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' SUPERVISORY CONTROL OF REMOTE MANIPULATION

WITH COMPENSATION FOR MOVING TARGET

The aim of this project is to evaluate automatic com-

pensation for moving targets in the supervisory control of

remote manipulators.

An experimental system was built which consists oi a

master/slave manipulator, a moving table for the:�oving ob-

ject, and a computer controlling both the manipula or and the

table.

A software system was made which allows the master/

sl,ave operation with object motion compensation under computer

control. The method of resolved motion rate control was

adapted for the manipulator control. The computation time

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

Experiments were cazried out with human operators per-

forming manipulation tasks in the master/slave operation
under computer control. Their periormance was compared
in three situations: no abject motion, compensation for the

object motion. and na compensation. The comparison of the
compensation. and no compensation situations showed that the
compensation xeduced the operation time by 26 - 41% in the
peg moving task and increased the accuracy by twa and a half
time- in rectangle tracing. In valve turning, however, a

significant improvement was not observed,

Thus, it can be concluded that the compensation for

target motion can improve the performance of the human aperator
significantly in certain kinds of tasks.
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l. INTRODUCTION TO SUPERVISORy CONTROL OF REMOTE MANIPULATORS

The new enviranments man is working in with great hope az'er
Outer space, undersea, and nuclear radioactive. One problem en-
countered by people who are trying to perform activities in these
areas is their physiological hositility, which keeps people
distant from them. Either they must stay physically zsmots oz'
remain isolated by special garments ar capsules.

Manipulators have been develop&"% to extend the man's cap-
ability while keeping him away from' the dang'.raus working
site. The work done with manipulatI r s, such as repairing and
maintenance of equipment, is not ro»-ins wor', but, varies from
time ta time according to the state' f the equipment, and re-
quires good judgment, dexterity, and great care.

The manipulators are usually controlled by a human apsrator
in rate cantral or master/slave control. Operating manipulators
in this way is a tiring job and the operator gets exhausted after
a short tirrre of wark.

The use of the computer has beer~ introduced ta help the
operatar. Ferrell and Sheridan [I] in L967 proposed the super-
visory contral ot manipulation, where the computer can be to same
extent autonomous, controlling the manipulator an its own, and
the human operator, zeleased fram the direct control laop in
which he had to take care of every tiny motion of ths manipulator,
can became a supervisor of the semi-autonomaus manipulator or
robotic device.

2 ~ PROBLEMS IN THE MANIPULATION OF MOVING OBJECTS

Undersea tasks done by human divers are getting more and
mare costly and hazardous as they have to be done at increasing
depth �] . Using a manipulator mounted on an unmanned mavable
submersible and controlling it from the sea surface is the
most desirable solution provided that the task can be performed
reasonably well. But the use of the manipulator has-its awn
prablsms. One of them is 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, drif ting due to the force ot
the current. Or, conversely, the object may be fixed and the
submersible with the manipulator may be maving around; or, bath
can 5e moving.

In any of these cases there is relative motion between the
manipulatar and the abject which the manipulator is to handle..
The prepragrarrrmed task motion may lail because the abject simply
isn't where it is supposed to be. If the manipulator is con-
trolled in master/sLave mode, the human opsratar must make the
slave follow the abject, i.e. he has to folLow it himself an
the master, and do his proper detail manipulation job in addition.
As is easily imagined, this makes his wark a lot harder.

If the relative motion of the abject can be measured, ab-
ject motion compensation can be accomplished. That iy, in
master/slave mode the object motion is added to the master motion
to give a reference ta the slave mation, and is subtracted
from the slave motion to give the reference ta the master matian.
In a preprogrammed task mode the object motion is superimposed
on the predetezminsd slave motion. So, in master/slave mode,

7a
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-10-

despite relative motion the operator ran perfarm the same
task motion as if the object were staying still.

In this project, a method of object motion compensation ts
developed, and experiments are conducted about the performance
of task operation in master/slave mode with moving objects,
assuming that the contraller cr n know the relative motion oi
the object.

It may help one to understand what has been dane in this

project if the devices used in the experiment are described
briefly.

A master/slave manipulator which has been in use for a

lang time in the Man-Machine SystemI.aboratory was used in this

project  Pig. 3.1!. A new PDP11/34 minicomputer was used to
perform the control job. A movable table was brought back

to life, offering three-dimensional  x,y,z! motion under the
computer control to the object which is handled by the man-

ipulator  Fig. 3.2. Also, see Appendix C! ~

The manipulator is an Argonne National Laboratory E2

master/slave manipulator. It is articulated type with six de-

grees of freedom  8A, 8>, 8>, 8<, 8R, 8A! 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 s1,ave 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  8E,8>,8>! are cannected to their motors by means of
gears. The lower three joints  8 8R 8A! and the grip are

I I
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 reference input

value. Zn master/slave mode,, in which the computer control. can

be irrelevant, the master servo and the slave servo are coupLed

to give the master/slave control loop shown in Fig. 3.4.
This allows bilateral control with force feedback. To improve

stability, two other laops are present: a tachometer feed-
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forward and a tachometer feedback loop. Xn the computer
control mode the servos for the master and the slave act
independently in reference to their respective input values
from the computer as shown in Pig. 3.5.

The manipulator was originally controlled by an Xntez-
data Model 70 computer. Thus the need arose to change its
computer interface completely to fit the new computer, a PDP11/34.
Details of this interface are discussed in Appendix 8,

A Data Aquisition and Distribution System ANALOGXC AN5400
is used to allow the computer to communicate with the experimental
devices. The AN5400 is connected through a General-Purpose
Interface Hodule DR11-C to the PDPll/34. Zt 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 ANS400.

a! input the !oint angles of the manipulator;

b! input the gripping force of the slave tongs;

c! 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 AN5400.

a! see if the carriage has hit any of the limit switchesg

b! specify the speed and the direction of the carriage
motion along the three axes  x,y,s! .

The datails of the AN5400 and the DR11-C are given in
Appendix A.

16



4. COHTROL THEORY OP THE NANZPVLATOR MOTION

The manipulator can be modeled as shown in Pig. 3.3. It
has six degrees of freedom. Although the joint. angles can repre-
sent the manipulator motion by themselves, cartesian coordinate

systems give more convenience and flexibiltty 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 8k specify the rotation 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

one of the methods to overcome this difficulty is Resolved
�otion Rate control  R�'> proposed by D. whitney [4] .

x ~ f�!,

where x is a position vector at time t,

x ~  xl!xl! ~,,!x ! !n

and 5 is a vector of joint angles at time t,

4 -  8 ,82,...,8,!

If we define a Jacobian matrix as

8xi Sxl
~3, m

0 0, 1,2 3 4 5A6 Al ' A2 ~ A3 ~ A4 ~ AS A6.

Also the transformation fiom the fourth frame  wrist frame!

to the vehicle frame is given as

0 0 1,2 3A4 ~ Al ~ A2 ~ A3 ~ A4 .

Tables D.l and D2 show the expression of A4 and A6.0 0

Suppose one is given the following problems given a position

 x,y,s!, find the joint angles 81 through 86 that. place the
manipulator at that position. A look at the transiormation mat-

rices A4 and A6 shows that 8> and 86 are irrelevant. Solving0 0

81 through 84 given x, y, and z is a redundant system and yields
an infinite number of solutions. Some constraint could be

given to make the system non-redundant but the problem is that

the system is analytically insolvable,

-17
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we get the following relat en:

x ~ Jg! 8.

Since this is a linear system.,

m ~ n and J f! exists.

