensation reduced the operation time by 26 -~ 41% in the
Peq moving task and increased the accuracy by twoe and a half
times in rectangle tracing. In valve turning, however, a
significant improvement was not cbserved,

Thug, it can be concluded that the compensation for
target motion can improve the performance of the human operator
significantly in certain kinds of taaks.
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APPENDIX A. RANALOGYIC ANS400 AND DR11-C

The AN5400 is connected to the FDP1l/34 through a DR11-C
parallel interface. Jumpers a’e made giving the DR1l-C device
address: 767770, interruptvector addresses: 300/304, and inter-
rupt level: 5. Tables A.l and A.2 suow tha cable connecticn
between the DR11-C and the ANS400,

The connections between the ANS5400 and the experimental de-
vices are done through 20-pin flat cable cinch connectors,
Tables A.J and A.4 show the pin assignment of the connectors.

An assembly language program ANS402 is made to enable the
FORTRAN programs to transfer data through the ANS5400 (see Ap~
pendix E}. It consists of seven subroutines:; ANINIT, AIN, AINSQ,
ADUT, AQUTSQ, DIM, and DOUT. Por an example of the time
required for the data transfer, tne subroutines AIUSQ requires
approximately (37n + 63) microseconds to get analog data from n
successive channels,

m=fl=

Table A.1.
Cable Connection Batween DR1IL-C and ANS5400 (1)

DR11-C P1 ANS54Q0 GPL DRIl-C P2 ANS400 GPI
PIN RAME PIN NAME PIN NAME PIN NAME
1 A 4o vv

2 B 39 VU | CND 20 | DIG GND
3 ¢ | ourpo 35 | BoDlé 38 TT | 1ROO 43 ) BID1G
4 D 3?7 55| GND

5 E 36 RR| INIT H

6 F 35 PP | GKD (5}

7T H 34 NN INIT R (9

B J|GND 1 | D16 GND 33 MM GND 19 | DIG GND
9 K| ourol 36 | BODLS 32 LL ) INO1 44 1 BIDLS
10 L | OUTO4 39 | sop12 31 KK | IND4 47 ! BID12
11 M| cND 30 JJ | GuD

12 K| ouTOS 490 | BOD11 29 HH | INDS 48 | 31011
13 P|INITH 28 FF

14 R | OUTO& 41 | BODLD 27 EE| INOG 49 ; BID1O
15 §|( GND 26 DD | GND

16 T | ouTo? 42 | BODY 25 cc | 1Ho? 50 | 3109
17 U ouTa3 38 | BOD13 24 B | INDD 46 | BID13
18 V| GND 23 Aa ] cnD

1% W { OUTOS 5 | BODS 22 z| 1§08 13 | 8IS
20 X | QUTOY & | BOD7 21 Y INO9 14 | B1p7
21 Y| cND 20 X | GND

22 z)ouT1o 7 | BODG 19 Wi IN1O 15 | BIDS
23 AA{ OUTI) 8 | soDs 18 v/| 1Ny 16 [ BIDS
264 BB OUTL2 9 | BOD4 17 u| IN12 17 | BID4
25 CC | GND 16 T] GND (3)

26 DD | CSR1 (8) 15 s| RrReq B h

27 EE | GND (4) 14 R| GND

28 FF | OUTL3 10 | BOD3 13 P INl13 33 | BID3
29 HH | OUT14 11 | BOD2 12 N INl4 32 | BID2
30 17| oUT1S 12 | BoDl 11 M| INLS 31 | BIDL
31 KX | cNp ; 10 L] cNp (2)

32 LL | REQ A 4 | DONE 9 K] CSRG (6)

33 MM { GND 8 J|cHD i8 | D16 oND
34 NN | OUTO2 37 | BOD14 7 H] INO2 45 | BID14
35 PP | GND 2 | n1c cND 6 F

36 RR | OUTO2 S E| INO2

37 ss| cND 4 b

38 1T 3 C| D.TRANSM'D

39 vo | GND 3| DIG GHD 2 B

40 VV{ N.D.READY | 34 | DATA READY 1 4

—fdl=




Table A.2.

Cable Connection Betwsen
DRI1-C and ANS400 (2)

