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DESIGR AND IMPLEMENTATION OF FLEXIBLE MICROPROCESSOR CONTROL FOR
RETROFITTING TO FIRST GENERATION ROBOTIC DEVICES N
BY JANET MIDDLETON

P —

This Master of Science project concerns the design and development|
of a flexible microprocessor-based controller for a Versatran :
Industrial Robot, The software and hardware are designed in modules
to enhance the flexibility of the controller so that it can be used

ag the control unit for other forms of workhandling equipment.

The hardware of the designed controller is based on the Texas
Instruments single board computer and interface printed circuit boards
although some specially designed interface hardware was required. The
software is developed in two major categories, which are "real—tiﬂé"
modules and "operator communication" moduleg, The real-~time modules
were for the control of the hydraulic servo-valves, pneumatic
actuators and interlock switches, whilst the operator communication
modules were used to assit the operator in programming "handling™ -
sequences”. The main advantages of the controller in its present
form can be summarfised thus:-
(i) The down-time between program changes is significantly
reduced;
(ii) There can be many more positions programmed in a "handling
segquence";

5

(iii)Greater control over axis dyramics can be achieved.

The software and hardware structgg'adopted hag sufficient flexibility
to allow many future enhancements to be provided. For example, as
part of a subsequent research project additional facilities are
being implemented as follows: a teach hand held pendant is being
installed to improve still further the ease with which "handling
sequences™ can be programmed; improved control algorithms are being
implemented and these will facilitate contouring; communication

software is being included so that the controller can access via a

node a commercially available local area network.
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CHAPTER 1

INTRODUCTION

The main objective of this Master of Science project is to design,
develop, and install a microprocessor-based controller for a Versatran
Industrial Robot which demonstrates enhanced facilities when compared
with the original control equipment., A high priority was attributed
to the flexibility demonstrated by the designed controller, to allow
the same hardware and software structure to be utilised for a wider

range of applications in the control of work-handling equipment.

The Versatran Industrial Robot, which represents a fairly complex

example of a first generation robot has six degrees of freedom. The

three major axes, horizontal, vertical and swing, are controlled by
closed-loop hydraulic servo-valves and the three wrist movements, yaw
swing and pneumatically controlled to end stops. The original

controller consisted of a rotating drum with pegs inserted to control
delays and the movements of the wrist and a bank of potentiometers to
control the positions of the major axes. The speed 0of the hydraulically .
controlled axes could be selected as either fast or slow and no inter-
mediate speeds available., (The fast and slow speeds being related by a

factor of four).

The microprocessor controller used for retrofitting is based on a

Texas Instruments Single Board Computer and incorporates memory expansion
and interface printed circuit boards to complete the hardware structure,.
The interface boards included digital to analogue and analogue to digital
converters, servo amplifiers and solencid drivers. A number of software
modules were designed and implemented within two major categories -

“"real time control" software and "operator communication'software.

Software in the first category was configured to control the actual
movement of the robot and was written in Assembly Language whilst the
software in the second category was developed in both Pascal and
Assembly Languages and facilitates the ease of programming the robot

"handling™ sequences,

A series of positional accuracy tests were conducted for the controller/
robot combination to evaluate the suitability of the approach adopted

when programming robot handling sequences,

1




CHAPTER 2

A LITERATULF SURVEY ON RO30TIC STRUCTURES

Robotics entered the English vocabulary with the translaticen of
Karel Capek's play Rossum's Universal Robots in 1923, robot when
translated means "worker".

M in 1940 had published & series of robotic stories,

Isaac Asimov
Asimov postulated roboticists with the wisdom to design robots that
contained inviolable control circuitry to insure their always "keeping
their place". The Three Laws of Robotics remain worthy design

standards:

1 A robot must not harm a human being, nor through inaction allow one
to come to harm. X

2 A robot must always obey human beings, unless that is a conflict
with the first law. ,

3 A robot must protect itself from harm, unless that is a conflict

with the first or second laws,

To most people, the word "robot™ brings to mind the robots from motion
pictures such as "Star Wars". Thanks to the excellence of special
photography, these manually operated robots appeared to us as true

robots instead of as the hollow shells they were. Man has tried to
duplicate nature by fashioning mechanical replicas of himself, of

animals and even of birds. The development of these mechanical automatons
from the mechanical fortune tellers and musical devices of the early
1900*s back to the mechanical and musical clocks of the 16th and 17th

centuries.

REASONS FOR ROBOTS

In a particular application the use of robots should be justified on
either economic or humanitarian grounds(s). Economic justification

can be made if a process can be carried out cheaper and more efficiently
than can be accomplished by humanscz), (see Appendix 1 for the factors
to be considered). Robots should be employed on humanitarian grounds
for boring and repetitive jobs which are psychologically damaging to
humans and for dangerous or uncomfortable tasks in confined or

(3)

hazardous environments which may be physically damaging to humans .

2




2.2

2.3

It would be socizally irresponsible and financially unsound to attenmpt
to replace all craf;smen with robots. The buman hand-eye-brain
co-ordination will not be surpassed by machines this century, if at
all. In some cases a man-machine compound ~ the telechir could be
used, The work "telechir™ means ‘'hands at & distance' which aptly
describes a system whereby a machine at one end of a cable slavishly
copies the movements of the human operator at the other end. These
machines could amplify human actions or diminutise them, as in the
case of micro-manipulators. Furthermore they could incorporate some
robotic elements where, for example, part of the task could be under
control of an in-machine microprocessor, with a human operator

overriding this for the more complex operations,

ROBOT COMPONENTS

All robots consist of the following components:-(6’7).

(i) there are the moving parts, chiefly comprising the arm, wrist
and hand elements. The moving system is often referred to as
the manipulator, -but this term can be misleading, because it
is easily confused with one of the robot's "near relations",
the telecheric device;

(ii1) the drive system which can be elther hydrauliec, pneumatiec,

electrical or a combination of these;

(iii) the control system, which at its simplest may consist of a
l series of adjustable mechanical stops and 1limit switches. At
the other extreme are high technology computer based control
systems which give the robot 2 programmable memory and which
allows the robot drives to follow a path that is accurately
defined 2ll along its length by a series of continuously
specified coordinategs, and which can also be coupled with
another computer or machine control system to synchronize'the

robot with its environment to increase efficiency and safety.

CLASSIFICATION OF ROBOT COMPONENTS

A description of the varioug robotic components are outlined in the

following sections,




2.3.1

2.3.1.1

2.3.1.2

" Robot Anatomy

Appendix 2 highlights some of the major features of available
industrial robots., In observing the structure of industrial robots

various observations can be made.

Arm Geonmetry

The robot's sphere of influence is based upon the volume into which
the robot's arm can deliver the wrist subassembly. The rohot arm

configurations can he classified into:-

(i) Cartesian coordinates
(ii) Cylindrical coordinates
(iii) Polar coordinates

(iv) Revolute coordinates

Sketches of the typcial embodiments are shown in figure 2.1. Evidently
each of these configurations offers a different shape to its sphere

of influence, the total volume of which depends upon arm link lengths.

. For different applications the appropriate configuration can be used,

For example, a revolute arm might be best for reaching into a tub,
while a cylindrical arm might be best suited to a straight thrustl
between the dies of a press., (See Appendix 3 for the examination of
mobile robots).

[

Wrist Assemblies

In every case the arm carries a wrist assembly to orient its end
effector as demanded by the workpiece placement. Commonly, the
wrist provides three articulations that offer motions labeled pitch,
yaw and roll (analogous with aircraft technology as illustrated in

figure 2.2).

As robot hands are less adaptable than human hands, they have to be
chosen or designed specially for a particular industrial application,
Whereag the robots themselves have earned the reputation of being
general purpose automation, the hands are not quite so flexible and
may have to be included along with special tooling requirements for

a specific task,
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FIGURE 2.1. ROBOT ARM CONFIGURATIONS
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FIGURE 2.2 TYPICAL WRIST ARTICULATIONS
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2.3.1.3 Three Fingered Hand

After considering the various functions that are performed by a hand

(263 designed the following three-fingered hand.

Crossley et al
The end effector had three digits, that is, a thumb and two fingers.
The third finger needs to be separately motorized for trigger action.
If the thumb and index finger are to work in opposition, one motor will
suffice for these. However, i1f the hand 1is to provide the "hook" or
“"baggage 1ift" capability, the thumb needs to be left fully open while
the index finger closes. The hand followed the anthropomorphic model
as much as possible (see figure 2.3).. The main transverse axis of

the palm was chosen at 45o to the longitudinal axis of the fore-arm
and wrist. A methed of bending the interphalangeal joints was used
which had two important advantages. The mechanical advantage is
upheld from the motor right to the joint, the velocity reduction and
force augmentation being at the last possible moment and secondly the
high forces to be encountered in the joint are combined with their
reactions into a small triangle at each pivot. Figure 2.4 shows the
sch;me of these joints. The two phalanges, being of channel form, are
directly hinged. The two are connected by a turnbuckle, with right
and left~hand threaded eye-~bolts. The buckle itself is a pinion, and
driven by another pinion through a2 flexible cable within the finger.
The other end of the cable can be driven directly by the motor through
a reduction gear. By this design the moment of any lateral force
iﬁposed at the finger tip is carried by the structure of each phalanx
and the joints, but it is not felt by the finger drive mechanism,
except as a much reduced torque, and then only when the pinion turns,
for the pitch of the screw makes the drive irreversible.

The parallel-jaw end effector was utilised which consisted of a set

of parallelogram 4-bar linkages in cascade mounted in the side plates
of both thumb and index finger. Their effect is to maintain thel
inside (gripping) surfaces of the ultimate phalanges of these two
digits parallel to one another and perpendicular to the surface of

the palm, even while the more proximal phalanges bend to form a

cylindrical grip.

The gripping surfaces of the fingertips ¢f the hand require cushioning

(to accommodate themselves to various shapes to be grasped) and to have




Figure 2.3

1 Showing the setting of
the main transverseo
-—-\ axis of the palm 45 to
\. the longitudinal axis
R - ] of the fore-arm and
\ '\.\ wrist.
. )

Figure 2.4
Detail of finger
turnbukle mechanism




2.3.2

a3 high coefficient of friction as possible. To achieve this the
inside gripping surfaces are covered with a layer about 3 mm thick of
soft silicone rubber, which is cast in place. This material does not
adhere to a metal surface, therefore before casting, the metal
pressure plate is drilled with many holes and the plastic cast as a
"sandwich" on both sides of the metal. Using this method the padding
is held firmly in place even when heavily strained.

Drive Systems

4

A drive system is required for each robot articulation. 1In addition
to driving the arm, hand and wrist, the grippers also need a drive
mechanism for the functions of holding and releasing. Robot drives

can be electrical, pneumatic or hydraulic or some combination.

Pneumatic systems are found in about 30% of robots; electromechanical
drives in about 20%, typical forms are servomotors, stepping motors,

pulse motors, linear solenoid and rotational solenoids; hydraulic
(7)

drives account for the remainder

Hydraulic drives c¢an be divided into the following categories;

cylinders (or jacksg), hydraulic motors, and semi motors (or rotary

(71)

actuators).

(i) Cylinders or Jacks

\

i

These may be either single or double rodded, the advantage
of the latter being that the characteristics are the same in
both directions and the flow through the valve is symetrical
in both directions.

{(ii) Hydraulic Motors

A hydraulic motor is similar to a pump but it allows full
pressure to be applied to both parts. A motor, together with
its driving gear, rack and pinion, lead screw etc, will
normally be appreciably more expensive than a jack., Its
advantage lies in its small inertiaz and greater rigidity,
giving a more positive action and one less influended by any
disturbing force. Among the hydraulic motors there is a
choice of piston, gear, vane and ball configurations. The

choice is determined by several factors, such as application,

9




whether the motion required is linear or rotary, performance,
cost, relisbility etc. The best choice is generally the
simplest device that will do the job satisfactorily.

(1iii) Semi-Motors or Rotary Actuators

/s
Figure 2.5 shows a rotary vane contained in a circular housing.

With the single vane shown, the maximum angle of rotation is
about 300° but by having a double vane, with two inlets and
outlets, the power for a given size can be doubled, whilst

reducing the angle of rotation to about 1000.
3

Another type of semi-rotary actuator embodies a rack and
pinion, the rack being actuated by one or more cylinders,
Whichever system is chose, an electro-hydraulic servo valve

is required, which is show in figure 2.6.

The present generation of robots which have electrical drives use
rotational motors., These motors also require gearing or ball screws

and a servo power amplifier to provide a complete actuation system.