8 - J 8! 'K

As for a short period of time,

8 - est

hx ~ xdt

04 ~ J�! dx
$ t+0t! - 0 + 04

~ 4+ J f! hx

r

 ! can be solved for given x ii



For the implementation of this method ane variable is intro-

duced in addition ta x, y. and z. Suppase the hand direction
vectar y as referenced to frame 0 is  s,1,0! . Since the vec-

6~

tar x is perpendicular to y regardless of 45 and 46, the inner4+ 6+

4+ 6~
praduct af x and y should be zero,

4 4 4ll' 12' 14  s,l,0! 0,
which can be rewirtten

4 4s' all + a12 0 ~
So a new variable

.4 4
ll 12

is introduced, which is to be made sera in the control.

In this case n ~ 4 and

x ~  xiy,z.p! .

It -  e ,e2,43,44! .1

6~
To keep VeCtar y harizantal,

6a32~ 0,

which gives 45
6+

The additional canstraint of keeping the hand vector x

horizontal gives

6a31 ~ 0,

which gives 46

Table D.3 shows the elements oi the Jacobian matrix and

the expression of the bases of the faint angles: 45r and 46r.

5 ~ NASTER/SLAVE OPERATION WITH OBJECT NOTION COMPENSATION

UNDER COHPUTER CONTROL

If the object tc be manipulated is maving, it is desirable
to compensate the abject motion for easy operation by a human

operator. By compensation is meant that the slyve manipulator

hand moves with the object motion and in addition makes the

necessary motion to do the task an the abject, while the master

makes the latter motion only. In this compensated master/slave
operation, the reference given to the slave will be the master

position plus the object position, and the reference given to the
master will be the slave position minus the abject pasition.

Since the object position is given in the cartesian coordin-
ate system fixed to the frame 0 of the manipulator and the drive

is dane an the joint angles, this cantrol necessitates the trans-

faxmation .fxom the angle representation ta the cartesian repre-

sentation as well as the other way around.

The conceptual diagram of this contxol is shown in Fig.

5.1.

As discussed in the previous chapter, given the cartesian
6~pasition of the manipulatar  x,y,z! and the hand vectors y ~

 s,1,0! and x harizantal, the ROC logic yields the six angles
6+

8 through 4 . From this state any angular value 86d can belx 6r
superimposed on the base: 46 without giving any effect back to

6r
45 through elr5r

Thus the degrees of freedom af the compensated master/slave

operatian are five: x, y, z, s, and 46 , 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 af freedom than the manipulatar

mechanism has. The recovery af this lost degree oi freedom

-19- -20
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could be had at the cost of considerable amount oi additional
computation.

By the use oi a digital computed, the master/slave control
system becomes a discrete time sampling system, The sampling
time interval was chosen to be one twentieth of a second �.05 s!.
The interval of 0.1 s was tried but proved to produce motion which
Waa tOO shaky. The SyStem ClOCk Of the BSX-11M Operating SyS-
tern which works on the 60 Hz line frequency is used.



6. PRACTZCAL PROBLEHS ZN ZHPLEHRRTATZON

In the course af developing programs many problems have
emerged. Ona is haw to make the master operatian by the human
operator easy. Host of the remaining problems are concerned
with stability. The measures taken are hardly academic.

6.1 Haster Slave 0 eration Under Cam uter Control

Simply using the master position as the reference to the
slave and the slave position as the reference to the master has
led to a swaying vibration of the'manipulator. The following
scheme is used to prevent this vibrat pn.

+
x ~ a-x +  l-a! x

sr m 5

x ~ a.x +  l-a! 'x
5 m

where x and x are the positions af the slave and the master5 m
at the sampling time t, and x and x are the reference valuessr mr
autput from the computer to which the slave and the master' are

controlled. Experiments have shawn that a value over 0.7 for
a brings abaut the vibration.

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

too heavy to be moved by a human aperator, The use of tachometer

feed-forward in the master/slave mode has suggested the following
scheme [3! .

+
x ~a.x + �-a!'x +b  x -x -!

sr m 5 5 52

+ '+
x a a'x + �-a! x- + b  x - xm2!,mr 5 m

where x 2 and x are the positions oi the slave and the master52 m2
taken two cycles earlier. These values, x 2 and x 2, ara used

52 m2
because the use of x and x 1, which are the positions taken onasl ml'

23-

cycle earlier, has caused vibratian, A value over 0.5 for
b causes the self-initiated motion of the manipulator.
6.2. Cam nsatian of the Ob ect Hotion

The compensation of the object motian has introduced new
prablems concerned with the dynamics of the manipulator. If
the slave is fallowing the object motion and the master is com-
pensated, the value given from the slave to the master/slave
scheme should be  x � x ! and  x - x ! and the reference tos t s2 t2
the slave should be increased by x , where x is the tableta' t
position at the sampling time t and x is that two cycles

t2
earlier, and x is the position where the table is expectedta
to be a certain time in the i'uture.

This lead time is understood to result fram the delay time
of the manipulator drive and the discrete updating of the re-
ference signals by the computer. The proper lead time is
chasen by experiment. Figure 6.1 shaws how this lead time takes
care af both the delay time af the manipulator and the effect
of the reference signals which da not change continuously but
change at the sampling time and stay constant during the
cycle.

The lead time derived by experiment is>

xx 0.10 5

y: 0.10 s

5: 0.15 s.

Too small a lead time makes the master move in the opposite
direction to the object mation, while tao big a lead time makes
the master mave in the sama direction. Tao small a lead time
also makes the manipulator follow behind the abject, while toa
big a lead time makes the manipulator go ahead of the object.

24-
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In a practical application where the object motion is
measured, the prediction af the object position is necessary
[5]. In this project, where the object is moved in a prsdeter
mined way, it is easy to achieve, but it may be difficult
in practice,

The, eventual scheme is as follows:
+

x ~ ax + �-a! x -x ! + b [ x-x !- x -x !] +xsr m s t s t s2 t2 ta

x a. x -x ! + �-a! x + b- x -x !
mr s t m m m2

6.3 Resolved Notion Rats Control

For the resolved motion rate control program the following

method was used.

Given el through e4, x. y, and z are calculated. Given
the dss'tination position  xd, yd, zd, sd!, the variable

The partial derivatives are evaluated forming the
Jacobian matrix

The position increments are calculated as followss
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hx + xd x

ay-y d

hz ~ zd - z

Qp a p

How the equation to be solved is

The matrix is 4x4, not too large, an! one elegant Sx/881 is
zero. Taking advantage of this fact, an economized version
of the method. developed by T. Banachiewlcz [6! is used instead
of a general method.

The variables x, y, z, p and their partial derivatiVes
are made of terms which consist of the combinatianal multiplica
tion of the trigonometric functions >f 91 through 14. At
first glance their computation looks time consuminq but further
inspection reveals a lot of duplications of the same terms,
which enables simplication of the computation. Comparison of
Tables D.3 and D.4 shows how much calculation was saved by the
simplification. One cycle of this program takes B,B ms on the
PDP11/34. The control needs two cycles, one for the master
and one for the slave. This computation time is quite accept-
able and compared with the system sampling interval 0.05 s.

6.4 Model An les and Mechanical An les of the Mani ulator
Due to the mechanism of the manipulator, the mechanical

joint angles 0 , 9 , B , e , e , and B are not quite the
same as the angles shown in Pig. 3.3, Three of the an91es are
the same.