"9-PIN
CONN,

PIN

DR11-C

NAME

Lo R T Y

'
P2- L 10
P2- T 16
P2-EE 27
P2-PP 35
P2- K 9
P2- 5 15
P1-DD 26
P2«NR 34

GND
GND
oND
GND
C5RO

REQ B

CSRL
IRIT H

AN5400 GPI DR1l-¢ 1
PIN NAME PIN NAME
1] n1c oD P-J] 8
2| BIG GND P1-PP 35
3| DIc aND P1-1U 39
4 ! DONE P1-LL 32| REG A
51 BODS. Pl- W 19 | oUTODS
6| BOD? P1- X 20 QUTOS
1| Bons Pl- z 22 | GUT1O
8! BoDS PI-AA 23| ouT1l
9 | BOD4G P1-BB 24 | OUT12
10 { BOD3 P1-FF 28| aurls
11 | BOD2 P1-HH 29| OUT14
12| BODL P1-]1 30| OUT1S
13| RIDS P2- 2 22| INOB
14 | B1D7 P2- Y 21| INO9
15| a1 P2- W 19| INl0
16| BIDS - P2- ¥V 18| IN11
17 | BID4 P2~ U 17 112
18 | DIG GND Pl- J B
19 | BIG GWD P2-MM 33
20| p16 CcND P2-UU 39
21
22
23
24
25
2%
27
28
29
30
31 | BID) P2- ¥ 11| 115
32 | B1p2 P2~ N 12 | IN14
33| BID3 P2- P 13 | IN13
34 | DATA READY | P1-VV 40 | N.D.READY
35 { 30016 Pi- ¢ 3| outQo
36 | som1s Fl- K 9] OUTO1
17| BOD14 P1-NN 34 | OUTO2
38 | BoD13 P1- U 17 | ouTo3
39 | Bobr2 P1- L 10 | ouros
40 | BODI1 Pl- N 12| OUTOS
41 ] BOD10 Pl- R 14 | OUTODG
42 | Bop9 Pl- T 16} QUTO?
43| 81D16 B2-TT 381 INOO
44 [ BID1S P2-LL 32| INOL
451 BID14 P2- 0 7| 1NO2
46 | BID13 P2-BB 24 | IND3
47 | BID12 P2-¥XK 31| INO&
48 | BIDI) P2-M 29 | INOS
49 | BID10 P2-EE 27 | INOG
50| B1D9 P2-CC 25 IRO?

" 2.4, ANALOG OUTPUT

Table A.3,
User Connectors Pin Assignpenc for DR11-C end ANS4LC0

1. DRII-C
g;;"‘ : 3 CRSO (output from PDPL1/34)
i 2 7 REQ B (inpuc to PDP11/34)
CND % ] CSRL (output from PDP11/34)
o 3 9 INIT H (output from PDPL1/34)

Device Addressas: 767770 (STATUS), T6T772(0UTPUT), 767774 (INPUT)
Interrupt Vector Addresses: J00{REQ A), 204(REQ B)
Interrupt Level: §

For details see DR11~-C manual..

2. ANS5400

2.1. DIGTTAL INPUT 32 bics.
(2 connectors, 16 bits for each, addresses: 20 and 22 decimal)

2.2. DIGITAL QUTPUT 32 bits.
{2 connectors, 16 bits for each, sddresses: 24 and 26 decimsl)

2.3. ANALOG INPUT 32 channels,
(2 connectors, 18 channels for each,
addresses: 0 = 15 and 16 - 31 decimal)
The A/D works in Stngle-Ended operation. But the input signal
is measured with respect to Signal Return, not Analog Ground.
This feature 1s called ‘Pseudo-Differencial® operation.

16 channels.

{2 connectors, 8 channels for each,
addresses: 4 = 11 and 12 = 19 decimal)
Return Sense leads are omitted.

Returna are connected to Analog Ground.

* ~dd=



. APPENDIX B, MANTPULATOR INTERFACE
Tabla A.4, User Connectors Pin Assignment for ANS400 -

Figures B.l through B.6 show the censtruction of the man-

Connectors ars 943-1205 FCC-110-20.
ipulator servos.

D.GITAL INPUT BIGITAL OUTPUT
Figure B.,7 shows the circuit for the control mode switch-
unused 1 2 DIG GND unused 1 2 DIG CND ing. Two manual switchea on the panel are used to enable and
(MsB) 1 3 4 2 (Ms8) 1 3 4 2 disable the computer to change the modes. When the enable
3 5 6 4 3 3 6 4 switch is pushed, the enable state is held by the self-holding
5 7 8 6 5 7 8 & relay circuit until the disable switch is pushed or the power
Input 7 9 10 8 Input Output 7 9 10 8 OQutput is shut off. An LED light indicates the enable state.
bits bits bite bics
9 1 12 10 9 11 12 10
In the enable state the computer can select the mode
11 13 14 12 11 13 14 12 . . - :
1 T ven P, . 4 - through a digital output, while in the disable state the
]t . 15 ! 14 . manipulator is kept in the master/slave mode regardless of the
15 17 12 16 (LsB) e il 18 16 (L5B) signals from the computer
DIG GND 19 20 ; unused DIG CND 19 20 unused
Seven bits of the word of digital output are used for mode
switching, Each of them can change the moda of its correspond=-
ing joint angle of the manipulator. One bit of the word is
‘ used to inhibit computer control. 1In normal operation this bit
ANALOG INPUT ANALOG OUTPUT : is set to zero. The use of this hit invalidates the spurious
ste 1 2 10¢ GND LOADO 1 2 DIG GND signal of all ones that comes when the cable is disconnected.
0 3 s 1 ouUTo 3 4 RETURNG The cne kiloohm resistors placed 11.1 parallel |.:o the.relay con-
2 s s 3 OUTL 5 5 RETURNL tacts protect the contact pointswhich switch inductive loads.
4 7 8 1 oUT2 "7 8 RETURN2 Figure B.8 shows the breadboard wiring of the circuit.
Ieput 6 9 10 7 Taput oUT3 9 10 RETURN3 A modification is made on the comparator/modulator chassis
chamnels g [y, | 13 | ¢ channels oure | 13 | 12 | Retumss ; ;
. (Fig. B.2}. A switch is added to each chassis which is meaning=-
10 13 4 i ouTs 13 14 RETURNS ful only in the master/slave mode. When on it allows the D/A
12 15 16 13 ouTé 15 16 RETURNG signal from the computer to operate as the angular difference
s 17 18 15 - oury 1 18 RETURNZ . between master and slave in master/slave mode, and when off it
ARALOG GND | 19 20 vnused LOAD4 19 20 DIG GND makes the D/A signal irrelevant.