The motor driven robot will have a much higher maintenance cost than
the simpler cylinder (or jack) driven robots, not only because

of the many more expensive components, but because of localized wear
in gears and ball screws by fretting corrosion during active

servoing.

In certain applications, such as paint spraying the environment may
present an explosion hazard and the robot must either be explosion
proof or intrinsically safe so as not to ignite the combustable
environment. Here the hydraulically driven robot has the advantage
over the electrical system as the electrical energy from the
feedback devices and the energy to drive servo valves can be small

enough not to ignite the explosive fuel-air mixture.

Another advantage for hydraulies is that this power method lends

itself to robot applications because energy can easily be s£ored in
an accumulator and released when a burst of robot activity is called
for. As there is no convenient means to store electric energy, the

electrically driven robots tend to underpower the drives.

10
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2.3.3

2,3.3.1

Control Systems

Introduction

The control system can be, broadly speaking, divided into the follo&ing
three categories. Comparison between any two robots that belong to

one of the categories could easily reveal that quite different drive
systems had been employed to achieve roughly the same end. Control
systems are likely to correspond more closely between robots in the

same category.

Limited Sequence Robots

As ite name implies, a limited sequence robot is at the least
sophisticated end of the robot scale. Typically, these robots use a
system of mechanical stops and limit switches to control the
movements of arm and hand (see figure 2.7). Operation sequences can
ofteri be set up by means of adjustable plughboards, which are
thenselves associated with electromechanical switching, (usually

this electromechnical switching is achieved by using a combination of
relays and rotary or stepping switches). As a result of this type of
control, only the end positions of robot limbs can be specified and
controlled. The arm, for example, can be taken from point A to B,
but the path between is not defined. The controls simply switch the
drives on and off at the end of travel. This mode of operation has

earned such machines the name of 'pick and place' robots.

[
i 1

The use of mechanical stops and limit switches gives good positional
accuracy, which is typically repeatable to better than ¥ 0.5 mm.
Limited sequence robots have been used successfully in a variety of
applications, including die-casting press loading, plastic moulding

and as part of special-purpose automation. This type of robot is

used in applications where low cost is of major significance. Thus,
historically their associated control equipment has been of .
corresponding low cost and inherent limited capability. This situation
will be improved with many additional control features being

availahle through the use of large scale integrated (LSI) devices N

without an appreciable increase in cost.

The number of movements possible in a total production sequence must
be limited to the number of limit switches, stops and programmable

switches contained by the robot. Such robots are not "taught" to

13
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perform their job, but have to be set up in the same way as an
automatic machine would be adjusted. There is no memory as such,
other than that embodied in the settings of the plug bhoard and all

the mechanical stops. ) .

Unlike robots in the other categories, the simple limited sequence
control system cannot exercise any real control over the limbs while
they are actually in motion. It 1is possible to provide more than
one stopping point along each path, but the primitive nature of the

memory system restricts the number of these for practical purposes.

The sequence of events which occur when a typical.limited seqguence
device performs an operating sequence or task can be descrihbed as
follows.

. |
When an axis movement is required it is necessary for the controller ~
t0 switch power to the relevant drive element, -If the drives are
electric, then the controller will probably close a relay to switch
the current through. Where the drives are hydraulic or pneumatie,
then appropriate solenoid valves are operated. The motion generated
by the drive element normally continues until the moving limb is
physically restrained by an end stop, the physical shock usually
being "cushioned" by some form of shock absorbing device. Thus
there are only two positions at which the moving part can come to
rest, one at the beginning and the other at the end of a
programmed move. Obviously, the system is arranged so that a limit
gwitch cuts off the motive power as soon as the end stop is reached.

When the initial movement has been finished, the limit switch not
only cuts off the power, but it also signals to the controller that
the particular movement has been finished, so that the next movement
can start,

How does the controller ensure that the robot does not put its arm into
the closing jaw of a press, or try to load a workpiece into a
spinning chuck? The robot cannot see the machine it is trying

to operate, there are no robot senses equivalent to those of a human
operator. The method utilised to make the robot aware of the real
world around it is by providing additional limit switches or other
electrical sensing devices on the machine to be operated. These are

connected to the controller to provide additional signals to the
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sequencer, complementary to those obtained from the switches mounted

on the rohot itself. Robot limb movements are therefore carefully
interlocked with the machine being operated, This prevents the robot
from trying to commit *suicide’, avoids colllsion damage to associated
plant, and enables the robot to carry out its operations not bnly‘in
the correct sequence, but also at the appropriate moment in time,
However, such interlocks can only act as a safeguard relating to

events which are predictable and unforseen events cannot be allowed

for.

A characteristic of limited sequence robots is that they are generally
difficult to reprogram. This is particularly true if hardwired

control equipment is employed where the nature of the control system
and memory, {(which are all embodied in a complex and interdependent
set of limit switches, interlocks, and stops and electrical connections)
offers little flexibility. Not only does this kind of electromechanical
arrangement prove tedious to change, but it also limits the number of
different sequence steps that can be accommodated within & particular

handling task.

2,3.3.2 Playback Robots - with Point-to-Point Control

Another method for achieving positional control of each limb reliles
on the use of some form of servo mechanism. Figure 2.8 illustirates |
a schematic representation of such a closed loop control scheme.

|
] |
Each movable robot limb is fitted with 2 device which produces an |
|
|
|

electrical signal, the value of which is usually proportional to the
1imb position. The system is arranged so that the direction of drive
travel is such as to reduce the positional error,(s) and as the limb
moves closer to the desired position this error signal automatically
reduces until it becomes zero, and the limb stops in the correct
position, This is analog control and in practice calls for a high
degree of engineering skill in design to achieve satisfactory

positional accuracy and freedom from oscillation.

If a time varying input is provided via a control panel to vary the
command signal for a perticular 1limb, then the limb will move as the

knob is moved. Thus a form of remote control is achieved, and as

many time varying inputs as there are limbs can be provided via the
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2.3.3.3

control panel. Such a device so far is a manipulator and when a
memory unit is added it becomes a flexible robot. The position of
the limbs at each operational step and the total operational sequence
can be recorded in the memory unit. The stored locations can then be
recalled and used to stimulate all the servo systems. The procedure
for setting up such a robot is far easier than for a limited sequence
robot which can be achieved as follows:;~ either by inputting the
required digital values into memory (which have been obtained by
moving the robot to thesge positions) or to teach the robotie to
drive the robot limbs to the required positions for each operaticonal
step, and then record the exact condition of the robot in memory by
the simple act of pushing a button before proceeding to drive the
robot to éhe next step in the sequence or by pre-programming the
pogitions in memory. However, it is evident that the control
equipment for a "playback" robot will been to be more sophisticated

than that for a "limited sequence™ robot.

When the robot is commanded to move from one position to another,

this could involve independent operation of two or more of its
articulations. The only information that the robot knows is the
attitude of all the limbs at the start and end of the move and will
generally perform the moves as quickly as possible, moving all limbs
simultaneously to fulfill the given command. In such an arrangement
there is no definition of the paths which the robot limbs will trace
bétween programmed points, hence the name point-to-point". Point-to-
point robots are capable of doing any job performed by a "limited
sequence™ robot and presuming that their memory capacity is sufficient,
they are also capable of performing demanding tasks such a pallitizing,
stacking, spot welding etc.

Playback Robots — with Continuous Path Control

[l

There are applications in manufacturing industry where it is necessary
to control not only the start and finish points of each robotized

step but also the path traced by the robot hand as it travels between
these two extremes, An example of this requirement is provided by
seam welding, where a robot is asked to conirel a welding gun, and
move it along some complex contour at the correct speed to produce

a strong and neat weld. One way of looking at this problem is to

regard continuous path control as a logical extension of point-to-point

18
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2.4

control. It is feasible to provide a robot with a memory that is
sufficiently large to allow path control that is, to all intents and
purposes, continuous. Alternatively, the continuous path robot

may be taught in real time. The operator leads the robot through the
motions that it is required te perform at the correct speed. During
this teaching process, the robot has to record the movement and

hand attitudes continuously or approximately continuously, 1in its
memory. This canbe achievedby giving the robot an internal timing
system, which for example, could be synchronized with the main supply
frequency (50M3). Using this time reference, the robot's movements
can be sampled at the rate of 50 times each second, with the result
being committed to memory. Even at this sampling speed, a large
amount of data has to be accumulated in the memory, consequently
magnetic tape units are often used. To increase the operational
usefulness of continuous path robots provision is usually made for
the playback speed of operation to be different from the teaching

speed.

It is clear from the above description that a computer is required as
the central element of any contrecl system used for peint-to-point or
continuous path robots. The equation solving and storage
capabilities of the computer sllow it to be used to monitor and
modify axis motions. Furthermore, providing that. time constraints
permit (see section 3.1. )('28 ), modern control algorithms can be
incorporated, to allow position and velocity loops to be closed
within the computer, thereby optimising the performance of the robot
in terms of positioning accuracy and dynamic characterisites. The
availability of low cost LSI devices will have particular impact
here although it must be stressed that the wide range of possible
axis configurations and servo-drive elements result in the need for
computer controls with a corresponding large variety of interface

hardware and controlling software.

SECOND GENERATION ROBOTS

High-precision assembly tasks by industrial robots require sensory
feedback and an increased autonomous intelligence, mnecessary to cope
with uncertainties caused by inaccuracies of the robot and by the

changing environment,
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" 2.4.1

An active adaptable compliant writ (AACW) has been designed by

Van Brussel et al‘ll)

enabling precision assembly with genersal
purpose industrial robots. It uses force feedback as sensory
information. A probabilistic learning algorithm, with minimal
memory requirements has been developed and used in automatic assembly
of closely fitting parts. The algorithm optimizes, by means of an
appropriate rewarding rule and a properly chosen evaluation criterion,
the probability relationship hetween the possible wrist actions,
Visual and tactile-force information and free programmability are two
key elements of the second generation of robots which allow
manipulators to service a broader field of application including the

more complex and high level tasks(lz).

A main problem in the near future will be the development of control
algorithms that translate the input and sensor signals into the

right control commands. Conventional preprogramming of all possibilities
in a real world environment soon becomes very tedious if not impossible,
while for higher level tasks the interpretation of the measured

process feedback signals can be of unsurmcuniable complexity. For
handling these and related problems, the future generations of

robots will need a degree for sutonomous intelligence which makes

their behaviour human-like, Despite the recent evolutions, there is
s5ti1ll an enormous gap between artificial intelligence models and the

feasibility and usefulness of practical realisations.
i
i

Proximity Sensor Technology for Manipulator End Effectors

A proximity sensor denotes a small device, suitable for mounting on

a manipulator hand, which can detect the presence or approximate

position of a nearby object without actual contact. Sensors are

typically of the order of 1 cm in linear dimension but a separate

electronic module may be required. Their basic function is to

measure the effector-object position for use as an aid to manipulator

control during grasping. Proximity sensors can be used to measure the
position of either an effector as a whole, or the finger components
individuslly with respect to the object to be grasped, alternatively ~
they could be used as an obstacle detector to avoid hitting objects,
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2.4.2

Learning Systems in Manipulator Control

Learning systems have a hierarchical feedback loop structure,

The lowest level in such a learning system is a simple feedback
configuration with a fixed relation between input and output. The
mathematical description of the process umder control has to be
corpletely known in order to able to design such a feedback controller

(figure 2.9). -

At the second level, the so-called adapiive loop, a system
identification is performed and the basic feedback controller
structure is adapted in accordance to the actual state of the process.
Although it is no longer necessary to know exactly the dynamic
characteristics of the process, it isg still necessary to know how to
influence the basic control algorithm as & function of the measured
signals, The third level, the learning loop, teaches the adaptive
loop how to change the basic controller in order to achieve optimal
control, This learning loop is clearly distinguished from the two
lower levels by a supplementary "teacher-input" which is used to
evaluate the quality of the actual performance of the system with
respect to a certain goal., It is this information of the '"teacher"
that the learning system accumulates as experience from the past and

gives it its ability to gradually improve its behaviour in time.

i
TLe ability of learning systems to cope with problems with only a
limited amount of prior information makes this kind of approach
interesting for automatic manipulator control., The exact position

of a robot arm, that takes into account all the dynamic parameters

and non-linearities of a joint articulated manipulator configuration
soon becomes too complex to be of any practical use. Similar problems
arise in describing a real world working enviromment due to the vast
amount of mostly unknown parameters. A more serious case of lack of
prior information is found in the interpretation of the measured
feedback signals in so called "higher level"” tasks, as for example,
the insertion of a peg into a hole or the grasping of the fragile
object. The human reasoning in those situations is not fully

understood.
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Common artificial intelligence methods have little practical use in robot
control applications because of the nom-availability of adequate
mathematical formulated optimization functionals. Pattern recognition
with trainable thresholds or decision surfaces seems to hold more
potential and base for their work., There is a high cost as large and

fast computers needing special array processors are required,.