With the differential gear mechanism using 33/40 gear ratio<

With the interference of 43 over B in addition5



7. EXPERIMENTS OR HE PERFORMANCE OF HUNAN OPERATORS

Experiments were carried out ta evaluate haw campensatian
for the moving object helps the ".uman operator, Operator per
farmances 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 canpensatian.

The motion af the object, or the motion of the table, which
actually was the relative motion between the object and the
manipulatar base, was arbitrarily chosen as iollows:

x ~ 1.4 sin�.2832/5,0! t - 5.6 sin�.2832/14.5! t

y ~ 1.4 sin�.2832/6.5! t - 5.6 sin�.2832/18.5! t

s 0.4 cos�.2832/5.0! t - 0.4 cos�.2832/6.5! t,

where x, y, and s are expressed in inches and t in seconds.
The easter/slave operatian under computer control was chosen

for all of the three situations to provide equal degrees of free-
dom of the manipulator motion and equal ease of master handling,
although master/slave mode without computer could have been
used for the no object, motion and no compensation situations.

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

In the peg movement experiment  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 baard was mounted on the table carriage which
had eight holes of 0.44" diameter arranged in 2 x 4 array with 3"
intervals. Seven af the holes had 0.1" champher and were
used for the experiment, The subject operator was told ta
insert the.peg pin into one hale and enve it into the next and

-29-
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so on around the board. The time was measured from the inser-

tion into the first hale to the insertion into the same hale

after ane raund of travel. Each subject made five trials far

each situation.

Fig. 7.2 shows the results oi' this experiment. The mark
shows the average time and the arrows shaw the standard deviation
for each subject. The figure shaws that with compensatian the
operation time is !.B to 51' t294 average! greater than with no
object motian, but 26 to 41% �2% average! less than without
caBIpenaation.

In the second experiment  Fig. 7.3! a valve was mounted on
the table carriage. Time during which the subject rotated the
valve twa turns Was measured. Fig, 7.4 shows the results af
this experiment. This experiment did nat show clear differences
between situations.

The reasons far this seem to be as follows: In the peg

movement task the manipulator pcsitioning is initiated by the
aperatar. But in the valve turning task most of the manipula-
tar positioning is initiated by the slave which grips the moving
valve iirmly. 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
as in any other.

The valve turning in this way may be an inhuman task, Po-
sitioning of. the manipulator tongs by the human operator and
automatic turning of the valve by the computer~ which was ex-
perienced in T. Brooks' thesis [3!, might show different re-
sults ~
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In the third experiment a piece oi paper which has con

centric 4 x 6" and 3" x 5" rectangles drawn on ft is placed on

the carriage. The rectangle in the middle of the two is can-

sidered as the reference rectangle. The subject was requested

to trace the reference rectangle with a magic marker gripped

by the slave. .he 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 the follow

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 o:. the
' J

reference rectangle! from the previous error point.

Take the maximum error from the rest. Repeat

this. operation until eight values have been

chosen.

Figure 7.6 shows the examples of the tr;res drawn with the

manipulator. Figure 7.7 shows the coaparati~i errors for the

three situations. With iompensation the aver a Je error is

about twice as big as with no object motion > t two and a half

times as small as without compensation.

0 4
4

e n e Q S
DC

~35m
-36
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.7

 d! selectfoa of ettots

 s! ao table smtloc  e ~ 0.156!

 b! coepscsatioa  a ~ 0,275!

P-g. 7.6. Examples of Rectangle Traces
-37-

 c! ao coepecsatioc  e 0.81.2!

Fig. 7.6.  Cont.!
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The aim of this project is to evaluate autamatic com-

pensation fox moving targets in the supervisory control af
remote manipulators.

An experimental system was built which cansists oi a

master jslave manipulator, a moving table for the moving ob-
ject, and a computer controlling both the manipulator and the
table.

A softwaze system was made which allows the easter/

slave operation with object motion compensation undez computez
control. The method of resolved motion rate control was

adopted for the manipulator control. The computation time
in this way proved pzactical and peimitted 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 perfazmance was campared

in three situations: no abject motion, compensation far the

object matian, and no compensation. The camparison of the

compensation and no compensation situations showed that the

compensation reduced the apezation time by 26 41% in the

peg moving task and increased the accuzacy by twa and a half

times in rectangle tracing. Zn valve turning, however, a
significant improvement was nat abserved.

Thus, it can be concluded that the compensation ior

target motion can improve the performance oi the human operator
significantly in certain kinds of tasks.



Table A.l.
Cable Connection Between DRIIW and AH5400  I!

DRII~C Pl
PIN HA'K

AN5400 GPI
PIN NANE

DRIl-C P2
PIN NAKE

AN5400 GPI
P IH RANE

20 DIC GiVD
43 8ID16

CVD
INOO
GND
!NIT H
CND
INIT H
GtiD
INDI
IN04
GilD
IN05

OUTDO 35 BOD16

�!
 9!
19 DIG GHD
44 BID15
47 BID12

1
36
39

DIG GND
BOD15
BOD12

BOD1140 48 SID11

49 BID10

50 BID9
46 BID13

13 BIDS
14 BLD7

41 BOD10

42
38

BOD9
BOD13

BODB
BOD7

BOD6
BOD5
BODI0

15 BID 6
16 BID 5
17 BID4
�!
�! 8!

�!
10
11
12

33
32
31
�!
�!
LB
45

BID3
B! D2
BID1

BOD3
BOD2
BOD1

DONE
DIG CND
BID1437

7
BOD14
DIG CHD

IH02

D.TRANS!I'D
3

34
DIG GND
DATA READY
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APPENDIX A. ANALOCIC AN5400 AND t!RllM

The AN5400 is connected to the PDFll/34 through a DRllW
parallel interface. Jumpers a=e made giving the DRll-C device
address: 767770, interruptvector addresses: 300/304, and inter-
rupt level: 5. Tables A.l and A.2 snow the cable connection

between the DR11-C and the AN5400.

The connections between the AN5400 and the experimental de-
vices are done through 20-pin flat cable cinch connectors.

Tables A.3 and A.4 show the pin assignment of the connectors.

An assembly language program AN5402 is made to enable the

FORTRAN programs to transfer data hrough the AN5400  see Ap-
pendix E! . It consists of seven subroutines: ANINIT, AIN, AINSQ,
AQUT, AOUTSQ, DIN, and DOUT. For an example of the time

required for the data transfer, tne subroutines AIttSQ requires
approximately [37n + 63! microseconds to get analog data from n
successive channels,

1 A
2 8
3 C
4 D
5 E
6 F
7 H
8 J
9 K

10 L
11 H
12 N
13 P

R
15 S
16 T
� U
18 V
19 W
20 K
21 I
22 2
23 AA
24 BB
25 CC
26 DD
27 EE
28 FF
29 HH
30 JJ
31 KK
32 LL
33 NN
34 NN
35 PP
36 RR
37 SS
38 TT
39 UU
40 VV

GHD
OUT 01
OUT04
GND
OUT05
INIT H
OUT06
GND
OUTO7
OUT 03
GND
OUTOB
OUTO9
GND
OUT10
OUT11
OUTL2
GND
CSR1
GND
OUT13
OUT 14
OUT!.5
CND
REQ A
GViD
OUT02
GND
OUT02
GND

40 VV
39 UU
38 TT
37 SS
36 RR
35 PP
34 NV
33 tol
32 LL
31 KK
30 JJ
29 BH
28 FF
27 EE
26 DD
25 CC
24 BB
23 AA
22 2
21 Y
20 X
19 W
18 V
17 U
16 T
15 S
14 R
13 P
12 H
ll N
10 L
9 K
8 J
7 8
6 F
5 E
4 0
3 C
2 B
I. A