For details see ANS400 Manuals.
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APPENDIX C. THE TABLE AND ITS INTERPACE

A table having a carriage which moves along the x, ¥, and
z axes is provided for the project., The carriage iz driven by
three stepping motors, z overriding x and x overriding y. The
motion is realized by a timing belt-pulley mechanism along the
X and y axes and by rack-and-pinion along the z axis. The strokes
are 14 inches, 16 inches, and 2 inches along x, ¥y, and z axes,
reapectively, A translator is used to convert the forward and
revez:e pulse signals into the phase-shifting motor driving
currents,

An interface c¢ircuit was made for the computer to control
the table. Tigure €.l shows the circuit., The most interest-
ing IC chip s=d in this circuit was the TTL 7497 Binary Rate
Multiplier. E~:entially, it has six bits of rate input and one
¢lock input and 4re clock output, and it outputs as many clock
pulses for every ¢ input clock pulses as specified by the six
bits {0 - 63}. The rystal oscillator generates 4.1943 Mz
clock pulse and the ' rst BRM counts it down to 0 - 63 (set
by the manual switche., for every 64. The next two 4-bit
counters in series comrv it down to one sixty-fourth. Next
come three BRM's, each v’ which counts tha pulse down to 0 - 15
{set by the digital output signals from the computer} for every
64. 1In this sequence, the last counter can output 9, 1l{l x 1},
up to 945(63 x 15) pulsesa per second.

The computer gives 16 bits of digital output signal to
this circuit. Fifteen of the bits are given to the three axes *
_ five for each. One of the five bits specifies the direction,
=one™ forward and “"zero" reverse, and the remaining four bits
assign the sixteen levels of pulse rate (0 - 15), The last one
bit inhibits the pulse cutput of the circuit, This invali-
dates the spurious signal of all ones that come when the cable
is disconnected,’

w55

I# tha computer is working with a 20 Hz clock, the manual
rate switch can be set 20, and the computer can update the digital
cutput every twentieth of a second giving the motor ¢ to 15
pulses every cycle, resulting in 0 te 300 pulses per second.

The cable from the panel, used in place of that from ANS5400,
allows manual test of the motor ¢rive.

Figure C.2 shows the breadboard wiring of the cilrcuit.
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APPENDIX D. TABLES OF EXPRESSION OF VARIABLES

Table D,1 Transform Matrix from Frame 4 to Prame 0

Table D.2 Transform Matrix from Prame 6§ to Frame 0

0 [6
3 231

6 3 6
212 213 234

OA‘ -

~

4
31

4
2 213

‘
321

4
231

0

‘&

4a

0

22

32

4
233

4
333
0

3 6 6
221 %22 223

Gﬂ.

24

6 6 6 6
R31 832 333 33,
0 0 0 1

b

4
a, = C2C4 + 525354

4
a4, = 5253C4-C254

F
a4 = 52€3
ay, = 815264 + ClE354 - §1C28384
4a,, = Cle3cd-slcas3cd-s1s2s4
P
8y, = ~S1C2C3-C1S3

= ~ClS2C4+S1C3544CLC2S354
a S1CIC4+CIC253C4+C1S5254
= Clc2C3i-51823

x = 1,39(5253C4~C254)-4052¢C3
-y = 1.39(C1CICA-51C253C4-515254) +40 (S1C2C3+CLS3) +18C1
= z w 1.39(S1C3CA+CLC2S3C44C1S254) +40 (~C1C2CI+5153) +18S1
e 4 4 s
Cagyr "2y ay)
¥ = Cagye Yy fagy)
. 4 4 4
2= (Cayy a3, ayl
5=

Ba ) = (C2C4+528354)C6+[-52C3C5+(S253C4~C254] 65)56

‘alz = (S253C4-C254) C5+52C 385

Say; = [52C3C5+(-5253C4+C254) $51CE+(C2CA+525354) 56

5a21 = (S1S2C4+C1C3IS4-51C25354)CE
+[(51C2C3+C183) C5+{C1CIC4-S1C253C4-S18254) 55156

®a,, = (C1C3C4-51C283C4-515254)C5~{$1C2C2+C1S) S5

Sa 5 = 1-(S1C2C34C153) C54+ (~CLCICH+S1C25ICA+S15284) SS)CS
+{5182C4+C1CIS4-51C25354) 56

Sa;, = (~Cl52C4+51C3S4+C1C25354)C6

. +[(~C1C2C3+5153) C5+ (S1CICA+CLC253C4+CLS254) 55156

8y, = (SLCICE4CIC25ICA+C1S284) C5+ (C1C2CI-5153)55

Say; = [(C1C2C3-5153)C5-(S1CICA+CIC2SICAHCLS284)55] CE
+(=C152C4+51C3844C1C25354) S6

sal‘ = x = 1,39(5253C4=-C254) ~4052C3

S4,, = ¥ = 1.39(C1CIC4-51C253CA-515254) +40 (SLC2CI+CLSI) +18C)

6a34 u z = 1,39(S1CICA+CLE253CE+CL5254) 40 {~C1C2C3+5153} +1851

%% = (Papy. %y, 6‘31’