2,4.3 Classifications of Robot Vision Systems ‘.

About ten years ago the first robotic vision systems appeared in

research laboratories(ZI-zs). ’

The first generation vision systems are capable of recognising
components and determining their orientation. The components must be
in strong contrast to their surroundings, must not touch or overlap
other components, must have a limited number of stable states.
Recognition of a part takes less than one second and the vision
system can be taught a number of different components at a given time.
The main targets for second generation robots should be to overcone

the following constraints:-—

|
(i) that each object should be in strong contrast to its background
so that a silhouette image ofrthe conponent can be easily
obtained.

(ii) that each component be separated from its neighbours.

The first constraint is a function of computation time availsble

for recognition in the industrial environment. Complex edge

detection algorithms based on grey level images are currently

capable of separating a component from realistic hackgrounds bhut the
computational time (a2t least by serial computers) is too long. The
second constraint of non-touching components is a fundamental
requirement of the majority of recognition algorithms. The algorithms
are based around the centre of area which defines a unique position

on the component that is independent of the angle of orientation. For
this point to be found accurately it is essential that the component
be separate from its neighbours. Any system that can cope with
touching components must therefore dispense with the centre of area

and instead find some new constant on which to base second generation

algorithms,
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At present there is no robot manufacturer which makes its own vision

gystem and similarly no vision system manufacturer makes its own
robot. The linking of a vision system with a robot therefore involves
an electronic interface between the two and a considerable zamount of

cooperation and collaboration between the manufacturers.

Two stages of interface camn exist between a vision system and a robot.
With the first, both robot and vision system function autonomously
with only very simple 'Yes', 'No' information being passed between the
two. An example of this might be a pick and place task where a vision
system constantly checks to see if a component has arrived at the pick
up position. If the component has arrived correctly the vision system
- gends a 'Yes' to the waiting robot, which will then move in and pick
up the part. . If no component is in position, or.if the component is
damaged, or not in the correct orientation then the robot will be

told 'No' and will take no further action until signalled to continue
by the vision system,

The second stage of interface involves the communication of positien
and orientation information to the robot which then uses this
information to control its movements. An example of this type of
system is a vision system looking at parts beneath it on a

conveyor belt. A number of different parts may be present on the belt
at a given time and the position and orientation of each part is
unknown. The robot tells the vision system which component (eg no 10)
it wishes to pick up next. The vision system will then look at the
conveyor belt until it recognises part number 10. When it deces so it
will compute the posgsition of the part and orientation and then
communicate this information to the robot. The robot then uses this
information to adjust arm position and gripper rotation, allow an
offset for the movement of the conveyor belt and then move in and
grasp the part. The robot must also know the coordinates of the plane
to which the vision system relates, and be able to work im world
coordinates relative to this plane (ie transferred plane mode). At
the present time only one commercially available combination of
robot/vision system exists that is capable of this level of
communication and that is the Unimation PUMA and the MIC vision

system,




2,4.4 Existing First Generation Vision Systems

At present there are five vision systems known to the author which are

available as commercial units. Their manufacturers are as follows:~-

t

Machine Intelligence Corporation (MIC) USA
Automatix USA .
Brown Beveri and Cie (BBC) W Germany J
ITTB ¥ Germany
Autoplace USA

With the exception of the Autoplace Opto-Sense vision system, all are
very standard in their capabilities. The only significant variations
are the ease with which the syétem can be used, the speed of computation
and price. Only Autoplace and MIC systems have been designed in close
collaboration with a robot manufacturer. (In appendix 4 the features

of these vision systems are summarised)

2.4.5 Current Second Generation Systems

Up to the end of 1980 only two systems could be used to partially
satisfy the criteria for second generation vision systems with

industrially acceptable computation times. These have been developed

at the Lausanne Polytechnique in Switzerland and the General Motor
Research Laboratories in the United States. The essential elements

are common to both systems even though the software techniques differ
cénsiderably. The GM 'Model Based Vision System' appeared to be faster
although the speed of computation for both systems is largely scene )
dependent, showing considerable variation between different scenes
containing the same components. Both systems use the shape of the
components® outline as the basis for recognition., The complexity of
the system can be shown by the following example. General Motors use
an IBM 370/168 computer to analyse a 256x256, 32 grey level image.

The time taken to analyse different overlapping parts was 31.6 seconds(zs).

The size of computer used and the computation speed are clearly not

acceptable for widespread application.

2.4.6 Tactile Sensing

Tactile sensing is by no means perfected(lg) and many reseachers

are endevouring to produce cheap and efficient tactile sensors.
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2.4.6.1

.

An interesting example of a compliant device for inseting a peg in a

hole is examined in the next section.

A Compliant Device for Inserting a Peg in a Hole

The insertion of a peg in a hole ig the final phase in the assembly

of a peg and a block with a holecll'zo). McCallion et al analyses the
physical interaction between these two components during insertion,
describes a simple fine-motion device which utilizes this interaction
to insert pegé into closely-fitting holes, and discusses possible

variations to the construction of the device. *

The problem of placing a peg into a hole is a common problem in the

- assembly of mechanical components. It occurs when pistons are fitted

into cylinders, bolts passed through unthreaded holes, bearings
fitting into housings and so on,

In general, a peg-hole assembly inveolves four phases;

(1) pick-up phase: the two components to be assembled are picked
up from bins, magazines, pallets, etc by some assembly machine;
{ii) transport phase: they are taken to an assembly station and
brought into contact with each other.
{iii) fine-positioning phase: the initial misalignment between the

components is reduced and they are driven inside the

———

'insertion funnel®, a spational region defined by the
geometry of the components.
(iv) 4insertion phase: the final misalignment is corrected and the

components placed into their designed positions,

Current industrial robots can readily implement the first two phases.
Where the robots are sufficiently accurate to transport the components
directly into the insertion funnel, the separate fine positioning
phase is eliminated. However,. the final phase, due to the high degree
of interaction between closely-fitting components during insertion,

remains difficult and outside the scope of most available machines.
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2.4.7 Man-Robot Voice Communication

It may be attractive to allow the human operator to use English in
instructing a robot as to its ongoing work. Moreover, the robot which
iz likely to be highly sophisticated could, with justification, respond
to the human voice with synthesized speech to explain its view of the
work situation. 1Its speech might be used to explain internal

ailments which need service attention. The technologies involved in
speech recognition and in speech synthesis are growing in sophistication

and decreasing in cost.

2.4.8 Total Self-Diagnostic Fault Tracing

VWhatever. the level of robot sophistication, it is crucial that the
machine exhibit an on-the-job reliability competitive to that of
human worker. Thus, the robot user must have a long Mean Time
Between Failure and a short Mean Time To Repair. If the machine is,
indeed, zn elegant one, then repair will be intellectually demanding.
What is needed and what will be provided is a self-diagnostic soft~
ware package that pinpoints a deficiency under any failure condition
and directs the human service staff in efficient methods for

recuperating performance,

2.4.9 Inherent Safety (Asimov's Law of Robotics)

Qsimov's Laws become more important 2s robots become more competent
and as robots are utilized in more intimate relationships with
other human workers. Safety must be inherent if robots and

humans work shoulder-to-shoulder with the robots doing the

drudgery and with the humans contributing the judgement. The
development task is not easy, but fortunately it is also not

impossible.
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CHAPTER 3

SOFTWARE SURVEY

A computer controlled industrial robot provides significant
advantages over conventional hard wired robot controls(27’62’67).
Having software control provides the means for tailoring a robot to
meet the specifications of a particular application., Software
features for aiding in program generation and modification include
three coordingte systems for positioning the robot while teaching,
on~line editing, and copying a data point (or an entire sequence of

points).

Although programmable systems have emerged as an important clasa of
machines, the development of complete sofiware system for controlling

and programming such machines has just started.

Computer control provides an industrial robot with a decision making
link to the outside world and gives the robot the capability of
logically deciding what to do based on external signals and of

reacting immediately to interrupts activated by emergency conditions,
Using its computer the robot can issue status notification through
output signals and can even communicate over a serial line with another
computer to retrieve data. In addition, an on-line computer provides
the computational capability to solve coordinate transformations in

. ;eal time (ie software interpolation) permitting a computed path
contreol system. A computer control also simplifies the teaching

task for an industrial robot.

Flexibility, generality, ease in reprogramming, documentability, are
the most important advantages produced by the introduction of a
software system. The certain shortcoming is that it is hard to

express by a formal language the human expertise of performing tasks.

Many researchers have been primarily directed to general and complex
problems, while relatively little attention has been paid to
questions about computational cost and programming difticuity,

questions of great importance for industrial applications.
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The decreasing cost of computer components and the widespread
introduction of microcomputers in industrial equipment makes

possible a new era in programmable industrial manipulation,

In industrial applications, robots are commonly programmed by
guiding the mechanical device through a sequence of operaticns
required to perform the a&ssembly process. A joystick or a butten
box is used to insert in the control memory the positions that nust
be remembered. The position sequence may be played back to cause
the arm to accomplish the tagk ie "teach" mode or "tape recorder”
mode. According to R Taylor (Stanford University) this method is
called "non-textural” to make it clear that programming a robot by
the teach mode does not require a program. Any user, without
specific training, may program the robot; this method does not
require the user to associate abstract symbols with manipulator

mnovements,

Nevertheless, many disadvantages cannot be avoided. The execution
of the task is obtained playing a fixed sequence of movements,
and the impossibility of expressing conditional actions makes it
impossible t0 use force gensors or to introduce some adaptation,
while the lack of text produces the impossibility of maintaining,
documenting and modifying the progranm,
The direction of improving that method of robot programming was
investigated at Stanford Research Institute. More flexible systems
were developed, and joystick, teletype, or volce translaters were
enmployed for giving commands to the robot. This augmented teach mode
demonstrates that interaction with the robot by means of symbolic
commands allows more flexibility, although certain programming
expertise is required. '

|
The major advantages of a textural language are that the text can be
read by people, can be saved in an understandable form, and can fit

different situations.

Control structures allow branching and conditional activity. Interface
with people allows editing, modifying and documenting program, and '
supplies facilities in programming.
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The textual approach to robot programming introduces in rébotics
the philosophy and the experience of software systems design, New
languages for robot programming are necessary, because general

purpose languages are generally not adequate,

Software design can be considered in two mailn ecategories. The first
is explicit-programming which makes the user responsible for
everything and requires explicit instructions for every action the
robot must take. The second philosophy, called world-modeling,
tries to make the robot responsible for taking some decision

according to its knowledge.

HEIRARCHY OF SOFTWARE STRUCTURE

To enable the software to be more easily understood, a possible
hierarchy which can be utilised is one which consists of five levels
(figure 3.1). The lowest three levels are directly concerned with

the robot, while the last two are concerned with the robot's immediate

and global environment.

The lowest level in the hierarchy is where servo control functionmns
are computed(zs). The input commands are Jjoint positions which are
compared to the feedback from the joint position sensors. If these
values are different, a drive signal is generated to move each joint
until the position error is nulled. The commands to the second level
61 the control system are calls to primitive function subroutines,
These low level primitives are the basic, general purpose, operations
that can be sequenced together to accomplish more complicated tasks,
They are called one at a time, by the different input commands such
as GRASP or RELEASE, or MOVE X,Y,Z etc. A command call like GRASP
will, together with whatever feedback is appropriate for this
primitive, cause the second level to generate the current sequence

of joint position outputs to the next lower level (servo level) to
accomplish this operation. Programming at this second level is
enhanced over the first level since coordinate transformations are
now possible with a computer. Thus, the arm can be commanded in
terms of X,Y,Z2 coordinate space through the use of a joystick. The

coordinate transformation routine calculates all of the joint

motions required to cause the robot's hand to move along the
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commanded straight line, The operator is one level removed from the
servo system and, therefore, no longer has to worry about moving the
individual joints. This illustrates the power of an hierarchy as,

when higher levels are added, the input commands become simpler and
more procedure oriented. The sequences of detailed operations

required to accomplish the tasks are generated by the lower levels in
response to these commands,

The cocordinate transformation routine makes it posgsible for the control
system to interact with sensory data. Most sensors provide information
that will require the robot to move along vectors in the sensor-based
coordinate system, not in the joint coordinate system of the robot.

The sensor'generated commands for motions of the arm in terms of the
sensor's coordinate system are transformed into the proper joint
coordinate values thus causing resl time dynamic interaction of the

robot with its environment through sensor controlled movement.