IN06
GND
IN07
I',103
Gt.O
IN08
I iV09
CViD
IN10
INll
IN12
GND
REQ 8
CND
IN13
IN14
IN15
GND
CSRO
CND
LN02



AN5400 GPI
PIN HANK

DR11&
PIN NANK

DIG GHD
DIG GHD
DIG GHD
DONE
BOOB
8007
BOO6
EOD5
BOD4
BOO3
BOD2
BODL
BIDS
8107
BID6
BLD5
BID4
DIG GHD
DIG GND
DIG GND

Pl- J 8
PI-PP 35
Pl-UU 39
Pl-LL 32
Pl- N 19
Pl- X 20
PI- 2 22
Pl-AA 23
Pl-BB 24
PL-FF 28
Pl-HN 29
Pl-JJ 30
P2- 2 22
P2- I 21
P2- N 19
P2- V 18
P2- U 17
P2- J 8
P2-%t 33
P2-UU 39

Table A.2.
Cable Cannection Between
DRILY and AN5400 �! l. DR11-C

RKQ A
OUTOB
OUT09
OUTLO
OUT11
OUTI2
OUT13
OUT14
OUT15
IH08
IN09
IN 10
INll
IN12

unused
GND
GND
GND
GND

CRSO  output from PDPll/34!
REQ 8  input to PDPLL/34!
CSR1  output from PDP11/34!
LHIT 8  output from PDP11/34!

Far details see DR11-C manual..

2. AN5400

BIDL
BID2
BID3
DATA READY
BOD16
80015
EOD14
BOD13
BODL2
BODll
80010
8009
BID16
BLD15
81014
BID13
BID12
BI Dll
EID10
BID9

P2- H 11
P2- N 12
P2- F 13
PL-W 40
PI,� C 3
Pl- E 9
Pl-NN 34
Pl- U 17
Pl- L 10
PL- N 12
Pl- R 14
Pl- T 16
P2-TT 38
P2-LL 32
P2- 8 7
P2-EB 24
P2-KK 31
P2-NH 29
P2 KE 27
PIWC 25

IN15
IN14
IN13
H. D, READY
OUTGO
OUT01
OUT02
OUT 03
OUT04
OUT05
0UT06
OUT07
INOO
IN01
INO2
IN03
IN04
IN05
IH06
IN07

1 2
3

4 5
6 7
8 9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Table A.3.

t/ser Connectors Pi» Assignmenc fot DRILLS and AN5400

Device Addresses: 767770 STATUS!, 767772 OUTPUT!, 767774 INPUT!
Interrupt Vector Addresses: 300 REQ A!, 304 RKQ B!
Interrupt Level: 5

2.1. DIGITAL INPUT 32 bits.
� connectors' 16 bir ~ for each, addresses: 20 and 22 decimal!

2.2. DIGITAL OUTPUT 32 bits.
� connectors, 16 bits for each, addresses: 24 and 26 decimal!

2.3. ANALOG INPUT 32 channels.
� connectors, 16 channels for each~
addresses: 0 - 15 and 16 - 31 decimal!

The A/D vorks in Single-Ended operation. But the input signal
is measured uith respect to Signal Return, noc Analog Ground.
This featute is called Pseudo-Differential opetation.

2.4. ANALOG OUTPUT 16 channels.
� connectors, 8 channels for each,
addresses: 4 - ll and 12 - 19 decimal!

Return Sense leads are omitted.
Returns are connected ta Analog Ground.



Connectors are 943-1205 FCC-110-20.

D-GITAL I'NPUT DIGITAL OUTPUT

unused

 l68! 1

3

5

DIG ClQ

2 4
unused

 EBB! 1

3

DIG CND

Input 7
bits

8 Input
10 bits

Output 7
bits

8 Output
10 bits

12 121.1

1313 14

16  LSB!

unused

16  LEB!

unused

15 1.5

DIC CND DIG CND

ANALOG INPUT

SIGNAL RTRN

OUTO

OUT I

OUT2

Input 6
channels 8

7 Input
channels

OUT 3

OUT4

10 OUT5

12 13 OUT6

15 OUT7

unused
makes the D/A signal irrelevant.

For details ssa AN5400 Manuals.

«45» -46-

I'abls A.4, User Connectors Pin Assi8rusent for ANS400

ANALOG OUTPUT DIC GND
RETURN 0

RETURN1

RETURN 2

RETURN3

RETURN4

RETURNS

RETURN 6

RETURN 7

DIG GND

APPENDIX B. HANIPULATOR INTERFACE

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

ipulator servos.

Figure B.7 shows the circuit for the control mode switch-,

ing. Two manual switches on the panel are used to enable and
disable the camputer ta change the modes. When the enable
switch is pushed, the enable state is held by the self-holding
relay circuit until the disable switch is pushed or the power
is shut off. An LED light indicates the enable state.

In the enable state the computer can select the mode

through a digital output, while in the disable state the

manipulator is kept in the master/slave mode regardless of the
signals fram the computer.

Seven bits of the word af digital output are used for mode

switching. Each of them can change the mode of its correspond-

ing joint angle of the manipulator. One bit of the word is

used to inhibit computer control. In normal operation this bit

is set to zero. The use af this bit invalidates the spurious

signal of all ones that comes when the cable is disconnected.

The one kiloohm resistars placed in parallel to the relay con-

tacts protect the contact points which switch inductive loads.

Figure B.8 shows the breadboard wiring of the circuit.

A modification is made on the comparator/modulator chassis

 Fig. B.2!. A switch i.s added to each chassis which is meaning-

ful only in the master/slave mode. when on it allaws the D/A

signal from the computer to operate as the angular difference

between master and slave in master/slave made, and when ofi it



Pig . D.l. Servo Control Rack Schematic  from Brooks�]!
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P5.g. B.5. Gearbox Schematic  from Brooks[3]!
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APPENDIX C. THE TABLE AHD XTS XNTERPACE

A table having a carriage which moves alonq the x, y, and
z axes is provided for the project. The carriage is 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 s axes,

respectively, A translator is used to convert the forward and
revs-.;-e pulse signals into the phase-shifting motor driving

currents.

An interface circuit was made foz' the computer to control

the table. Figure C.l shows the circuit. The most interest-
ing IC chip '.s d in this circuit was the TTL 7497 Binary Rate

Hultiplier. E.. entially, it has six bits of rate input and one

clock input and are clock output, and it outputs as many clock

pulses for every r' input clock pulses as specified by the six
i

bits � - 63>. Thi -.rystal oscillator generates 4.1943 NHz
clack pulse and the '. rst BM4 counts it down to 0 - 63  set

by the manual switche", for every 64, The next two 4-bit

counte s in series cauli it dawn to one sixty-fourth. Next

come three BIN's, each a ' which counts the pulse down to 0 - 15

 set by the digital output signals from the computer! for every

64. Xn this sequence, the last counter can output 0, 1� x 1!,

up to 945�3 x 15! pulses per second.

The computer gives 16 bits of digital output signal to
this circuit. Fifteen oi 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 � - 15!, The last one
bit inhibits the pulse output of the circuit, This invali-
dates the spurious signa3. of all ones that come when the cable
is disconnected.'

Xf the computer is working with a 20 Ez clock, the manuaI
rate switch can be set 20, and the computer can update the digital
output every twentieth of a second giving the motor 0 to 15
pulses every cycle, resulting in 0 to 300 pulses per second.

The cable from the panel, used in place of that from AÃ 5400
allows manual test of the motor drive.