5% - ®ay50 Cagye Sayy)

%% - (6‘13' 6‘23' 6“33’
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Table P.3 Expression of the Variables Used in the RMRC

Page Two
‘x = 1,39(5253C4~C254) ~40352C3 Table D.3
Ix/38, = 0 ’
3x/38, = 1.39(C253C4+5254) -40C2C3
3%/39, = 1.3952C3C4+405253 For %% to be hortzental,
3x/39, =-1.39(C2C4+525354) (~C152C4+51C354+C1C28354)C6

¥ = 1.39{C1C3C4-51C253C4-515254) +40 (S1C2CI+C153} +18C1 +[(-C1C2C3+5183) C5+{51C3C4+CLC253C4+C18254)55]56 = O
which gives

3y/28, ==1.39(S1CICA+CLC283C4+C1S254) +40(C1C2CI~5183) ~1851

3y/30, = 1,19(S15253C4-51C254)-405252C3 Bgy = arctan[(-Cl52C4+51C354+C1C25354)

3Y/393 =~1.39(51C2C3C4+C1S3C4) +40{C1C3-S1C253) {{ClCc2C3~-5153)C5-(S1CIC4+CLC2S3C4+C152C4)55})
3y/30, = 1.39(-5152C4~C1C384+51C25354)

Z = 1.39(S1CIC4+CLC2SIC4+CL5254) +40 (-CLC2CI+5153} +1851
az/ael = 1.39{C1C3C4-51C253C4-515254) +40({S1C2C3+C183) +18CL
az/aez = 1.39(-C152S3C4+C1C254) +40C182C)

3z/28, = 1,.39(C1C2CIC4~5153C4}+40(S1CI+C1C283)

az/ae4 = 1.39(C1S2C4=-51C354-C1C28354)

p = 3°4411+‘a12 = g.DPX+pPY

px = C2C4+525354
3Px/301 = 0

3px/30, = -52C4+C25354
Bpx/BBJ = S2C354°
apx/384 = 5253C4-C254

PY  S51S2C4+C1C354-51C25354
9py/38; = Cl32C4-S1C3IS4-ClC28354
apy/ 30, = 51C2C4+51525354
dpy/30, = -S1C2C384-Cl5354
apPY/38, = ClC3C4-51C2583C4-515254

For 6} to be horizontal,
(S1C3C4+C1C253C4+C15254) C5+ (C1C2C3~8183)85 = 9,

which gives

Ocp = arctan [-(S1C3C4+ClC253C4+L15254) /(ClC2C3-8183) ]

(cont'a) .
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Table D.4 Simplified Expression of thea Variables Used in the RMRC

Notation Page Two
For example, xl = #x/38), px3 = Ipx/305. Table D.4 .
Variables beginning by a capital letter are temporary wvariables,

Ypart = S1C2C3+Cls3

2part = —CiC2C3+5153

X2part = C253C4+5254

Pz4 = SI1C3C4+C1l-X2part

F1l23 = S1C3+C1iCc283

TH5 = F123.C4+C1l5254

TD5 = ClC2C3-5183

05, = arctan(-TNS/TD5)
PX = C2C4+525354 05: = arctan[{-C1S2C4+F123-5S4) /(TD5-C5~-TN5-55) )
PXl = 9

" px2 = -52C4+C25354
px3 = S2C3s4
px4 = $5253C4-C254

ey
iy
2

LN
473

Py = ~51-px2+ClCasd

PYl = =Cl.px2-S1CI54

PYZ = Sl:px ’ .
pyl = -Ypart.sd

py4 = ClCiC4-51-X2part

x = 1 _39px4-4052C3
Y = 1.3%py4+40Ypart+18cL
z = 1.39Pz4+40Zpart+1851

Xl = ¢

x2 = 1.39X2part-40C2C3
X3 = 1.3952C3C4+405253
x4 = =1.39px

Yl = -z

y2 = 1.3951.px4-405152C3

¥3 = -1.39Ypart -C4+40(CLCI~S1C253)
Y4 = =1.39py

zl = y
z2 = 1,39C1 -px4+40C152C) .
z3 = =1.39Zpart-C4+40(51C3+C1C253) _ .
zd = 1.35 pyl . : —Edw
' (cont'd) )
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APPENDIX E. PROGRAM

The program consists of the main part MANEX1l, resolved
motion rate contreol subroutines MRESS and MRESM, voltage-radian
conversion subroutine MANGL, and ANS40¢ controlling subroutine
AN5402,

MANEX]1 generates the object motion and contrcls the master/
slave operation as described in Chapter 6. MRESS and MRESM
arg the same except that they deal with different areas of the
data (MRESS for the slave and MRESM for the master}, Such dup-
lication could be avoided in assembly language coding by use
of an index register to switch the data area, or still better
and faster, by use of the memory management register if possible
as with the PDP11/34,

The singularity of the Jaccbian matrix was not taken care
of in the program assuming that operators do not give the
manipulator such posture that makes the matrix singular,

Figure E.l shows the general flowchart of the program.