The third level in the control hierarchy receilves its input commands
in the form of elemental move commands. The elemental move is a

basic unit building block in the description of a task. It is in the
form of a motion and an operation. Most, if not all, tasks can bhe
broken down into a sequence of these elemental move commands, where
the hand of the robot executes some trajectory through space to a
destination point and performs some operation. An example of an
elemental move command would be "GO TO PALLET (04), GRASP". This
command, along with any appropriate sensory data, would generate a
sequence 0f calls to the second level to execute the required
primitive operations. At this third level, the operator is programming
in a much more task procedural language as opposed to the robot joint
position language of the first level, The joint positions of the
robot that define a specified location point still have to be
recorded 1n a table of points. However, these points can be entered
under joystick control or as X,Y,Z coordinates of the locations. Once
a location is stored under some arbitrary name (like PALLET (04)),

it can be used in any number of elemental move statements, Of course,
the stored locations can be programmed in any sequence, not juét the

order in which they are entered.
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The control system interfaces to the particular robot through that
robot's own coordinate transformation subroutine.. The coordinate
transformation routine can be used with a post processor to generate
the robot-specific location table from a éobot—independent location
table. It is also used during execution of the program for real
time transformation between‘external or sensor-based coordinate
systems and the robot's joint coordinate system. This results in a
separation of the description of the task as much as possible from

the particular robot that may carry out its operation.

The input task command to the fourth level (work station control),
together with sensory feedback from the robot and the work station,
result in the fourth level sending out sequences of elemental move
commands to the third level., Different prerecorded sequences of
elemental moves can bhe decided upon as a result of the particular
input task and sensory feedback. A number of sequences of

elenental moves can be programmed and named to be used as subroutines.
These will be sent to the third level when certain conditions arise.
For example, suppose one of the cutters breaks while in the machine
tool, A sensor on the tool or on the robot can report this data back
to the fourth level. This condition will cause a branch to a
preprogrammed recovery sequence of elemental moves. This sequence
will command the robot to remove the broken cutter from the tool and
ﬁeplace it with a new cutter. The program then returns control to

the proper point in the execution program.

The fifth level of control is the "system control"™ and has the
responsibility of accomplishing a project that might involve
assigning & number of tasks to 8 number of different work stations;
or scheduling a number of tasks to the same work station.. Its
feedback might consist of one of its fourth level control stations
reporting back that the task has been completed, or that a machiﬁe
tool is inoperative. This fifth level would respond by issuing a new
task to the particular work station or rerouting materials to another
work station and assigning it the task that the disabled station

could no longer accomplish,
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One of the advantages of hierarchical control is that complexity at
any level in the hierarchy can be held within manageable limits
irrespective of the complexity of the entire structure. However,
such a hierarchical decomposition extends far beyond programming
convenience. The real-time use of sensory measurement information
for coping with uncertainty and recovering from errors requires
that sensory data be able to interact with the control system at
many different levels with many different constraints on speed and
timing, For example, joint position, velocity and sometimes

force measurements are required at the lowest level in the
hierarchy for servo feedback. This data requires very little
processing, but must be supplied without time delays of more than a
few milliseconds., Visual depth (proximity) and information related
to edges and surfaces are needed at the primitive function level of
the hierarchy to compute offsets for gripping points. This data
must be supplied within a few tenths of a second. Recognition of
part position and orientation requires more processing and is
needed at the elemental move level where the time constraints are of
the order of seconds. Recognition of parts and/or relationships
between parts which may take several seconds is required for
conditional branching at the single work station level. Attempting
to deal with this full range of sensory feedback in all of its
possible combinations at a single level would lead to extremely
complex programs. A sensory hierarchical can also be utilised as

illugtrated in figure 3.2,

The sensory processing hierarchy receives the raw sensory data at

1ts lowest level. Each ascending level processes this feedback
further, relaying the appropriate processed data to the correspending
level in the parallel control hierarchy. The sensory processing )
hierarchy also receives input at wvarious levels Ifrom the control
hierarchy. This input defines the type of sensory processing ta bhe
performed and the expected results. There is, therefore, a

two way exchange of information between these two hierarchies at all

levels. 4
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LEVEL 5
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LEVEL 3
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Proximity
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Y

Joint Position Feedback
Velocity

Force Measurements

i

Figure 3.2 Hierarchical control system for sensory information
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SPECIAL ROBOT LANGUAGES

Robot languages

(32) have been developed by various organisations for

the following reasons:-~ to facilitate the ease of programming for

complex tasks; to minimise the "teaching" time especially for small

batches and so increase flexibility; to link robots to CAD and CAM.

The robot languages include:-

10

(33)

Multipurpose Assembly Language (MAL) which was designed and

implemented at Milan Pelytechnic for the Supersigma robot.

WAVE which was developed at Stanford Artificial Intelligence

Laboratory (SAIL) and was the first flexible system for

developing complex manipulation algorithms(34).

AL which is a world-modeling robot language is being developed

by the Computer Integrated Assembly Systems project at SAIL(SS).

Cincinnati Milacron Inc utilise an explicit program to control

their robots(43’44).

VAL which was designed for use with Unimation Inc¢ industrial

robots

LAMA is a world-modelling mechanical assembly language which is

being developed at MIT Artificial Intelligence Lahoratory(37'17).

AUTOPASS is a world-modelling programming language used by IBM(37'38).

EMILY also used by IBM is an explicit language(sg).

SIGLA is an explicit programming language used by the Olivetti

corporation of Italy for controlling the SIGMA robot(4o).

In the Department of Artificial Intelligence at the University of
Edinburgh a mixture of explicit programming and world-mdodelling
philosophies have been used to control their robot (which is
called FREDDY)(41).

i
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11 The National Bureau of Standards (NBS) uses a Cerbellar Model

Articulation Controller (CAMAC)<42).

12 Perceptronics Inc uses an Adaptive Control System to control a

gilent anthropormorphic arm powered by 1000 psi.

13 System for Aiding Man Machine Interaction Evaluation (SAMMIE)
which has been developed by the Production Engineering and
Management Department at Nottinghem University and is used as a

basic modelling system for the simulation of industrial robots(45’46).

14 Graphical Representation Assessment and Simulation Package (GRASP)
is currently being developed at Nottingham University.

15 DEA of Torino in Italy has applied to assemble part-programming
a High-level Expansible Language for Programming (HELP)(47)

which is used for the control of the PRAGMA 3000 robots.

16 RAPT has heen partially developed at Edinburgh University and it

is a geometrical expert.

17 PARAPIC which is also being developed at Edinburgh. It is a
high-level language for parallel picture processing.

. .

In the following sections some of the more important robot languages

are considered in further detail with the emphasis on MAL, WAVE, AL

and Cincinnati Languages.

3.2.1 MAL

MAL is an interactive system, which allows the user to describe the
sequence of steps necessary to realize assembly tasks. It allows

the independent programming of different tasks and provides
semaphors for synchronization., A MAL system is completely

implemented in Fortran IV except for a small interface to the robot,
which is written in assembler, due to the demand for portability.
Moreover MAL is implemented in such a way that the change of the
controlled robot would not require a complete rewriting of the
system. For example, the conversion from a cartesian robot to a .

!
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3.2.2

polar one should require changes only to a given module.

The MAL system is made up by two different parts,.one devoted to the
compilation of the input language into an internal form, the other

one devoted to the execution,

The compilation part gives the user facilities to create, update and
maintain the source program. The execution part has the responsibility
of executing the sequence of operations described in the user program.
The debugging of the program is easy and the user can modify his

program and immediately check it again.

To develop a program the user has to express his asgembly task as a
sequence of elementary operations., If the task requires some
parallel activities, the programmer writes the different parts as
they are independent and then synchronizes them. Then the MAL
conpiler translates the program into an easily interpretable object

code.

WAVE

WAVE was developed at SAIL to show the feasibility of doing different
tasks with the same robot system and it has been used for assembling
a hinge, a water pump, a pencil sharpener, and other objects by
ésing two arms and simple power tools. The facility of scene
analysis programs permits verification of successful completion of
individual actions. Interactive debugging facilities permit quick
development of programs to do new tasks, although execution times

are two to four times longer than a person would need. Although
WAVE is an explicit-programming system, it maintains a world model

of the arm for planning purposes. To write an arm-control program
one first defines macros that expand into sequences of arm-control
instructions to perform simple actions like screwing on a nut or
picking up a2 screwdriver. Planning dictates the use of macros rather
than subroutines because each call generates much information that
depends upon the arm position., Nesting and parameters are allowed,
and individual macros may be expanded, tested and revised with
essentially a very small elapse of time. Once the macros perform

as expected, the task program is written in the form of another
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‘macro, that is a sequence of calls to the previocugsly-defined macros.
WAVE lacks certain debugging facilities such as single-step execution,
breakpoints and hot editing. So, although WAVE is convenient to
program in and is interactive, it behaves like a system with a

compiled user program.

3.2.3 AL

AL is a high level language programming system for specification of
manipulatory tasks such as assembly of an object from parte. AL
includes an ALGOL-1like source language, a translator for converting
programs into runable code, and & runtime system for controlling
manipulators and other devices. The system includes advanced

- features for describing the motions of manipulators, for using
sensory information, and for describing assembly algorithms in
terms of common domain-specific primitives. The principal aim of
the work carriedout at SAIL is not to provide a factory floor
programming system but rather to design & language which will be a
tool for investigating the difficulty, necessary programﬁing time

and feasibility of writing programs to control assembly operations,

The supervisory software is the top level of AL. It runs on the
timesharing computer and provides an interface between the user and

the other parts of the system

I
H
i

i) 1listening to the user's console and interpreting simple
command language input
1i) controlling the compiler, starting it and relaying its error
messages back to the user
i1ii) signalling the loader when it is necessary to place compiled
code into the minpi.
iv) handling the runtime interface to the mini. .

AL is important for several reasons which are :-

i) It shows what sort of considerations are necessary for the |
flexible contrcl of mechanical manipulation, |
ii) It demonstrates the feasibility of programmable assembly.

iii) It provides a research tool for investigation of new modes of
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3.2.4

software servoling, assembly primitives, arm-control primitives

and interactive real-time world systems.

AL is currently limited by the lack of certain features which would
make it more useful., These features will now be described. Fine
control of the arm could be enhanced by more sensitive force-sensing
elements on the hand. Visual feedback should be implemented to
provide better positioning capability, error detection, and error
recovery. Moving assembly lines imply that AL should be able to
understand motions which it does not cause directly through
manipulation; objects should have a dynamic capability. Collision
detection and avoidance remain difficult issues. AL would be more
error-free 1f the trajectory calculator could ensure that the arms
never interfere with each other or with objects in the current

world.

Cincinnati Developments of Software

Cincinnati have developed software features to increase the
flexibility of their robots which exploit the use of an on-line

computer, These features are;-

1) Teach Coordinates

Using either a hand held Teach Pendant (figure 3.3) or a CRT

: and keyboard unit (figure 3,.4). When in the teach mode the
computer does not care how the tool centre peoint (TCP) is
manipulated in getting from point to point in space. The only
information to be retained is; the location, hand orientation
and function data pertaining to each data point.

11) Alignment Method in Software

The conveyor alignment (figure 3.5) method enables the user to
adjust the X,Y,Z coordinate system so that it is parallel éo
X,Y,Z coordinate system of its working environment., This is
especially useful when programming a tracking application since
the tracking axis (the axis of conveyor motion) must be aligned
to one of the major axes of the robot X,Y or Z. This method
eliminates the precise positioning of the robot during
installation by allowing the computer to adjust the robot to

the conveyor. Another advantage of the alignment method is in !
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multiple robot systems because it allows one robot to be used
to create programs for all other robots, Whatever differences
in alignment which might occur between robots is eliminated
by this alignment method.

iii) Programmable System Generation

The programmable system is generated in the following way:-

a) The Progrémmable System Tape is loaded into the robot
controller.

b) The user responds to messages on the CRT using the keyboard
to define the parameters.

c) When all the parameters have been defined, the robot control
will produce a final System Load Tape.

iv) Index Function

This 1s utilised, for example, to pick components off a pallet

one at a time.

3.2.5 VAL

VAL runs on a LSI-]11 and is used to control.Unimation's Puma series
of robots. On-line program generation and modification can be
performed as the real time control and operator communication
modules reside in the same computer. The language uses clear,
concise and easily understood word and number sequences. It
includes facilitieg such ss subroutines, program branching and
\integer calculations, together with interrogation of and sigralling
to external devices via an input/output module. There are three
coordinate systems which are available with the VAL operating systemn,
which are available with the VAL operating system, which are joint,
world and tool modes (figure 3.6). The difficult modes are selected
by the operator as the robot ig taught a task. VAL automatically .
takes. these modes into account so that the task can be

accomplished 'ag taught'.