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

Table D.l Transform Matrix from Frame 4 to Frame 0

4

0 0 0 1

11

412
4

13

4
21

4
22

4
423

4 4 4
ll 12 13 14

4 4 4 4
21 22 23 24

4 4 4 4
31 32 33 34

R C2C4 + $25354

5253C&M2$4

R 52C3

R 51$2C4 + C1C354 $1C2$3$4

R ClC3C4-S1C2$3C& 51S2$4

-Slc2C3M153

Table D.2 Transform Matrix fram Frame 6 to Fraae 0

6 6 6 6
ll 12 13 14

6 6 6 6
21 22 23 24

31 32 33 34

0 0 0 1

0

6all, <C2C4+$2$3$4! C6+[-S2C3C5+92$3C4-C2S4! SS]S6

6a12  $253C&W2$4! C5+52C355

6al3 R [S2C3C5+  -S2S3C4+C2S& ! 55] C6+  C2C4+S25 3S4 ! S6

6 a21 R  sls2c4+clc3s4-slc253s4! c6
+ [ S1C2C3+Cl53! CS+ CIC3C4-SlC2S3C4"SlS2S4! S5] S6

6a22  CIC3C4-S1C2S3C4-S1S2S4! CS  S]C2C3+C1$3! S5
6'
a23 R [-<SlC2C3+C153! C5+ Wlc3C&+slc2$3C4+$152$4! S5]C5

+  S1S2C4+ClC3S4-S1C25354! S6

4a31 R C152C&+slc354+clc25354

a32 R slc3ci+clc253c4+c152s4
4a33 clC2C3-5153

6
31

X R
6~ X

~5 9R
-6Q

4
14

24
4

34

4+

4~
g

R x R 1 ~ 39 $253c&-C254!-40$2C3

R y R 1.39 ClC3C4-51C2S3C4-SlS2S4!+&0 $1C2C3+C1$3}+18cl

r R l. 39 �1C3C&+Clc2$3C4+C1$2$4}+40 g"Clc2C3+$1$3!+1851

4 &
11' 21' 3l

4 4
12' 22' 32

4 4 4
13' 23' 33

6
432

6
33

6
14

6
'24

6
34

6~

6+
g

<-ClS2C4+SlC3S4+ClC25 354! C6

+ [  -Clc2C3+S1S3! C5+ �1C3C&+Clc2$3C&+C15254! S5] S6
 S1C3C&+C1C2S3C4+C152S4! C5+  C1C2C3-S1S3! SS

[ Clc2C3-5153! CS-�1C3C&+C1C253C4+C1$2$4155] C6

+  -C152C&+SIC354+ClC25354! S6

R x R 1.39�253c&%2$4! -40$2C3

y l. 39  ClC3C4-S1C2S3C4-S1S2$4 }+40  $1C2C3t C1S3! +18Cl

a R 1.39  slc3c4+clc253c&+cls254}+40 <<1c2c3+$1$3}+1851

6 6 6
11' 21' 31

6 6 6
22 ' 432!

6 6 6



Table D.3 E ression of the Variables Used in the RNRC

x ~ 1.39�253C4M254! -40S2C3

ax/ael - 0
ax/ae2 - 1.39 C253C4+52$4!-4OC2C3
ax/ae - 1.3952C3C4+40S2S33
ax/ae4 -l. 39  C2C4+$253S4!

y ~ 1. 39  ClC3C4-S lC2S3C4-51$2S4! +40  Slc2C3+C1S3! +lecl
ay/ae, --1.39 �1C3C4+Cic293C4+C15254!+40  Clc2C3 5153! -1851
ay/ae* 1.39 sls2S3c4-SlC2S4! -iosls2c32
ay/ae3 -1 ~ 39  $1C2C3C4+C153C4! +40 ClC3-SlC2S3!
ay/ae 1.39 -$152c4-clc354+$1C25354!4

z ~ 1.39  SlC3Ci+ClC2S3C4+C152S4! +40  -ClC2C3+S153!+1851
ar/ael 1.39  C1C3C4-SlC253C4-S152S4! +40  SlC2C3+ClS3! +18C1
a r/a 8 l. 39  M15253C4+C1C254! + 4 OCIS2C32
a r/8 83 l. 39  C1C2C3C4-SlS3C4! +40  SIC3+C1C2S3!
az/ae 1.39 cls2c4-slc3s4-clc2$354!i

p ~ s' a 1+ al ~ s-px+py,4 4
11 12

px C2ci+5253Si

apx/ael - O
apx/ae -S2C4+C2$3S42
apx/ ae S2C3$4'3
apx/ae 5253C4 C2S44

py ~ S1S2Ci+ClC3$4-51C2$354

apy/de cls2c4-slc354M1C2$3$4I
apy/ae2 slc2C4+51525354
apy/ae -slC2C3si-C153S43
apy/ae Clc3c4-SlC2S3c4-slS2s44

6~
For y to be horisontal,

 SlC3C4+ClC2S3C4+C15254! C5+ ClC2C3 8183! SS ~ Op
which gives

85 arctan [- Slc3ci+ClC2S3C4+C1S2S4!/ C1C2C3-$1S3!]

 cont'd!
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Page Two

Table D.3

For x to be horirontal,
6+

 -C152C4+SlC3$4+ClC2S3S4!C6

+ [  -ClC2C3+S153! C5+ SlC3C4+C1C2S3C4+C1S2$4! $5] S6 ~ 0

which gives

8 arctan[ -C152Ci+SlC3S4+ClC2S3S4!6r
/   ClC2C3-SlS3! C5- � lC3C4+C1C2S 3C4+C1S2C4! S5! ]



Table D.4 S lified S ression o! the Variables Used in the ROC
Notation

Por example, xl &x/881, px3 Bpx/&03 ~
Variables beginning by a capital letter are teisporary variables.
Ypazt SLC2C3+ClS3

Zpart ~ WlC2C3+S1S3

X2part ~ C2S3C4+S2S4

Pz4 ~ SlC3C4+Cl ~ X2part

px ~ C2C4+S2S3S4

pxli 0

px2 ~ -S2C4+C2S3$4

px3 ~ S2C3S4

px4 ~ S2S3C4-C2$4

py ~ -Sl.px2+ClC3S4

pyl ~ -Cl.px2-SlC384

py2 ~ Sl px

py3 ~ -Ypart ~ S4

py4 ~ ClC3C4-Sl.X2part

x ~ 1.39px4-40S2C3

y ~ 1.39py4+40Ypart+18Cl
x ~ 1.39Ps4+40ZparttIBS1

xl ~ 0

x2 ~ 1.39X2part-40C2C3

x3 ~ 1.39S2C3C4+40S2S3

x4 ~ -1.39px

Page Two

Table D.i

P123 S1C3+C1C2S3

T85 ~ P123 ~ C4+ClS2S4

TD5 ~ ClC2C3-S1S3

0 ~ arctan -TN5/TD5!5r
e arctan[ -ClS2C4+P123 $4!/ TDS.C5 TN5 ~ S5! ]6r

 cont'd}
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y] a

y2

y3

y4 m

xl ~

z2

z3

x4

s

1.39S1 px4-40S182C3

-1. 39Ypart C4+40  ClC3-SlC2S3!
-1.39py

Y

1 ~ 39Cl.px4+40ClS2C3

-1.39zpart C4+40 SlC3+ClC2S3!
1.39 pyl
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APPENDIX E ~ PROGRM4

The program consists of the main part ÃANEX1, resolved
motion rate control subroutines HRESS and HRESR, Voltage-radian
conversion subroutine Ku4GI., and A85406 controlling subroutine

AN5402,

HAHExl generates the object motio~ and controls the master/
slave operation as described in Chapter 6 ~ %KSS and FRESH

are the same except that they deal with diiferent areas of the

data tHRESS for the slave and AFRESH 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 Jacobian 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 qeneral flowchart of the program.