=63~

t atart ’

‘=::§E§E? No
Ves

generate crable position
X:¥a2

stop?

cutput table command ]

( stop )

read manlpulator angles
Gsl.....éss
eml""'emﬁ

l

e
[ x transform
% z_,8
5'7a*%s"s

% z .8
8 Ys*%s' %

master/slave and compensation

x z .3
rs*ra"*es*¥rs
X_ Y 3

Wz
Imrm T1Tm Im

>
X+ 6 transforn

erslﬂ""ersﬁ'erss'ersﬁ

Brml""’erma'ermi’armé

8 master/slave_
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ars& - ersﬁ + eds
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m6 ~ ¥rme

6
5

l

I output manipulator command 1

J

Fig. E.l.
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General Flowchart of the Program
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DoOOMNO

HANIFULATOR AND TABLE

KANIFULATION OF MOVING ORJECY

COMMON THXSIC(7) THXMIC¢?) s THX50(7) « THXHO(7)

COHAON THSIfTHSEJTHS3-IHS4:rNSE:THS&-XSnTSnZS-SSJlsn-YSD-ZSD §8D
CONADN THM s THNZ » THNI» THNA » THRS s THHG e XX e YW o ZN » SH o XMD» YHD r ZND» SHD
CONMON IDATALLI4)

THASG(1)=0.0
THXNO(1)=0.0

CALL ANINIT
CaLL DOUT(24,0)
ChLL DDUT(2440)
TYFE ) "HANIPULATION OF RUVING OBJECT WITH COMPENSATION’
az20.7

. B=20,5

Alml.C-A

TYFE %+ 'HANIPULATOR CONPUTER CDNTRDL?' .
ACCERPT &1 :
IF(I.HE. 1) STOP

CALL AINSQU(156+29+1DATA)

CALL ADUTSO(4+17,IDATA) Sy

CALL DBOUT(24+41)

SINUSGIDAL nOTION OF THE TABLE ~

STOFS WHEH ANC400 DIl IS WON-~ZERD

STOFS WHEM ANY LIMIT SWITCH [S HIT

STOPS WHEW TIME FAILURE DCCURS

TYPE £¢°SET FUNDANENTAL FREGUENCIES FXwFYaFZ=20HZ’
ACCEPT 1,1

IFVIJNELL) STOP

PT123.0

FT2®6.%

P13=t4+,5

FT4=13,5

FU1=0.314)5/PT}

Fu2=0.31414/PT2

FUI=0.31416/PT3

FU4E0.314156/PT4

TYPE 34'SET TABRLE AT CENTER AND TURN ON TRAMSLATOR‘
TYPE &+ THIS INITIATES COHPUTER CONTROLLED MASTER/SLAVE’
ACCEPT %]

IF(I.NE.1)} STOP

T201=-20,0
Ix=0

1Y=0

1126

Ixi=g
Ir1=4

- I1Z1=0

Ix}a0
[Y2ed
112a0 :
-§7=

© 100

130

140

300

1

IX3=0
IYi=0
123=0
Y20.0
¥=0.0
I=0.9
X1m0,0
Y1=0.0
I1=0.0
X2=0,0
T220.¢
12=0.0
A3=29,0
13200
233 .0
T12SECHDS(0.0)44.,0
50 TO 500

TABLE HOTION .
IZI=ININT(34.03CO5(T205PUL)~34,08COS{T208PUD))
IX=ININT(100.0#SINCTZORPUL ) =400, 0ESINCT20RPUI) )
I¥=ININT(100.04SINCT20XPN2) -400. CRSINCT00PUA})
X=0,014%FLOAT({X)
T*0,0L42FLOAT(IY)
2=0.0117809%FLOAT(12)
Tux=Ix1-1x2
y=Ivy-1v2
IVZ=122-113
I1S4=1
ISYal
I18ia1
IF(IVX,6T, 0) GO TO 20
[8x=0
IW%=~=TUX
IFCIvY,6T.0) 6O TO 130
I1SY=¢
Tuy=~JpY
IFCIVZLET.0) GO TD 140
15I=0
Ivi=-Ivi
JRATA=163B4%IS7+51281ISY+14818X
JDATA=JDATA+LOZARIVIHI2STIVUYHIVX
CALL DOUT(24+JBATA)

HASTER/SLAVE

CALL HANGLI
THE1=THXSI(5)
THE2=THXSI(7)
THS3=THXSI(4)-TH51
TH34=THXSI{2}

CALL ®RESS]
THHL=THAMI(S)
THR2=THXN1(?)
THRE3=THANI (&)=THM]
THHA=THXHI(2)

CALL NRESHI

-G8=-



320

34

400

XSE2X5-X2

YSE=YS-Y2

ISE*ZS-23
MEO=ATXNEALEXSERY
YSD=AKTHIALRYSELY
2SO=ASZMIALEZSELD
S50=A85H1ALRSE
YHD=ALXSE+ALEXN
YhO=ASYSE+ALRYH
ZRU=ARISE4ALRIN
Shl=AE35+A1tSH
1FT20.LT.-5.0) GD TO 320
AS(=XCD+ER(XSE-ASED)
YSli=YSDtBE(YSE-YSED)
ISL=ISh+Ret2SE-TSED)
S5D=SSDHRR(SS5-552)
AHD=EXADEBRLXH-XHY
YHO=YHE4AKCYN-YHD)
ThD=ZHD+ER(ZH-2HD)
SHL=SHOtREISH-5ND)
CALL MRESS2