3.2.6 LAMA

LAMA will allow the user to describe an assembly procedure in the
kind of English statements that may be used as captions under
{illustrations in a shop assembly manual, The system requires the

user to decide the sequence in which the parts are brought together
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3.2.7

3.2.8

then LAMA generates an appropriate sequence of pick-and-place motions
and chooses grasp points ¢on objects by itself. If also uses
uncertainty and tolerance information in its world model to generate
appropriate test procedures for every fabrication step. LAMA keeps
geometric information in its world model and simulates the effect

of candidate strategies by making temporary modifications to it.

AUTOPASS

The AUTOPASS user plans the part-attachment sequence, tool usage, and
general opbject positions. AUTOPASS is designed for finding user
errors at compile time rather than during execution. Graphic
simulation substitutes for interactive debugging in trial runs.

The AUTOPASS world model represents assemblies as a graph structure
of object part, subcomponent, attachment, and constraint
relationships. Basic entities on the graph are points, lines, and
surfaces, and the user sets up the world model with a separate
geometric design program. The statements deal with parts, tools;
fasteners, and instructions for placement and attachment, and they
are translated one at & time in a single pass. The compiler chooses
optimal grasps for the user and plans hand trajectories to avoid
collisions and to obey constraints on part motion, It originates
some kinds of simple actions by itself, if necessary, to achieve
preconditions needed to carry out a user statement. AUTOPASS
%tatements translate into MAPLE-Iangﬁage statements containing the
explicit planning decisions made by the AUTOPASS compiler. AUTOPASS
and MAPLE are PL/I-like languages with extensions for manipulator-

related language constructs.

EMILY ’

EMILY has control structures similar to FORTRAN, which can call

upon more powerful user-written routines in the IBM 370/145, A °
program called Manipulator Operating System (MOS) moves the arm (or
can operate two arms simultaneously) by interpreting the contents of
tables, which have been produced by EMILY. Entries in one table
describe the assenmbly algorithm in terms of pointers to MOS library
routines and to other table entries to be passed as arguments to
those routines. Debugging involves rewriting the individual library
routine calls by using a metal language called ML and by

changing the values of entries in the data tables.
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3.2,9

3.2,10

3.2,11

SIGLA

SIGLA (SICGma LAnguage) controls SIGMA robots by symbolic commands,
which are later interpreted ags calls on library routines. The user
moves the hands with a rate joystick during training. Routines for
computation and sensing wrist displacement permit a variety of

programmed search, patterning and accommodation behaviour.

FREDDY

FREDDY is a sophisticated vision-controlled robot.. .Using overhead and
oblique cameras, Freddy looks at three-dimensional wooden parts poured
onto his worktable in a heap. - It.breaks up the heap to see individual
parts, then sorts out the good parts, discarding any it does not
recognise. FREDDY uses a world model containing information about
part images and object locations to recognise the objects placed
under his camera and to find space in which to work. The

recognition and sorting-out phase is programmed by showing the robot
examples of every part in each of its stable postures on the table
and by leading it through a pick-and-place sequence. During
execution. TFreddy generalises these motions to deal with parts in

the same posture but with different positions and orientations. It
assembles the parts under the control of an explicit, compiled

POP-2 program written and debugged interactively for each

particular assembly task. Freddy's library contains routines for

éonstrained moves and insertions. The system software has a main
loop that repeatedly classifies the current situation into one of
eight distinct categories and takes the appropriate action for that
category. For example, if it finds a complete kit of parts, it

agsembles them, if the kit is incomplete, it looks for more parts.

CAMAC

1

CAMAC i; an algorithm and data structure that can learn to compute
extremely complicated functions of many variables which run on PDP 11.
It has been tried as a fast servo computation mechanism to determine,-
for example, the required joint motor drive current from the desired

Joint velocity and the actual position and velocity of all joints.
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3.2,12

3.2.13

3.2.14

Adaptive Control System (ACS)

Perceptronics' Adaptive Contrcl System (ACS) learns a manipulation_
task by monitoring a person operating a teleoperator master arm. It
takes control of the slave arm when it has enough confidence in its
gbility to predict what the man will do next. ACS uses statistical
decision theory' to adapt a set of Bayesian arm-action probabilities.
Perceptronics have also developed several kinds of three dimensional

graphic displays and have used them for simulation.

System for Aiding Man Machine Interaction Evaluation

SAMMIE which is written in Fortran, simulates various industrial
robots and provides an aid to robot selection, and a quick evaluation
of robot/machine/robot interactions. The simulation is in two parts:
firstly it 1s a planning phase where the workplace layout and robot
manipulator articulations are examined - this can be considered as
statiec analysis, The second phase is an execution phase, or a
dynamical analysis: here robot times are produced and compared, The
planning or programming phase is usually first, unless a programmed
sequence already exists, and then information satisfying a static
analysis is then used for a dynamic analysis. 1In the event of certain
criteria not being satisfied in the dynamic analysis then perhaps it
may be necessary to reprogramme the sequence and modify the layout.
The ability to communicate with the computer with a light pen and a
éimple instruction set displayed together with computer generated
pictures on the graphics terminal allows a number of iterations to be

carried out quickly to obtain optimum results.

GRASP (Graphical Robot Assessment and Simulation Package)

This is currently in the early stages of research and development. The
system will ease the introduction and application of present day robot
technology into the manufacturing environment. The completed syétem
will enzble the engineer to produce three~dimensional models of

robots and workplace similar to that used by SAMMIE. The actions of
the robot are then specified by a means analogous to those

programming real robots, although‘a high-level task specification
language is planned as an additional aid. The simulation, used in

conjunction with models of the workplace, equipment and machines,




]

will enable assessments to be made of the suitability of particular
industrial robots for the proposed task. Finally it is intended

. that the knowledge gained from the gimulation will be used té)
program the robot itself in the same way as tapes are produced

for Numerically Contreclled machines, '

3.2.15 HELP y

N

The HELP language has been implemented on computers of the DEC 11
family. HELP language‘has two phases, one in which the translator
acts as a pure compiler which slternates with the other in which the
translated program is executed.,. Such phase alternate ingide each
single program element, it means that each single element is
translated and then executed which results in a high interactivity
- level. Due to the compiler structure of HELP, the execution of the

program can be postponed or the translated program can be stored for
as long as desired for further recalling. The translation structure
allows dlialogue with the system during program set-up; it also
yields reasonable execution efficiency as the programs which are
available in memory are close-to~the-machine internal langauge.
Externally the language is much like the ones of the Algol family,

- its elements are sentences or sentence blocks, "The language has
some macro-~definition and macro-calling devices that make programming

- more intuitive and easier for the end user,
4

v

- {
3.2.16 RAPT

RAPT at present uses a textural input with an APT like syntax. There
are various descriptions utilised which are; objects - named features,
for example plane faces; situations - described in terms of spatial
relationships between features of objects; acfions = descriptions in
terms of movements of bodies relative to features, action statements
are used like situation statements to form equations; ties - between
bodies; subassemblles of bodies - partially assembled objects,

residual degrees of freedom and mechanisms, for example vices.

All the languages which have heen described are only applicable to

either one robot and/or one computer system.
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Robot software can be divided into two basic categories, on-line and
off-1ine, The on-line software system controlé the robot at run

time (real-time control) whereas the off-line software generates the
instructions required by the on-line software (operator communicator).
The linking of the off-line and on-line systems varies for each
language, at present there is no standard interface between the

on-line and off-line gystems.

Most of the languages are designed for assembly work and the only ones
in use commercially are at the manipulation level. The high world
model level languages are still under development in academic
establishments, With the manipulation languages,.the on-1line and
off-line components of the system are run on the same computér,

which is the robot-controller. The higher world model languages,

the off-line processing is carried out on & larger more powerful
computer, which generates an intermediate language which can be

input to the on-line system of the robot controller.

There is an immediate requirement for standards to be defined

- especially for this intermediate language sc that one off-line

system can interface with a wide variety of robot controllers and

vice versa.
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VAL

WAVE

AL

LAMA

EMILY

SIGLA

ACS

AUTOPASS

CINCINATI

HELP

RAPT

Table 3.1

Interactive Language

yes FORTRAN 1V
interface in
assembler

yes ALGOL
based

yes ALGOL
textural

yes ALGOL
textural

yes English
statements

yes Fortran

yes symbolic
commands

ves PL/I

yves ALGOL

yes ALGOL

yes APT

Oge;étions

assembly

manipulation

assembly

assembly
pick & place

assembly

manipulation by
learning from a
teleoperator arm”

finds user errors
at compile time
translates into
MAPLE

welding assembly

assembly

assembly

Summary of Robot Languages
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Explicit

Vorld

yes

yes

yes

yes

yes

yes

yes

maintaing world
nodel of arm for
planning purposes
maintains world

model of arm for
planning purposes

yes

yes

yes

Uses
Sensory

Information

yes

yes

yes

yes

yes

yes

Calculates
Trajectories

yes

yes

yes

yes

yes

yes




4.1.1

CHAPTER 4

THE COMPUTER, MICROCOMPUTER, TMS 9900 MICROFPROCESSOR AND SOFTWARE/

HARDWARE DEVELOPMENT SYSTEMS

In this chapter the evolution of the computer and the microcomputer
is outlined. The hardware/software development aids are then
considered which is followed by a description of the processing
element of the controller, the TMS 5900 microprocessor.

Historical Development of the Computer

The abacus, a frame with wires along which beads can be slid, is well

known in the West as a child's toy and an educational aid. In the

"East it. is still extensively used for arithmetical calculations,

Since each digit is separately represented (in this case by a bead)

it is a digital machine(48).

An early analogue machine, and, until about 1970 the machine most
widely used for multiplication and division, was the slide-rule. In
analogue machines, numbers are expressed by the measure of some
physical quantity (in a slide~rule the physical quantity is length
which is made proportional to the logarithm of the number). As
microprocessors and microcomputers operate digitally, analogue

machines will not be considered further(49’50).

From the middle of the nineteenth century onwards various manually
operated adding machines, including cash registers, became commercially
available, These were followed in the first half of the twentieth
century by desk-top machines that could divide and multiply. At

first these were manually operated but as electricity became -
generally available some were powered, as were adding machines, by
electric motors or actuators., Although such machines were able to
store their results and often to print them out, each new entry had

to be entered digit-by-digit by pressing the appropriate key or by
adjusting the appropriate pointer.

The advent of punched cards at the turn of the century made it
possible for the same data to be entered automatically for different

calculations, for entries to be sorted into any required order and
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for the results of one calculation to be stored on new cards ready

for later calculations.

Sensing of the holeg in the punched cards was at first mechanical and
calculation was undprtaken by a system of mechanical linkages, cranks,
rotating wheels and sliding bars. Later, electrical sensing of the
cards was introduced and many of the mechanical links were replaced
with electromechanical elements., In the main, operations were limited
to add}tion, subtraction, sorting and tabulation. Multiplication and
division were either impracticable or much slower than the normal
operating speed of the rest of the equipment which usually handled two
cards per second., In the 1930°'s however, multipliers consisting of
banks of 'telephone type' relays were developed that enabled
multiplication and division to be carried out within the cycle time

of the rest of the equipment(sl).

Probably the first digital electronic computer was built at the
British Post Office Research Station during the Second Werld War.

It was a special purpose machine dedicated to speeding up the
deciphering of intercepted German signals (for security reasons, the
existence of this machine was not announced for over 30 years and very
few details have been published).

(51), probably the first true electronic

The war also produced ENIAC
digital calculating machine, built at the University of Pennsylvania,
which was designed gpecifically for ballistic calculations which can

be described in the following manner.

(1) it occupied a room approximately 12m x 6m
{1i) it contained nearly 18,000 thermionic valves
(11i) its power consumption was 150kW
(iv) it operated on numbers with ten decimal digits
(v) addition could be carried out at the rate of 5,000 calcaulations
per second, multiplication at 350 per second and division at
166 per second. i
(vi) it was able to store up to 20 different numbers and recall

them immediately when required.
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ENIAC was shortly followed by EDVAC, the first electronic machine to
use binary arithmetic. It operated on hinary numbers of 43 digits
(equivalent to about 13 decimal digits) and could store over 1000
numbers for immediate recall. It was also the first machine to use

an external store (using magnetic recording) to which it had automatic{

but comparativelt slow access.