65 Fiq. E.l. General Flowchart. of the Program
-66-



THXSO  l!$0 ' 0
THXHO  I! $0.0

C C
' 100

120

130

140

IIAHIf'ULATOR 4ND T4DLE
NA»IPULATfOH OF t OVING ODJECT
COHNGN THXSI<7!iTHXHI�!tTHXSO�! ~ TNXHO�!
COHtlGH THSIrTHS2aTHS3eTHSAiTHS5 ~ THS6 ~ XSeYStZSeSSIXSDrYSD ~ ZSDtSSD
COtltlOH Tktll ~ THiHGITHN3$THNA ~ THNSiTHNdtXNiYN ~ ZN ~ SH ~ XiHD ~ YND$ZND$SND
COtltlGk IDATA  IA!

CALL A»I»IT
CALI GOUT�4><!!
CAL' DGUT�' 0!
TYPE a i 'IIAHIPULATIOH OF HUVING ODJFCT UITH CONf'EkSATION'
4*0.7
D$ i ~ 5
A1 ~ lily-4
TYF'F li'HANIPUL4TOR CONPUTER CPHTROLY'
ACCEPT 4 ~ I
IF < I ~ HE ~ I ! ST OF'
CALL AT»SO los29 ~ ID4T4!
C4LL AOUTSO<4e�tfDATA!
CALL DUUT<24rd3!

SIHUSGIDAL HDTION Of THE TADI,E
STGFS UHEH 4»5400 DIAL IS NON-ZERG
STOPS UHEH AHY LINIT SNITCH IS HIT
STGF'5 UKEH TIHE FAILURE OCCURS
TYf'E I 'SET FUHD4»EHTAl. FREQUENCIES FX FY FZ 20HZ'
ACCEPT Xrl
lf < I ~ HE ~ I ! STOP
PT1$5 ~ 0
F'TZ*b ~ 5
PT3$I+,5
PT<$!S.5
PU!$0.3��/PTI
f'U2$0.31<�/PT2
PU3$0.31114/PT3
PUi$0.3IA!d/PTA
TYPE ae'SET TADI.E AT CEHTER AND TURH ON TRANSLATOR'
TYPE ee'THIS IHITIATES CONPUTER COkTROLLED N4STER/SLAVE'
ACCEPT 0 ~ I
IF I,HE.I! STOP

IX3%0
IY3$0
133=0
X*0.0
Y$0 ~ 0
Z ~ Oe0
XI ~ 0,0
Y1$0.0
ZI$0.0
X 2*0 ~ 0
Y $0>0
"$0�

A3$0 ~ 0
�$Gi0
13'. 0
TI$5ECNDS�i0!94$0
GO TO 500

TADLE NOTION
IZ$fkf»T�4 ~ 00COS<T20XPUI! 3boOSCOS<TZOXPU2!!
IX$fkfNT< 100,00SIH T20SPUI! 400eOSSIN T20!PU3!!
IY$!HINT<�0.OISIN T204PU2!-400 ~ OSSIH T204PUA!!
X$0. 0!%AFLOAT  I I!
Y$0. OIIXFLOAT  I Y!
Z$0,0!I7809YFLOAT IZ!
IVX$1 XI-IX2
IVY$1 Yl-IY2
1VZ= I ZZ-I Z3
ISX$1
I SY$!
ISZ$1
ff IVXsST ~ 0! GO TO 120
ISX$0
IVX$-IVX
Ift IVY GT.O! GO TO 130
ISY$0
I VY$-IVY
IF IVZ,GT ~ 0! GO TO �0
ISZ$0
IVZ$-I VZ
JDAT4$�3844ISZF512SISYFI48ISX
JDAT4$ JDATAW I024DIVZ9328 IVYWIVX
CALL GOUT�drJDATA!

C

'C 300
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T"01$-20e0
IX$0
!Y$0
IZ$0
IX1$0
IY!$0
IZI $0
IX '*0
I Y2$0
122$0

N4STER/SLAVE
CALL NAiHGL I
THSI$THXSI<5!
THS2$ HXSI�!
THS3$THXSI b!-THSI
THS4$ THXS I �!

- CALL NAESSI
THNI $ TH<HI� �!
TH»2*I'Hltll�!
THH3$ THXHI   6 !- THHI
THH4 ~ THXHI �!
CALL !IRESHI



320

340
C

C
500

C
920

C
400 T201 ~ T201 t 1. 0

IX3«IX2
IY3«IY2
IL3«122
Ix'«lxl
~  "« IYl
I 2«lil

910

900

68
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XSE«XS-X2
YSE YS-Y2
ZSE«ZS-Z3
XSD«4&XHtAIBXSEtX
YSD«44YHt414YSEtY
LSD«44iktAI BZSEtZ
SSD«A4Stl t414SS
XHD«44XSEt414XN
YHD«A4YSEthtxYH
ih i«44 Sdt4�LH
Qh&«4 SSthliStl
IFtT GALS -5 ' 0> GO TO 320
XSD«XS&t&l XSE-XSE2!
YSD«YS&t&X YSE-YSE2!
LSD«LSI't&S LSE-ZSE2!
SSD«SSDtBB SS-SS !
XND«rHDtle xk-xk '!
YND«YH&t&4 YH-Yt�!
LhD«itiDt&4<LH-LH"!
Sii&«Stt&t&f SH-St�!
CALL HRESSO
CALL HRESI�

THSIb«  THXSI �!-THXSI < 3! !/lad5-THSd
THNIb« THXN1   4! -THXHI � ! !l t ~ 65-THtlb
THSO6«4$ THNIbt4! I THS IbtTHSb
THHOb 44THSIbtAIITHHI dtTHH6
IF<TOO.LTe- OiO! GO TO 340
THSOd«THSOdt&4 THSId-THSI62!
THNO6«THHOdt&4<THHIb-THHI62!
COHTIHUE

TH> SO "!«THS4
THrSO�> THSS-THS0440.825-THS340,27
THXSO« !-THSStTHSO650.825-THS3&0.27
THXSO�>«THS 
THXSO d!«THS tTHS3
THXSO�!«TH
THXtiO  !«THH4
THXNO�>«THNS-THH0640s825-THH3&0a27
THXNO�>«THN5tTHH0640e825-THH3&0r27
THXNO�>=THH1
THXNO d!«THHltTHH3
TH NO�!«THH2
CALL t AHGLO
CALL 40UTSO<4r17rlDAT4!