CALL HKESN2

THST&m (THYST(A)-THXSI(3))/1.45-THSS
THHTI A= CTHXMECA)=THXNI (31D /1.45-THNS
THS04=ASTHMIA+AIOTHSTS+THSS
FHADS=AXTHSTA+AIATHMI 5+ THHA
IF{T20.,LT.-10.0) GO T0 40
THS06=THSQ6 +EE{THST4-THE142)
THMOA3THHOS +EE(THRI4-THIHIAD)
COXTINUE

THXS0t2)2THSY
THXS0(3)=THSS-THS0640,.825-TH53%0.27
THASO 4)=THS3+TH50620,825-THSI%0,27
THXSQ{S)=THS1

THXSOU8)aTHS1+THS)

THAS0(712THS2

THAMO{Z)=THH4

THXMO{ 3} =THN5-THN0AS€0,825~THK3%0 .27
THXHO (4)=THHS+THKOS30 . 825-THNIR0,27
THXMQA(S)=THHL

THXMO(S) =THMLI4THN]

THIMO{7}=THN2

CALL HANGLO

CALL AQUTSA(4.17,1DATAY

T201=T201¢1.0
1X3=Lx2
IY3=1Y2
< I23=122
Fxl=1ux1
125171
LI2=121

affa

00

920

210

%00

Ixi=IX
Ivi=1Y
121=12

X3=X2
¥3=¥2

I3=72
X2=X1

¥i=¥1

2271

¥1=X

Yi=Y

1=
ASE2=XSE]
1S£2=Y5EL
ISE2=ZSE1 -
352=55]1
THE182=THS 61
x42="{nit
THZ=YHL
In2=2H1
SM2=5d1
THHMI&2=THHI4L
XSE1=XSE
YSEL1=¥5E
ISEL=ISE
§51=55
TH3T41=THS14
LH1=XH
YHi=TH
Jitl=IN
Shi=54
THRISI=THN1S

CALL DINC2S6rJBATA}
IF CJUATALRE.Q) GO TD #60
CALL DIM(20,JDATAY

IF(JDATALT.O) JUATAsJDATARL1S3B44146384

JOATA=JDATA-JOATA/6AR44
IF(JDATALNE,53) GO TO 920
T20=AINT(CSECNDS(T1)+0.008)220.0}
IF(T20.LT.T201) GO TO S04
IF(T20.6T.7T201) GI TO °19
IF{T20.LT. 0.0} GO TO 300

GO TO 100

CALL DOUT(24,0)

TYPE & "LIMIT SWITCH’

60 TO %00

CALL DOUT(24:0)

TYPE %4 *TINE FATLURE’
-30 10 %06

CALL DOUT(26,0)

TYFE & 'TAELE STOPFED,» MANIPULATOR LEFT UMRELEASED”

TYFE 3y 'TURN OFF MANIPULATOR’
STHP
END
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SUBKOUTINE MRESS: Y1a-2

COMMON THXSI(Z) e THXMI(Z) o THXSOC7) ¢ THXMO(7) Y2=1,39%514FX4~40,0251C3252

COMHON THLsTH2 THI#THA s THS s THA# X0 Y2 ZeSeXDe Y0+ 2D 8D Y3=-1,3RKYPARTECA$40,08(CILI~51532C2)

COMMON FILLER(L4) Yadz-} , I9LPY

COMNON ILATA{14) 1=y

EQUIVALENTE (R11+X2)rCAl2o X1 e CAL3 I X4A) 2 (ALAXAS) Z2u-1,394CLAPX4440.08L1C3252

EGUIVALENCE (A21rZ22)30{A22+21)eC(A23124) 2 (A24:23) : 23=-1,39¢IPARTICA+40.05(C1538C2454C3)

EQUIVALENCE (A3L+P2+PY2) s lAI2rPLoPYI ) r LASTIPAEYA) s (ATAFI P PYD) Z4=1,.390PY]

EUUTUALENCE (A41Y2)p{A42:7L31LA430Y4) ¢ (A44,T3) Y=Y+49,0

EQUIVALENCE (CLaDXsDTH2) » (Q24D2)DTHL) o (O3 DP 2 DTHA} + { @49 DY s DTHT) irl-19.319

EQUIVALENCE (FyPY)»{5D0,TX) : RETURN

RESOLVED HMOTION RATE CONTROL ENTRY MRESS2

C1=CO05(TH1) P=FY+TXEFX

C23CDS(THY) " P2=PY2+TXEPX2

CI=CO5(THI: FI=PYIH+TYRPX]

C4=COSiTHA) PA=PY4+TXRPXA

S51sSIN(TIL) DF=z-F

S2=SIN(TH2) PX=XD-X

SIrLIN(THIY bYaYD-Y

G3=SIN(THA) bZ=1I0-2

C1C3=C12C3

L£1332C!153 SCLVING THE RATE EQUATION

§1033513C3 Al=ALJ/AIL

5151=51153 A2I={A23-AZI AL /A22

C2C4s02¢CA AZ3=A53-AJ1%A13-A301A23

C2Sa=C2r54 Ad3=AAT-A4LEALIT-A423A23

52C4=503C4 Alé=Aal4/4A11

5254257854 AZ4=(AZ4-A21%A14) /422
AZA=(AT4-ATIRAL4-AT2RA241 /433

YPART=C15345183002 Ad4ZA44-AALTAL4-AA2SA24-A4T0A34

IPART=-C1CI2L24515]
AIFART=CICA4¥5345254
FZ4=Cl3A2PARTHS1CISCH
FX=C2C4#5254353
PX1=¢,0
PX220254%535~52C
PA3=52543(3
FX12-025445204853
PYaCiCIsSA-S18PX2
FYl=-C1aPX2-51C3884
FYi=StarX
FY3»-TPARTES4
PYA={ICISCA-513X2PART