The success and publicity attached to these two US machines led to
worldwide activity, at first in wuniversities and military
establishments where cost was not usually the prime consideration,

and later in commerce and industry where the machines were expected

' to pay their way but probably seldom did. The machines of the

mid 1950's cost about £100,000 for the computer and probhably about
half as much again for the zir-conditioned room that was necessary to

dissipate the heat from the electronic valves.

The Impact of Transistors

Transistors were invented in 1948 and 10 years later began to replace
valves. Simultaneous developments in the design of immediate access
memory stores enabled general purpose computers to be produced at a
price which gave a reasonable chance of a satisfactory return on
investment. By 1§60 they were also of a reasonable physical size,

2 or 3m3 for the heart of the machine, the central processing unit -
(CPU) and the immediate access memory store, with a power consumption
of 1 or 2kW (thereby much reducing heat dissipation problems).
Despite inflation, prices had halved in § years for machines of
similar computing power and were to do so twice more in the next

decade.

To understand what happened in the 1960's which led directly to the
advent of microprocessors, it is necessary to look briefly at the
technology of the transistor. The actual diameter and height of the
body are each about S5mm, anything smaller would be difficult to handle
in 2n electronics assembly factory. The same size would protect a
siliecon chip probably smaller than Q.5mm square and 0.15mm thick

(much smaller than a pinhead) so that the package is 2500 times as
large as the contents., In turn the chip is much larger than is

technically necessary because an assembly worker cannot handle chips
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much smaller than O.5mm square. The active part of the transistor
occupies less than 10% of this area so it is quite feasible to form two
or more transistors on the same chip. In fact the chips are actually
manufactured by forming many hundreds of them on a slice of silica
{nowadays 60mm or more in diameter) and then cutting the slice into
chips of the desired size. When it was realised that other circuit
elements, (resistors, capacitors and interconnecting ‘wiring') could
also be built on the chip, the door was open for mamufacturing more

and more complex circuits on the chips.

Integrated circuits (ICs), were produced and the period from 1961 to
1972 saw the development of small scale integration (SSI) through
medium scale integration (MSI) teo large scale integration (LSI).
These terms are not precisely defined but in general an SSI chip has
tens of transistors with their associated circuit components, an

MSI chip has hundreds and an LSI chip thousands. Vary large scale
integration (VLSI) techniques which have tens of thousanda of
transistors have been developed which has significantly decreased the
cost of the hardware so enabling a wide range of machines and

processes to be controlled due to the low cost of the hardware.

However, at }his time only limited memory and Input/Output (I/0)
facilities can he configured on a single chip and "controller chips”
are therefore used mainly in high volume applications which are
g;nerally of low complexity. For the majority of applications today
the CPU will be a VLSI or LSI chip with powerful computing facilities
and support VLSI (or LSI) memory, I1/0, buffer, decode etc chips will
be used to constructure a controller with memory and I/0 facilities

which meet the required specification.

HISTORICAL VIEW OF THE MICROCOMPUTER

The term micro in this connection first appeared in 1972 when the

Intel Corporation produced the 4004 microcomputer. The heart of

thiz system was an LSI package that included, on a single chip, all

the features normally encountered in the central processing unit (CPU) of
a mainframe or minicomputer. This IC was therefore given the name of

a microprocessor or microprocessing unit (MPU)(GQ). The principal
elements of any digital computing system are the CPU and the immediate

access memory. In terms of operating speed and other performance
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citeria, the 4004 fell far short of available minicomputers.

There are however, applications for which lzrge numbers and high
gpeeds are unnecessgary and for which low cost makes the Intel 4004
and other MPUs with restricted ‘computing power' eminently suitable,
The race for larger capacity and increased speed was on and during
the next three years, half-a-dozen manufacturers developed single
chip MPUs with capacities and speeds approaching those of the CPUs
of some minicomputers. If present trends continue, the distinction
between microcomputers and minicomputers, which is already becoming

blurred, may eventually disappear.

The chip for a modern MPU is approximately 5mm square and contains
many thousands of transistors and their associated wiring. It can
perform all the functions of the CPU of a typical machine of the
early 1960's often at comparable or faster speeds, with a power
consumption of less than 150mW, (one-ten-thousandth that of the 1960
machines). The 5mm square chip has to be packaged in such a way that
it can be handled and connected to the other system components.

Since 40 separate lead-outs are required it is necessary to have a
package several times larger than the chip itself, This dual~in-line
package,.a reference of the two rows of connecting pins that can be
inserted and soldered into a printed circuit board, is of the general
configuration used in most ICs. It is also referred to as a 'DIL'.

1

I; its package an MPU occupies about one-five-thousandth of the space
occupied by the comparable CPU of a 1960 machine. Price, too, has
come down by a factor which, allowing for inflation, is of the same

order as the reduction in sgize and power requirements.
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4.4

4.4.1

PROPERTIES OF HARDWARE AND SOFTWARE FOR THE IMPLEMENTATION OF DATA
PROCESSING ALGORITHMS

In table 4.1 there is a comparison between the use of hardware and

gsoftware for the implementation of algorithms

HARDWARE SOFTWARE

Designed by an engineer, who Designed by a programmer, who must
must know the physical understand his machine as an abstract
limitations (fan-out, ‘mathematical object with formal
propagation delay, heat properties, but needs no detailed
dissipation etc) of the knowledge of the hardware

conponents in use

Capable of fast operation Speed limited by
if necessary (a) algorithm
(b) design of computer

Design methods uses finite Design methods use flow charts,
state machines and logic mnemonie codes etc

diagrams

Table 4.1 Comparison hetween the use of hardware and software for

implementing algorithms

In comparing the two methods of implementing algorithms, software is
relatively slow in performing operations when compared with hardware,
but it is very much faster to design and write, and it can handle
more complex algorithms. This seems to make it preferable in most

circumstances.

HARDWARE /SOFTWARE TOOLS FOR MICROFROCESSORS

Hardware Aids

Development of microcomputer-based products usually requires a support
computer system. Products are seldom developed in the computer
enviromsent that will surround the eventual software. More often,

a separate computer system is used to support software development

efforts and augment hardware testing. This is in sharp contrast with
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most minicomputer applications in which the mini is used for both
development and production. Similarly, digital design engineers will
f£ind that checkihg out a microcomputer prototype requires more support

than traditional TTL or CMOS design efforts.

Small Support Environments

The most primitive kind of support system is based on the actual
microcomputer being developed, or on another small system, Often,
this small configuration is actuslly nothing but an evaluation kit
from the semiconductor maker. The kit provides a micro, a small
amount of data storage space and a debugging monitor in ROM or \
EPROM. The devices supported for I/0 may be on-board or outbecard.
The on-~board peripherals usually include a heyboard and some

seven-segment LED displays used for hexadecimal data and address bus

" contents. Outboard devices are usually assumed to be teletypewriter

terminals,

These small systems are inexpensive but the features they provide are
very limited. The limited program and data storage sizes of many
evaluation kits prevent the use of an assembler. Programming must
therefore be done in machine code, although usually hexadecimal or
octal code representations are used as determined by the features of
a debugging monitor which acts as a limited function operating system.
The interactive ability of most debug monitors may consist of little
more than loading, executing, modifying and dumping a small program
from memory. The small read-write memory sizes included are
typically less than 1024 bytes which only permits the smallest of
programs to be entered and tested without appreciably increasing_
memory size. Memory expansion may be complicated by the lack of
space on the evaluation kit's printed circuit card and the lack of
external bus'buffering necessary to communicate with an outboard
memory card. These products were designed for small evaluation

48
exercises, not wholesale program development( ).

Simple Software Support p

Even the evaluation kits have some software for aiding the
debugging process. However, they nearly all require recourse to

some computer terminal unless the kit's own hexadecimal keyboard and
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displays are used. If the internal "terminal® is used, operations are
usually very limited and error-prone. If the computer's debug monitor
permits the reading of programs from cassette tape (usually from an

audio recorder), the lack of an external terminal may be mollified,

The debug monitor consists of some simple input/output (I/Q0) software,
plus a command interpreter to allow loading, modifying, executing and
dumping memory contents. The more sophisticated monitors include

the ability to perform hex-to-decimal conversions, insert software
breakpoints which, when reached, cause control to return to the monitor,
and the ability to display CPU register contents of programs that are
being debugged.

Software Development Systems

Traditionally, microcomputer software design has been supported on
large-scale computers, either through time-sharing or under the aegis
of an operating system on an available computer, or on a microcomputer

development system.

The simplést development systems are made up of a microprocessor,

some limited input/output capability to a terminal, and a large

amount of memory. Microcorputer development systems typically provide
from 16K to 64K bytes of read-write storage, plus a small monitor.

A high-speed printer and floppy disc can be added.

In-Circuit Emulation

In-circuit emulation is a concept pioneered by Intel, and is =a

circuit, that plugs into a socket replacing the CPU chip,

An in-eircuit emulator allows the host computer, with all of its
*additional memory and monitor software and peripherals, to become

a resource to support the operation of the system under test. In
the emulation mode, the operator can remove control from the
executing program by using monitor commands, The suspended program's
register and memory contents can be examined, modified and execution
resumed. As there are no changes in the system under test except
microprocessor replacement, all of this testing capability is

transparent to the design. This means that the system under test
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can be a nearly completely finished system. The in-circuit emulator
can be utilised to exorcise the last residual design "blunders".
Until 1977, virtually all microcomputer development systems were
dedicated to supporting one particular vendor's microprocessors.
However, Tektronix have designed a development system which supports
the Z-80, 6800 80808 8085. In Table 4.2 there is a survey of the

available microcomputer development systems,

Logic Analyzers

The basic principle behind Logic Analyzers is illustrated in figure 4.1.
The probes bring in signals from the equipment under development. The
signals are matched with switches on'the ffont panel so that some
combinations of them can be ﬁsed to enable the memory to record all

the inputs.. The front-panel controls are usually toggle switches that
can be set to recognize each input at 1 or 0, or to ignore that
particular input. When the input conditions match the conditions
specified in the switches, the memeory is enabled. The inputs are
collected in memory, one for each clock pulse. . As each new word is

written, the oldest work is purged from memory and produceg the

information on an internal (or, sometimes, external) oscilloscope.

The input probes are usually connected to bits ¢of the address bus,
and some of the control bus signals. (It is often useful to have
come record of the data bus contents too). The number of input
signals that can be sensed and recorded in parallel which range

from 8-40 bit memories is an important parameter of these devices.

Software

Programming languages can be divided into three categories, high level,

low level and machine code.

High level languages (HLLs) offer two important advantages over machine
and assembly codes. 1In the first place, the programmer is freed from
having to remember the precise arbitrary details of the target machine
wvhich is being utilised, and so can concentrate on the problem which

is to be solved. This makes programming easier and up to 10 times

faster. HLLs are therefore called *Problem-Orientated Languages'.
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Table 4.2