IXt«IX
IY 1«IY
IL1«IL
x3«x2
Y3«Y2
L3«Z2
X"«xl
YZ«YI
I «Zl
Xl«X
Yt«Y
7 ]
iSEZ«XSEI
r i'EL«YSEI
SEZ«ZSE1

34"=SS1
> HS142«THSI61
xki«' Hl
VH2«YI�
Zt�*LH1
Ski«Sr i
THtilbZ*Tkt I61
XSE1«XSE
YSE1«YSE
iSE I «LSE
Ss1 «Ss
THSIbl «THSI6
XHl «Xk
"trl«YH
ii'.1 «ik
Shl*Stl
I Hh I 4 1 «THt�6

C4LL Dlk<256rJDATA>
IF JDATA.HE.O! GO TO 900
CALL DIH�0rJDATA!
IF JDATA LTD 0! JDAT4 JDATA!tb384tld384
JDATA«JDATA-JOATA/64464
IF JDATA,NE.63! GO TO 920
T20«AINT< SECHDS .Tl!tO F 008�20e0!
IF TLO.LTD T201! GO TO 500
IF T20 GT T20 1! GO TO 910
IF TLG.LT.O.O! GO TO 300
GO TO 100

CALL BOUT�hrO>
.YPE xr'LINIT S !ITCH'
GO TO 900
CA' L &GUT�brO>
TYP'E 4 'TINE FAILURE'

-GO TO 9GG
CALL DOUT<2brO!
TYPE dr'T4&LE STOPPED> IlAikIPUL4TOR LEFT UHRELE4SEO'
TYPE 1 'TURiN OFF N4NIPULATOR'
STOP
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C C

X»LE 3/tF'Xl 40 ' Ot$2tC3
Y ~ I 39ePYlf40.0tTPARTfio OSCl
Zsl.39IPZ4t40 ~ OtZPARTf18 OASI
5»- PT/PX
XI~0.O
X2 !.39tx2PART-40.04C2tCJ
XJil ~ 39452cltCJflorot52tSJ
Xl~-ls39tPX

THSSSIH<TH5!!

SUSROUT THE t RESS!
COKHOH THXSI<7! ~ THXHI�!rTHXSO�! ~ THXHO�!
CO lHOH TklsTH2rTH3sTH4 ~ THSrTMbrXsYsZrSrXD ~ YDsZDsSD
CO!U OH F IL .ER< ll!
CO!ltlOH I DATA�4!
EQUIVALEN E  AllsX2! ~ <A12sXL! ~ �13sXl! s�14sXJ!
EGG IVA  EHCE l A21 s 22! ~  A22 ~ Zl ! r  A23r Z4! s �24 s Z3!
EQUIVALEHCE �31 rP2sPY ! s �32rPlsPYI ! r <A33 sP4 s VY4> r �34 ~ PJrPY3>
EUUIVALEHCE �41 s Y2! r  Al2r Yl! s  A43s T4! r l A44s Y3!
EQUIVALEtlCE  Ols DXsDTH2! s �2s DZsDTHI! r �3sDPrDTH4!s 84sDTsDTHJ!
EQUIV*LEHCE  PrPY!s SOrTX!

RESOL 'ED HOTIOH R4TE COHTROL
C!=COS  THI !
C2»COS <1HZ!
CJ=CQS TH3r
Cl=COS<TH4!
5 I ~ 5 I H l TI< I !
SZ=SIH TH2!
53s',; It   TH3!
5' SIR TH4!
CICJ*C!tCJ
CIJJ»CLXSJ
SIC3»514CJ
SISJKSLt53
C'C4»CZ<C4
C254~C2t$4
S2C4*SZtCl
5254<52t54

TPART»CLSJfSLCJtc2
ZPART=-CLC3tCZfSIS3
XZFART=CZC4tS3fS2S4
P Z lie! tXZPARTf SICJtcl
PXiC2ClfS2S44$3
PXL=O 0
PX'sc»54t53 5»C4
PX3»525 ltC3
I'Xli-5254fSZCltSJ
rY-CLCJtsl-SltPXZ
PTL~-CIIPX2-SICJtS4
PTZ=S tPX
PY3 ~ -YPARTt54
PY4*CLCJtC4-SltX2PART

Y1*-I
Y2»!.39t514PX4-lo.otSIC3tS2
TJ~-Ie39tYPARTtClf40 ~ Ot CIC3-SISJSC2!
Y4>-Ls39tPY
Zl "I
ZQrr-I ~ 39tc! tPX4f40 ~ OSCICJt$2
Z3 ~ -!,39tZPARTtclfloaot CISJtc2f SIC 3!
Z4»1 e 3'9tP T I
Y~Yfloso
Z»Z-L9.39
RETUQH

EMTRY ll ESS»
P=FT TXtFX
F Z=PTZfTXtrx2
FJ.PV3fTXtFXJ
P4=PYlfTXtPX4
DF' -P
DX-Xn-X
DTiTD-Y
DZ ZV-2

SCLVIHG THE RATE EOUATIOH
4 I:j~4 13/411
423i�23-AZlt413!/A2i"
433 A33-A31tA13-43"t423
443=A43-44lt413-A42tA23
414=414/41L
424» < 424-42! 9 A� ! /422
434><434-43! tAL4-4329424 t/433
444>444-44Lt414-442t424-443t434
QI»QL/ALI
02s�2-42ltol!/422
03»�3-43!to -432t02!/433
04»   04-All t01-442t02-A43t03!/444
03=03-434t04
02»02-424104-423403
Ql=01-414tol-413403

SOLVIHO TH5 4HD THS
SS I ~ Sl f D TH! t C I
CCI=CI-!.5tVTHlt SI fSSL!
552»52tVTH tC2
CCZ=C2-0.541'TH2t S2fSS2!
5$3»SJfVTHJtc3
CCJ=C3-0.54DT rJt $3fSSJ!
554*SffVTHltC4
CC4=C4-0.541"Alt $4f SS4!
CIC2=CC 1 eCC2
CISZ»CCItS52
F 125-"CIC2tSS3fSSltCC3
Ttl5 ~ F123tCC4fCL52tSS4
TDS»CLCZtCCJ-SS!t$$3
TH5»ATAH2 -TH sTD5>
THA»ATAH2 FI23t554-CIS2tcclrTDStCOS TH5!
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NEIJ THlr TH2r TH3 ~ TH4
Tkl<fkltDTHI
TN2 TN2tDTH2
TN3~TH3tDTH3
TH4$ H4tDTH4
RETURN
CND

SUBRQUTIkE HRESHl
COHMQH TNXSI<7!rrHXHI�!rTHXSO�!rTHXHO<7!
CQMNUH FILI.ER�4!
COMMON TklrTN2rTH3 ~ TkdrTHS ~ TkdrXrY ~ ZrSrXDrYDrZDrSD
CQNMQN IDATA  14!

RETURN

EHTRY NRESH2

RETURN
END

SUBROUTINE HAkGLI
COMMON THXSI �! r THXHI�> ~ THXSO�! r TkXHO<7!
CQNMQH FILLER 'B!
CQNNQH ID4T4�4!
DIMENSION CQEF<7! rICOHST�!
DATA CQEF/ 00048 ~ .00142 .00173 ~ .00173r- 00043 ~ -'00079r 00034/
D4TA ICOkST/Or0 ~ 300 ' -300r0r0r0/

CONVERT ANGLE READINGS INTO RADI4kS
CALL AINSU<ldr29rIDATA>
DQ 10 I~l r7
TNXSI  I ! FLOAT IDATA< I!/Id-ICONST l! !SCOEF I!
THXMI I! 'FLOAT -IDATA I t7!/14-ICONST I! >BCQEF < I >
CON T INUiE
RETURk

ENTRY MANUELO
CONVERT ANGLE RADIANS INTO OUTPUT FORHS
DO 20 IKI ~ 7
II ATA< I!r < Iklkl'<THXSO I!/COEF  I >>tlCOHST< I! !did
IBATA lt7!~- IHINT TNXNO l!/COEF I! ! tICOHST I!!BId
CQN I  HUE
RETURH
END
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ICONTROL SUBROUTIiNES OF 4k5400 THROUGH DRII-C
rGI,DBL ANINITrDIkrDOUTrAIkr4INSOr40UTr4QVTSO
rGLQDL ST4TUSrQUTBUFrlNBUF

r
D Ik I

I'READ DIGIT4L DAT4'
ADDRESS

D IH1:

!INPUT COMMAND
D lk2r

IINI UT DATA

I
BOUT 

I'LOAD DAC DAT4'
It ADDRESS

DOUT11

IIHPUT CONMAHD
DUUT2e

 OUTPUT D4T4

4 IHI
I'L04D 4DDRESS'
It ADDRESS

IOUTPUT COMMAND
4IH21

I'RE4D 4/9 D4T4'
AIN3 

?INPUT DAT4

I
AIHSOI

I'LOAD 49DRESS'
it FIRST AD iRESS
"LOAD ADBIESS
It LAST ADDRESS
I DA T4 AD Qf'f SS

4INSI r

AIHS2'

I'READ 4/9 DATA'
AIHS3r
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TST
NOV
ADD
TSTB
BPL
rIQV
TSTB
BPL
MQV
RTS

TST
MQV
ADD
TSTB
BF'L
NQV
TSTB
BPL
NQV
RTS

TST
NQV
ADD
TSTB
BPL
MQV
TSTB
Bf'L
CLR
TSTB
e F'L
MQV
RTS

TST
NQV
ADD
NQV
4DD
MQV
TSTB
BNI
BR
TSTB

. BPL
CLR
TSTB
B I'L

 RS

0000rRQ
Q<R5!trRQ
STATUS
DIHI
ROrOUTBUF
STATUS
DIke
INBUFrQ R$!t
PC

 R5!t
QI�000rRQ
Q R5!trRO
STATUS
BOUT!
RQrQUTBUF
STATUS
DQUTQ
Q<k~!trOUTBUF
PC

 R5! t
450000 PRO
Q R5!trRO
ST4TUS
Alki
RQrQUTBUF
STATICS
A INQ
QUTBUF
ST4TUS
AIN3
INBUFrQ<R5!t
F'C

<R5!t
450000rRO
QIRS!trRO
450000rRl
QIR$! tr RI
IR5!trR2
STATUS
4INS4
41NS1
STATUS
4 INS.
QVTBUF
STATUS
AINS3



IIHPUT DATA
IIHPUT COHHAHDAIHS4»

APPENDIX P. DATA

AIHS5»

I ~ REPD AXD DATA'
AIR 661

IIHPUT DATA
1

HQ TABLE HOTIQH 4
5

20 ' 6
24 ' 8
19 ' 0
18.2
20 ' 0

22»4
20» 0
22 ' 0
16.6
18,2

22»b
1».4 ~ ~

20 ~ 2
20.6

I
*OUT!

I'LO4D DAC DATA'
It 4DDRESS

AGUT11

AGUT21

22 ' 0 70 ~ 9
1»47

»0
1 ~ 71

0 5
2»29!OUTPUT COHH4HB

32.2
39 ' 6
28»0
33 ' 4
3" ~ 8

2 ~ 8
25 ~ 4
21 ' 8
27.0
23 ' 0

27 ' 4
24.0
23 ' 8
22»4
23»0

!OUTPUT DATA 1

2 3
COHPEHSATIOH 4

5

I
AOUTSO!IST

I'L04D DAC D4T4'
it FTRST ADiDRESS
I'LOAD DAC DAT4'
it LAST ADDRESS
ID4TA ADDRESS

33»2 27»1
3.72

24» 0
1»91

24»1
1»74

40511
30.8
37 ' 2
26»4
38 ' 4
28 ' 6

72»2
44.8
42 ~ 8
68.8
55»0

35»2
30»8
32»8
38.0
34.4

1

2 3
Hd CGHPEHSATIQH

5

!OUTPUT COKHAiHD
AQS"

IOUTPUT DATA

56»7 41»1
12»04

32»3
4» 73

34»2
2 ' 41

HOV
HQV
IHC
CHP
BLOB
TSTB
BiPL
CLR
TSTB
BPL
HOV
RTS

'1ST
  OV
ADD
TSTB
BP .
HQV
TSTB
BP <.
HOV
RTS

HOV
ADD
HOV
ADD
HQV
TSTB
6 I'L
HOV
TSTB
BPL
HOV
IHC
CHP
BLOS
RTS

IHBUF~ R2!t
RO ~ OUTBUF
Rp
RO» Rl
4IHS2
ST41US
AIHSS
OUTBUF
STATUS
AIHSA
IHBUF ~  R2!t
PC

<RS!t
t110000 ~ RO
B<RS!f»RO
STATUS
AQUI 
RG»OUTBUF
STATUS
AOUT2
S RS!t»GUTBUF
PC

<R5!t
1110000iRO
B RS!t»RO
BI �000' RI
D RS!ttRI
 RS!f eR2
STATUS
AOS1
Rp»OUTBUF
STATUS
AQS2
 R2!f »OUTBUF
RP
Rp» Rl
4 !S I
PC

Table P-l. Operatian Tis e tor the Peg Roving Task

FRI4L SUBJECT SUBJECT SUBJECT
HUHBKR BI ~ 2 63

4HIHIT
4HTl'

CLR
TSTB
BPL
HOV I 'CLEAR'

AH<2 ~

AHI 3»
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PCRTS

»EHD
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TS '<8
BPL
HQV
TS'<8
BPL

' HOV

STATUS
STATUS
A!< I 1
4170000»GUTBUF
ST4TUS
AHI 2
t<70000iOUTBUF
STATUS
4 HI 3
t40006eOUTBUF

I 'CLEAR' ASAIH

I'LOAD STATUS'
ICOHVISEG



Table P.2. Operation Time ter the Valve TLLrning Task Table F.3. Comparative Errors in Rectangle Tracing

TRIAL
HUHBER

SUBJECT SUBJECT
~ 1 82

TRI4L
HUHBER

SUBJECT SUBJECT SUBJECT
bl 62 64

3
HO T*BLE HOT I OH

5

14 ~ 8
l >49

10>7
1.90 0.191 0>169

0 ' 0350
O>151
O.0269

0.165
0 ~ Ollb

led
1>94

12.9
3.44 P>305

P 0272
0.309 0.300
0>0464

0 ' 286
0.0430

3
HO COHPEHS4TIOH

5

16>4
3 ' 63

12>2
2.24 0 ' 941 0>793

0>1360
P 7>'1
O. 0631

0 ' 7L5
0>0954

e 77 -78-

1

2 3
COHPEHSaTIOk

5

16>4
15-0
15.d
12>0
14 ' 8

18 ' 2
13 ~ 8
14>0
17.8
14 ' 4

3,4
15.6
22> 2
ld>4
14>b

13>6
10>d
8.6
8.8

12 0

19.d
ll ~ 0
lp ~ 6
LO ~ 4
12 ' 6

ld>0
11>4
13 ' 0
lid 6

9>2

2

HO T4&LE HOT IOH 4
5

1

2 3
COHPEHSaTI OH 4

5

1

3
Ho COHPEHSATIOH

5

0.206
0 ~ 1 25
0.156
0.131
0.150
O. 138

0.344
0>325

85
0.275
0:262

0 ~ 781
0,762
0.812
0.669
0 ' 550

0>181
O>156
0 ~ 150
0 ' 162
0>175

0 ~ 294
O>275
P>356
0.300
0>300

O>775
O>744
0.731
0 ~ 600
0.762

0.212
0 175
0.231
O>131
0.206

0.356
0.3b2
O>250
0 ~ 'a2
0 ' 312

L>156
0>806
0,694
1.036
0 ~ 6L2
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