X=1,3¥8PX4-40,08522C3

Y21, I78PYA+40.0XYFPARTH+10. 0201
221, 399P24440.08PART $18, 0251
S3- PY/PX

%1=0.0
"X2713FEXIFART-40.04C28C3
X381, 29852C40C3+40.08528S3
X4a-1,39%PX

-71-

01=01/a11

@2=2(AZ~a212011 /422
03=R3-A3150L1-AJTEE2Y /AT
Ua=(QA-A4IX01-AA2NA2-A4380T) /A4
02=03-AJ4204

Q2=02-A24304-423303 -
01=01-A14804-413303

SOLVING THS AND THS
S51=51+DTHILC]
CC1=C1-0.S4DTHIX(S1+55L)
S82=S2+UTHIeL2
LL2=C2-0. 54 TH22(S24552)
§53=53+0THILCT
LL3=C3-0,S4DTHIL(5I+553)
5542544 DTHARCA
CCA=C4-0. AT THAX(S4+554)
C1C2=CCiscly
C182=CC1u882
F123=C1C25553+45513CC3
THS=F1234CL 4401528854
IDS=CIC2¥CCI-5513553
THS=ATANZ(~-TNS»TD5)

THé=ATANDZ(F1233554=C1520CC4» TDSXCOS( THS) ~TNSESINCTHS ) )

«¥2e



1%

20

KEW THLsTHZ,THI» TH4
TH1=THL+DTRHL
TH2=TH24LTH2
THRaTH3I+0OTH]I
THA»THA4DTHA

RETURM

LHD

SUBROUTINE HRESH]

COMHON THXSI{7)»THXHICZ) ¢ THXSD(?) « THXHO(7)

COMHUN FILLER(14)

COMHON TH1+TH2» THI» THA s THZ» THA# Xo Yo 20 SrXDs¥Ds2D0§
COMHON IDATAC(14)

RETURN

ENTRY MRESH2

RETURN
END

SUBROUTINE MANGLI -
COMMON THXSICZ)»THXNICZ)+ THXSO(7) e TRXNO(T?

CORMUN FILLER(28)

COHMON IDATACI4)

OIKENSION COEF(7)¢ICONST(7)

DATA COEF/.00048+.001425,00173¢~.00173/~-,00043+~,00079,.000348/
DATA ICONST/0+0¢300,-300+0,0,0/ )

CONVERT ANGLE READINGS INTO RADIANS

CALL AIRSQ{15¢29./IDATA}

DO 10 I=1,7

THXSE(I ) =FLOAT(IDATALI) /14-ICONST(I))SCOEF (1}
THXRICT)=FLOAT{-1DATA{TI+2)/56-ICONST(1) }¥COEF (1}
CONTIHUE

RETURN

ENTRY MANGLOD

CONVERT ANGLE RADIANS INTQ OUTPUT FORMS

Do 20 [=1,2

ICATALL) s (ININTUTHXSO(I) /COEF(T) ) +ICONST(I}) 514
ICATACI+7)=-{ INIRT{THXNO(I) /COEFCI) ) HICONST(IIR14

* CONTINUE

KETURN
END
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PCONTROL SUBROUTINES OF ANS400 THROUGH DRII-C
ARINITDINSDDUTAINSAINSOAOUT rADUTSO
STATUSs OUTRUF» INBUF )

pauT:
BoUT1:

buut2:

AINI
AINI:
AIN2:

AIN3:

i
AINSO:

AINSE:
AINS2?

AINST!

+GLOBL
+GLODL

TST
LY
aADD
TSTE
BPL
MY
TSTB
EFL
ik
RTS

TST
Hov
aDD
TSTR
BFL
LY
7578
EPL
Hov
RTS

TST
Hoy
ADD
T5T8
BPL
LIS
157B
BFL
CLR
TST8
EFL
KoV
RTS

187
HOV
ADD
LY
ALD
KoV
TSTE
Bul
BR
T3THR
EPL
CLR
TSTB
BFL

(RS +
$20000,R0
2(R3Y+:R0
STATUS

DINt

RO DUTEBUF
STATUS

LIN2
IHEUF+2(R5) 4
FC

(K514
$110000+RO
BIRZ}4:RO
STATUS

DbouT1

RO BUTBUF
STATUS

pouT2

B(RS) +rQUTRUF
FC

(RS}
$50000.R0
@{RS)+sRO
STATUS
AIN1

RQs OUTBUF
STATUS
AINZ
OUTRUF
STATUS
AINI
THEUF (RS} 4
FC

(R34
130000480
B(RG)4:RO
$50000/RL
@(RS)+:RY
{(R31+-R2
STATUS
ALNSa
AINSL
STATUS
AINSGZ
BUTEUF
STATUS
AINS3

F*READ DIGITAL DATA®
i+ ADDRESS

HINFUT COHEAND

FINFUT DATA

1"LOAD DAC DATaA* '
i+ ADDRESS

$INPUT COMMAND

1OUTPUT DaTA

#*LOAR ADDRESS®
¥+ ADDRESS

1OUTPUT COMMAND

1*READ A/D DATA*

$INPUT DATA

1'LOAD ADDRESS®

i+ FIRST AODRESS
i“LOAD ADRKESS®

¥+ LAST ADDKESS

IDATA ADDRESS

F*READ A/D DATA®
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AINSA?