Systems and support

programmet, (a-
oarcut emulation
and Io?c analyzet
capability

a - - {
CPUs Support High-level
System supported hardware - languages ;
H
-~ s  oway 4
Advanced -~ | 280,8080 - .- 178000 prorotyping | Pascal [all CPIJs) |
Miro Computer  § BOES, 78000 - » {board withm- . and Bask, Fortan | |
AmSYS 8/8 . T v~ lowcuit emutation . | Cobol for 8 bt '
. o -2 et T loapabity .., L [processors - }
American $2000, 6300 DEV 2000 emulator | Basc, Pascal
Microsystems 68000 prototypm: . . ;
tnc. MDC 1000 ) s, EPRO |
. Ymgrammec MDC— - . i
) 40 logic analyzer . |
Fairchid 9400 Microfiame ], | PROM/FPLA  _ {Basic, Fortran !
Microflame 9443 Microflame 11 | programmer .~ ]Pascal
Cevelopmeat system | 16 bit CPUS " *
GenRad/ - . 8082, 280 T | Emulators ome -  [Baset (compiter
Futuredata - | 680x, 1802, 387X, | analyzer, PROM ~ _ [and infer-
Advanced B048 ~~-~s. -~ | programmer preter
development system LAt .S v:mons) Pascai
. e e ¢ T - |
Hughes - |1802,280 *° - Hincwcot v T Basm compﬂef
Senuconductor * | 8080, 8085 _ -*-¢ | emulation for "=+~ [far 1802 . |
Products HMDS | -~ ., |aNCPUs, and - J 'c Y.
2D . R A PROM programmer, - s 4 o 5 < e
- s I lightpen ) - - :_.; -_: vt i
intet Corp - 808:, 802, . . et - - Basie, Fortran.
Inteliec . 8041 8035 - emulation for al Cobol (for all
Series 11 o =7 x| CPUs except BOSS, 8-bit processors)
Model 240 -, « | et ICE ftwa CPUS - -
. Lo .. | emulaled simultan- -
- - "weo = 7 Jeously) and PROM -
-~ . programmer
Millenmum 180 80B8 Microprocessor per-  {Momtor software
Systems Ing 80886, 28000 sonality moduiss for program
herosystems De- , T development, de bug,
signer Senes 1000 and system control
Mostek Corp 280 (but can be PROM programmer, | Fortran, Basie,
AlD BOF set for 3870 CPU) _ | n-curcurt PL/1S, Cobol
_ emulalmn
Motorola 6800 family and PRDM programmer Cabal, Basie
Semiconductor 68000 (all CPYs of | 6BGOD prototyping Fortran, MPL for
Products, tne. company supported) | board with all CPUs exc
EXORcisor 13 . - emylation capabat 6839 anc 68
| -~ 3 ICE for all which have Pascal
L Us including * - -
. P 09, system K N
. ana er (for added
R hardware-debug e
- “ } capability} ‘
Nahonal 8080, 8085, | PROM programmer,  [Basic, Fortran . ]
Semiconductor  © [ B048, B049, inCircunt
Starplex 8 - - emutaton for - "
. - .. .|allEPUS -
- . -2
Rockwell 6500, 6500/1 Inccut emutabion  |PL/ES -1
International snglethip . for €500 and per- - .
System 65 computer sonality ophion for . .
. 6500/], PROM pro- . j
grammer !
Sofid State 1802 Incirgunt "7 1 Forth *
Scientific zMOS emulation EPROM . X
development programmer , )
system - "
i
Tektronix 8080/85, 6800, In-circurt Basc and !
8002A 180, TMS S900, emulation, reak Fortran for BOBD,
Microprocessor 3870/72, 1802, hime trace, and 85, and 780
Development Lab 8048 family PROM programmer |
I
Texas AR 9500 family In-tercuit emu- AMPL flanguage)
Instruments CPUs alion for all CPUS, Pascal, Fortran '
FS$ 930 AMPL Togic. state trace, i
Micreprocessor PROM programmer
Prototyping
Laboratory :
Dlog 18, 780, 78000 78000 development  |PLI/ASM, 28000
PDS 8000 module, PROM/EPROM [translator
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Figure 4.1 Organization of a Logic Analyser
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Secondly, the algorithm is not related to any particular design of
machine and can therefore run on any computer or microcomputer for
which a suitable compiler exists. Such programs are called
'portable'. To offset these advantages, HLLs do have certain
drawbacks. In general, the translation process is not perfectly
efficient, and a HLL source usually runs slower and needs more
storage space than a low level language (LLL). Once the source code,
either HLL or LLL, has been produced, it is then assembled into machine
code. This is the pattern of ones and zeros that.actually drives the
microprocessor. It is possible to write programs in machine code by
hand assembling, but if there are more than a few lines, it is too
time consuming.

THE TEXAS.QQOO FAMILY

The 9900 family is a compatible set of LSI components including
microprocessors, microcomputers, microcomputer modules and
ninicomputers. It is supported with peripheral devices development
systems and software. The family features true software
compatibility, I/O bus compatibility and price/performance ratios

which encompass a wide range of application5(51"54).

The Hardware Family

F;gure 4.2 is a diagram of the 9900 family members. The spectrum of
microprocessors and microcomputer products available in a variety of
formats as in figures 4.3 and 4.4. 1In the first part of figure 4.2
the microprocessors or microcomputers are combined with microcomputer
support components (figure 4.4) to form systems. These systems also
include I/0 interface, read only and ?andom access memory and
additional support components such ag timing circuits and expanded

memory decode.

The family also includes microcomputer board modules containing the
9900 microprocessor and peripheral components (figure 4.5). As

shown in the second part of figpure 4.2, these modules can be used for
product evaluation, combined for system development or applied

directly as end equipment components,
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MINICOMPUTERS -

Figure 4.2 The 9900 Family
1
* H
§
i
KY
= o 4
: MULTIPLE-CHIP SYSTEMS  16-BIT DATA BUS
’ 8-BIT DATA BUS L_P: :—sﬂn 170 BUS
1~ 16-BT 170 BUS
£-5 DATA BUS 40 PINS
1 —16B1TI/OBUS o~ !
40 PINS s
16-BIT VLS IC
cPy
M5, PERIPHERALS
earm \E{"f.‘c TMS9900
' 16-BIT CPU o5
' SINGLE-CHIP PERIPHERALS PIUODA

MICROCOMPUTER TIMSIOB0A

TMS59581

TMSYS40E/M
(EPROM/

MASKED ROM)

Figure 4.3 9900 Fanmily CPUs
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CPU's
TMS9900 NMOS 16-Bd Microprocessor, 64 Pins
TMSS900-40 Higher Frequency Version 9300
SBPY900A FL Extended Temperature Range 9900
TMS9980A/ 40-Pin, NMOS 16-Bd Microprocessor with 8-Bit Data Bus 9981 has
9981 XTAL Oscillator
TMSS985 40-Pin, NMOS 16-Bit Microprocessor with Single 5V Supply and
256-Bits of RAM
TMES8940E 40-Pin, NMOS Single Chip Microcomputer, EPROM Version
TMS9940M 40-Pin, NMOS Single Chip Microcomputer, Mask Version
PERIPHERAL DEVICES
TMS9901 Programmable Systems Interface TMS9914 GPIB Adapter
TMS59901-40 Higher Frequency Version of 8901 TMS9915 Dynamic RAM Controller Chip Set
TMEg902 Asynchronous Communications Controller TMS9916 92K Magnetic Bubble Memory Controller
TMS9902-40 Higher Frequency Version of 9902 TMS9922 250K Magnelic Bubble Controller
TMS9903 Synchronous Communications Controller  TMS9923 250K Magnetic Bubble Controller
TMS9804 4-Phase Clock Dniver TMS9927 Video Timer/Controlier
TME9305 810 1 Multiplexer TMS9932 Combination ROM/RAM Memory
TMS9906 8-Bit Latch SBP9960 170 Expander
TMS9807 8to 3 Pnonty Encoder SBP9961  Interrupt-Controller/Timer
TMS9308 8to 3 Priorty Encoder w/Tn-State Quiputs  SBP9964 SBPSS00A Timing Generalor
TMS9909 Floppy Dhsk Controller SBP9965 Pernphera! Interface Adapter
TMS8a911 Direct Memory Access Controller
ADD-ON MEMORY
ROMS EPROMS DYNAMIC RAMS
TMS4700-1024 X 8 TMS52508 —1024 X 8 TMS4027—4096 X1
*TMS4710—1024 X 8 TMS2708 ~1024 X8 TMS4050—4096 X 1
TMS4732—-4096 X 8 TMS27L08 —1024 X8 TMS4051—4096 X1
SBP8316—-2048X 8 TMS2516 -2048X 8 TMS4060-4096X 1 |
SBPO81B—2048X 8 T™S2716 —204BX8 TMS4116-—16,384 X1
TMS2532 —4096 X 8 TMS4164— 65,536 X 1
*Character Generator—ASCII
**PROMS STATIC RAMS
EN745287— 256 X 4 TMS4008 —1024X8 TMS4043-2 — 256X4
SN74S471— 256X 8 TMS4016 —2048X8 TVMS4044 —4096 X 1
SN745472— 512X 8 TMS4033 —1024 X1 TMS40L A4 —4096 X 1
SN745474— 512X 8 TMS4034 =1024 X1 TMS34045 —1024 X 4
SN745476-—1024 X 4 TMS4035 —1024 %1 TMSA0L45 —~1024 X 4
SN74S478—1024 X 84 TMS4036-2 — 64X8  TMS4046 —4096 X 1
TMS4039-2 - 256X 4 TMS40L46 —4096 X 1
AEquivalent to TMS4042-2 — 256X 4  TMS4047 —1024X 4
SN7432708 ’ TMSA0L47 —~1024 X 4
**Alsp available .
In 54 senes
Figure 4.4 Microcomputer Support Components
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MICROCOMPUTER MODULES

TM830/100M Microcomputer, 1-4K EPROM

TMS90/101M Microcomputer, 1-4K ROM, 1K-2K RAM

TM890/10TM-10  Microcomputer, 1-4K ROM, 1K-2K RAM, Evaluation POWER BASICS
TM990/180 Microcomputer, (8-Bit Data Bus), 1-2K ROM, 256-1K RAM |
TM980/189 Microcomputer, University Microcomputer Module '

TM990/201 Memory Expansion Module, 4K-16K ROM, 2K-8K RAM
TM990/206 Memory Expansion Module, 4K-8K RAM

4
i
TME90/301 Microterminal |
TMI90/302 Software Development Module ‘
TM990/310 1/0 Expansion Module

i
TM390/401* TIBUG® Monitor in EPROM i
TMB30/402* Line-by-Line Assembler in EPROM !
TMO90/450* Evaluation POWER BASIC® —8K Bytes in EPROM
TM390/451¢ Development POWER BASIC—12K Byles in EPROM
TMS90/452* Development POWER BASIC Software Enhancemeni—4K Bytes in EPROM
TM990/501-521 Chassis, Cable and Power Supply Accessories .

Figure 4.5 TM990 Board Module and Software Support

CS990/4

A 99074 Minicomputer with 4K words of RAM
Expanded memory controller with 4K words of RAM
733 ASR ROM Loader

733 ASH Data Terminal

Necessary chassis, power supply, and packaging

FS990s4

Model 890/4 Minicomputer with 48K bytes of party memory i a 13-slot chassis with
programmer panel and floppy disk loader 7seli-test ROM

Model 911 Video Display Terminal (1920 character) with duat port controller

Dual FD800 floppy disk drives

Aftractive, office-style single-bay desk enclosure

Licensed TX930/TXDS Terminal Executive Development System Software with one-year
software subscription service

*

FSg990/10

Mode! 990710 Minicomputer with 64K bytes of error-correcting memory and mapping in a
13-slot chassis with pregrammer pane! and floppy disk ioader/self-test ROM

Model 911 Video Display Terminal (1920 character) with dual port controller

Dual FD800 floppy disk drives

Atftractive, office-style single-bay desk enclosure

Licensed TX990/TXDS Terminal Executive Development System Software with one-year
software subscription service

DS890/10

Model 990710 Minicomputer with mapping, 128K byles of error-correcting mernory in a
13-slot chassis with programmer panel and disk loader ROM

s  Model 911 Video Display Termina! (1920 character) with dual-port controller

e Licensed copy of DX10 Operating System on compatible disk media, with one-year software
. subscnption service

e D510 disk drive featuning 9 4M bytes of formatted mass storage, paritioned into one
4 TM-byte fixed disc and a 5440-type removable 4 7M-byte top-loading disk carindge

Options
One addtional DS10 disk drive with 9 4M byles of formatted mass storage, in deskmount,

rackmount, or quelized pedestal version

Figure 4.6 890 Minicomputers
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When applications require minicomputers, completely assembled units
can be utilised. An overview of minicomputers is given in
figure 4.6. The software is fully compatible with any associated

micorprocessor and microcomputer system.

These three levels of hardware - the TMS 9900 family parts, the

TM 990 microcomputer modules and the 990 minicomputers - constitute

<

the hardware family.

THE SOFTWARE AND DEVELOPMENT SYSTEMS SUPPORT

New products cannot be made without design, development, test and

debug. Develcopment support for all levels is shown in figure 4.2

including

A Products documentation

B Software

C Software development systems
D Prototyping systems

Figure 4.7 outlines the above.

THE MICROCOMPUTER

The microcomputer is a computer with a microprocessor as the central
p%ocessing unit and various peripheral devices that complete the
various requirements. (See Appendix 5 for details of various
microprocessors). Microcomputers are often classified by the number
of chips required to make up the computer, namely single chip,

twin chip, single board, etc. The microcomputer can be placed in

three broad categories :-

(i) Central Processing Unit (CPU)
(ii) Input/Output Facilities (1I/0)
(iii) Data Storage/Memory

The general system configuration is shown in figure 4.8. The
intelligence of the machine is provided by the software capacity. It
is this software that provides the required outputs in response to

given inputs.
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- PRODUCT DOCUMENTATION

9900 Family Systems Design and
Data Book
9900 Software Design Handbook
TMI90 System Design Handbook
900 Computer Family Systems Handbook
Preduct Data Manuals
Product User’s Guides
Product Brochures
Application Notes
Apphcation Sheets

SOFTWARE AND FIRMWARE

TM980/401
TM990/402
TMSWI101MT

TM950/450

TIBUG Monitor in EPROM
Line-by-Line Assembler in EPROM

ANSI-Foriran Cross-Support Assembler, Simulator and

ROM Utilsty

Evaluation POWER BASIC —8K Bytes in EPROM

TM980/451 Development POWER BASIC — 12K Bytes in EPROM
TM990/452 Development POWER BASIC Software Enhancement

TMSW201F/D
TMSW301F/D

Package — 4K Bytes in EPROM
Configurable POWER BASIC in FS990 Disketle

TIPMX — Tl PASCAL Executive Components Library

SOFTWARE DEVELOPMENT

SUPPORT SOFTWARE .