AINSS:

LH T

i
AQUT?

AQUTLE

A0UT2t

i
AQUTS5Q:

ADS12

ADS2:

}
ANINIT:
ANTLE

ANE2?

ANLE:

HOV
Koy
INC
cHp
bLoS
STH
SFL
CLR
1578
bPL
Hov
RYS

18T
KOV
AED
15TB
EFL
KoV
1578
RPL
LY
RYS

18T
KoV
ALD
NGY
RLD
KOV
TSTH
EFL

-HQV

I§TR
BPL
noy
INC
ChpP
BLOS
K1S

CL&
TSTE
BFL
LIy
TSTa
BPL
nov
TSR
BFL

*HOY

RTS

JEND

IHBUF » (R2) 4

RO OUTBUF
RO

kd.R1
AINS2
STATUS
AINSS
OUTEUF
ETATUS:
ATNSS
INBUF « (R2)#
PC

{R5)¢+ .
$110000+R0O
2IRSIH,K0
§7aTUS
AQUT1

R0+ QUTBUF
STATUS
AQUT2

@RS+ QUTRBUF

PC

{RE)+
#L100004RO
FIRSI#R0
#110000R1
F{RI+4R1
{RS)HeR2
STATUS
A0S1

RO DUTBUF
STATUS
Ab0S2
(R2)4 1 QUTRUF
RO

RO:R1

A5l

PE

STATUS
STATUS
ANIL

$170000,OUTBUF

STATUS
ANIZ2

170000, 0UTBUF

STATUS

* aNl3
260004 OUTHUF

PC

J1INPUT DATA
TINPUT CONNAND

F*READ A/D DATA"

1 INPUT DATA

1*'LOAD DAC DATA*
i+ ADDRESS

FOUTPUT COMMAND

FOUTPUT DATA

§"LDAD DAC DATA®
i+ FIRST ADDRESS
F*LCAD DAC DATA®
¥+ LAST ADDRESS

FDATA ADDRESS

FOUTPUT COMMAND

10UTPUT DATA

}*CLEAR"

F*CLEAR* AGAIN

F'LOAD STATUS®
FCONVHSED

=75~

APPENDIX P. DATA

Table F.l. Operation Time for the Peg Moving Task

NO TABLE HMOTION

COMPENBATION

NO COMPENSATION

fRIAL
NUNBER

M AS N A AW

“m [L 2N

SUBJECT SUBJECT SUBJECT

1 'Y 3

20,6  22.4 22.4
24.0 20.0 24.2
19.90 22,0 20.2
18.2 18.6 20.4
20.0 18,2 22.4
20.% 20.2 22,0 20,9

2029 1-71 1.47 *

27.4 22.8 32.2
24.0 2%.4 39.6
23.3 21.8 28.0
22.4 27.0 33.4

23.0 23.0 32.8

24,1 24,0 33.2 27,1
ll

1.74 21 3.72
35.2  30.8 72,2

30.8  37.2  44.8

32.8  26.4 42,8

30.0  383.4  46.8
34.4 28.6  S55.0
34.2 32,3 56,7 4l
2.41 4,73 '12.04

-7~



Table F.2. Operation Time for the Valve Turning Task

ND TABLE MOTION

COMFENSATION

NO COHPENSATION

TRIAL
NUMBER

AR w M (L S AN A

wm

LI I S P

SUBJECT SUBJECT

L}

1é.4
15.90
15.4
12.0
14.8

14.9
1'49

18.2
13.8
14.¢
17.09
14.4

15.

&
1.%4

23.4
13.46
22.2
14.4
1*‘6

18.4
J.43

LF:

1
1
i

1

t
1
1
t

L

1
1

|
1

1

-7?-

3.4
0.&
8.4
g.8
2!0

Q.7

1.70

7.4
1.0
o.B8
0.4

2.4

2.9

J.44

6.0
1.4
3.0
1.6

?.2

2.2
2.24

Table F.3. Comparative Errors in Rectangle Tracing

TRIAL SUBRJECT SUBJECT SURJECT

NUHEER 41

' Q.208
0.12%
Q0.15s
0,131
0.150
0,138

ND TABLE HOTION

0~ e R

0.15%
0.0249

w

0.344
T 0.325
0,228
0.273

07262

CONPENSATION

0.2348
0.0430

v m L4 0 S R

0.781
0.762
O.B12
G.669
0,550

HO COMFENSATION

0.715
0.0954

®mm 1A G R

2

0.181
0.1354
¢.1350
0.162
0.173

0.145
0.¢114

0.274
0.275
0.3536
0,300
0.300

0305
0.0272

0.775
0. 744
0.731
0,600
Q. 762

=78~

"

0,212
0.175
Q.231
Q.13%
0.206

0.191 0.169
0.0350

0.354
0,342
V290
.20l
0.212

0,309 0.300

1.158
0.806
Q.B74
1.633
0.812

0.941 0.793
¢. 1360
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