TM990/302 Software Development Module
TM090/40DS  Software Development system for

TMS8240 Microcomputer Programmer .
C5990/4 Single User Software Development} Text Editor, Assembler, Linking Loader, Debug Mondor,
System (Cassetle Based), uses PROM Programmer
PX990 software
FS990/4 Software Development system Source Editor, Assembler, Link Edilor, PROM Programmer |
(Floppy Disk)

FS990/10 Sottware Development System

(Floppy Disk)

DS990/10 Disk Based 990/10 with Macro

Assembler

Edn, Assembler, Load, Debug, PROM Programming
Assembler, Debug Monitor, Tnal-in-System Emulator, PROM

Same as 990/4, expandable to DS System

Source Editor, Link Edinor, Debug, Libranian, and High-Level
Language such as FORTRAN, BASIC, PASCAL, and COBOL

MICROPROCESSOR PROTOTYPING LAB FOR DESIGN AND DEVELOPMENT

AMPL FS990 with video display and dual fioppy diskettes includes TX990/TXDS systemn scfiware — Text Edrtor,
Assembler, and Link Utiity — and has an in-cwcurt Emutator Module and a Logic-State Trace Module for

proposed system emulation and analysis

TIMESHARE SYSTEMS

GE. NCSS,
Tymeshare

Assembler, Simulator, ROM Uilities

Figure 4.7

The 9900 Family Software and Development
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Figure 4.8

ADDRESS BUS

MEMORY

C.PU
DATA BUS :

)

2

I

OpEHUOHAM FOoedan

Microcomputer General Arrangement
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4.8

4.8.1

The hardware of nmicrocomputers is complex and varies according to
the manufacturer, as does the software required to drive the

various hardware.

HARDWARE

The hardware of a microcomputer essentially consists of three parts,
as described earlier; the CPU, 1/0 facilities and data storage. It
s now not uncommon for all these facilities to be available on a
single chip microcomputer, but we shall concentrate on the single
chip processing unit. The single chip processors can be put together
in a variety of ways with other standard support chips, the
configuration dependant on the application requirements and
availability. The processing power of some microcomputers can

approach that of the minicomputer.

The Central Processing Unit

The CPU has the capability of arithmetic and logic functions to
process the information and data with which it is supplied.

_Dependent upon the design of the microprocessor, there is a set of

instructions which the devices will recognise and respond to. It
is the sequencing of these instructions that give the
microprocessor the ability to carry out given tasks. The
sequencing of these instructions is the 'software' of the processor.
it is the sofiware that makes the microprocessor flexible when
;ompared to hardwired electronic devices. The software can be
changed, modified and improved quite easily, the hardwired device

being a more permanent and less flexible solution in many cases.

The software or program is stored in memory, with each instruction
achieving a predetermined address. The exclusive addresses allow
the CPU to communicate with any instruction held in memory by

examining the address.
The interrogation of these instructions is performed within the CPU,

and to achieve this it requires the following constituents shown in

figure 4.9,
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' INSTRUCTION REGISTERS
DECODE PROGRAM DATA BUS
AND COUNTER
SEQUENCE STATUS ADDRESS BUS
1/0 BUS
CONTROL ALU CONTROL_BUS__
Figure 4.9 CPU Block Diagram

The Arithmetic Logie Unit (ALU) has two sets of data inputs and one
set of outputs. It performs the logic and arithmetic functions on
the input words and presents the results at the output. The control
input determines what function the ALU performs at any given

instance. The ALU is shown in figure 4.10.

Te——— INPUT 'A’

OUTPUT «~s——1 ALU

— INPUT 'B'

CONTROL

Figure 4.10

1

}

The functions of the ALU are listed as follows:-

AND ADD

NAND SUBTRACT

OR INVERT A OR B
NOR SHIFT L
EXCLUSIVE OR SHIFT R

For any instruction supplied to the microprocessor there must be a
facility to decode it and supply the relevant information to the

ALU,. This is done with the Instruction Decode and Sequencer.

The CPU has working storage registers. These are small amounts of

dedicated memory with the CPU for immediate dats storage. The
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4.8.3

status register primarily is set according to the results of the prior
operation of the ALU. The program counter records the current

location of the instruction sequence in memory.

The processor must communicate with memory, 1/0 devices etc., This
is achieved via the data bus, address bus, control bus and I/0 bus.
These are multiwire 'highways' to the environment extermal to the

CPU,

Memory Devices

There are two basic types of memory chips that are normally used in

microprocessor systenms, namely:-

RAM - Random Access Memory

ROM - Read Only Memory

RAM devices allow data to be entered (WRITE) altered and retrieved
(READ) at any time. They are volatile and hence if power is
removed, the contents of the memory are lost. The RAM memory is

normally assigned to user memory area.

ROM memory devices are non-volatile, Once the contents of the

memory have been burnt into place, the contents as such are fixed.
These devices can only be read from as the name implies. The
inflexibility of these devices has led to the development of

PROM (Programmable Read Only Memory) and EPROM (Erasable

Programmable Read Only Memory) devices. The devices are used to
store the operating system programs such as MONITORS, ASSEMBLERS, etc.
In EPROM devices, the contents can be erased by exposure to ultira
violet light and then reprogrammed ag required, making the devices

more versatile but relatively more expensive.

Input/Output Devices

The input/output section provides the communication between the
microprocessor and the outside world. This can be achieved either
by parallel data transfer, where more than one 'bit®’ of information
if passed via the I/0 bus in parallel, or by serial data transfer

where one 'hit' at a time 1 s passed. Each microprocessor family
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usually contains LSI devices designed to handle parallel and serial
data transfer and to provide interrupt and timing controls. Interrupt
controllers are used to signal the microprocessor at the instance of
an external event which requires the microprocessor to perform a set
of different instructions after conmpleting the instruction which is
currently being executed, this is diagramatically represented below

in figure 4.11.

Background task . Background task
processing processing

o =
interrupt Branch back

P
Task required by
interrupt

Timerg and Event Controllers are devices which count clock pulses
usually by decrementing a register. They can produce set delays or
measure actual events and activate an interrupt to the
microprocessor, Other LSI I/0 devices include memory controllers,

keyboard decoders analogue devices, display controllers etc.

— -
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CHAPTER §

THE VERSATRAN ROBOT AND CONTROL SYSTEMS

The Versatran Robot was designed and made by Hawker Sidely Dynamics
Limited. It derives its name from the Versatile Transfer operations
which 1t performs.(ss) The robot is capable of lifting, rotating and
setting down components weighing up to 220 kg (1001 1b) anywhere

within its sector of operation,

The mechanical unit consists of a rotatable column through which an
arm passes. The arm hag a wrist/gripper mechanism at its end. The
arm is moved hydraulically, either by motor or ram in three major

axes!i-—

(1) Horizontal (H)
(1i) Vertical (V)
{iii) Rotary/Swing (8}

In addition three other degrees of freedom are available: the wrist
can be rotated and swept about the end of the arm, whilst the
gripper can be opened or closed. There are various types of gripper
that can be used, dependant upon the nature of the work belng
undertaken,

E;ch major axis of the arm forms part of an electro-hydraulic clos;d
loop servo-system for which the commarnd signals can be supplied by

a microprocessor,

Each hydraulic circuit within these servo loops consists essentially
of a reservoir, radiator, pump and accumulator, together with the ’
arm swing servo-control valve, and all hydraulic components are
positioned within the base of the unit except the hydraulic servo
valves controlling the horizontal and vertical axes which are located

at the top of the column,
The dimensional details of the Versatran Robot are shown if figure

5.1 and the locations of various components are shown in figure 5.2.

For more comprehensive data on the robot, see Appendix o,
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5.1

5.2

CONTROL OF THE VERSATRAN

At the beginning of this research project the Versatran was
presented to the Department of Engineering Production and was
controlled by a dedicated console. This console is drum operated
and provides programme selection and control equipment including all

electronic components associated with the axis servo systems.

A field of ninety command potentiometers, arranged in groups of

three, allowed.up to thirty discreet arm positions to be set up for
an operational cycle. It was possible to select each position more
than once, the total number of movements in any one cycle being one
hundred. The group of potentiometers in use at any one time was

selected by a 100 step, rotary program drum, this also operated the
wrist and gripper mechanisms. The drum stepped from one command to

the next when the arm reached its command position.

This method of programming worked successfully, but was difficult to
carry out, (programming a new sequence of tasks could take many days),

and placed many limitations on the robot.

Thus a decision was made to design a microprocessor base control
gystem for the Versatran to act as a controller to replace the
existing console, and so achieve 'state of the art' performance from
the robot. This required the configuration of computer hardware and
1;terface circuitry. Some of this hardware was purchased as off the
shelf printed circuit boards although various interface circuitry
was designed and constructed "in haste". The complete hardware was
configured within a standard 19 inch racking system and backwired

with associated power supply equipment.
A schematic represzentation of this hardware is shown in figure 5.3.

HYDRAULIC SYSTEM

The hydraulic power supply for the Versatran produces a pressurised
fluid which, via servo valves, 1s directed to the various rams, jacks
and motors that power the robot. The hydraulic fluid is

pressurised to approximately 2840 kg/cm2 (2001 lb/inz) during

operation, Included in the circuitry are three master solenoid
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5.3

5.4

5.4.1.1

operated lock valves that prevent any movement when they are closed.
The hydraulic system will not operate successfully until it has
reached a stabilised working temperature, which takes approximately

fifteen minutes to attain once the rohot is powered up.

SERVO-SYSTEM

Solenoid actuated servo valves control the three major axes and thus
provide controlled fluid power to the robot via hydraulic rams on the
swing and vertical axes and via a hydraulic motor on the_horizontal
axis. A schematic of the servo-valve system is shown in figure 5.4.
The sclenoids act against the reference springs to provide a valve
displacement proportional to the input signal. A displacement of the
valve from the null position causes fluid to flow to the piston, the
amount by which the valves open is proportional to the current
flowing through them. The rate at which the arm moves can be varied
by altering the input signal in any one sense {(positive or negative).

A reverse voltage signal will create a movement in the opposite

direction in the same way.

The Versatran feedback signal is obtained from three potentiomenters;
one mounted on each axis of motion. Through these potentiometers the
coordinates of any desired location can be described. With the
console controller, the position to which each axis of the robot arm
was driven, was proportional to the voltage of a pre-set command
pétentiometer. With the microprocessor control unit, the feedback

signal is the three voltages which are dependent upon the arm posifion.

DESIGN OF THE HARDWARE FOR THE MICRCPRCCESSOR BASED CONTROLLER

The controller is based on the Texas Instruments TM 990/101 M
self-contained microcomputer which is contained on a single
printed-circuit board. A description of the board is given in -
Appendix 8. Interface printed circuit boards are also required,

which include digital to analogue and analogue to digital converters,
amplifiers to drive the servo valves and solenoid drivers using relays

to control the wrist and grippers.

Introduction to the TMS9900 Microprocessor

The TMS9900 microprocessor is a single chip 16 bit central processing
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5.4.1.2

unit utilising n-channel silicon gate MOS (metal oxide semi-conductor)
technology. The CPU communicates with memory devices, namely ROM,
RAM, PROM, EPROM, etc, via & 16 bit bi-directional data highway. It
also uses this data bus to communicate with external. peripherals

that are treated as memory locations.

Addressing is through the 15 bit address bus which gives the capacity

to address 32K (32,768) words each being 16 bits wide, or a total of

64K (65,536) memory locations, each location being 16 bits wide.

This allows either word or byte arithmetic and logic operations to be

perforned dependant upon the instruction used.

The TMS9900 Microprocessof does not have any on chip register file for
handling working data storage. It utilises memory locations to store
this data. Specific blocks of words are designated for this task,
There are three user accessible registers in the CPU, namely the

workspace register, program counter, and status register.

This context switch architecture of the TMS9800 is not common in microproces-
sors in that it uses an on chip workspace pointer, pointing to aset of

workspace registers in memory rather than use on chip registers zand a

stack pointer., It utilises a system where the workspace pointer can

be saved in any new workspace memory when a sub-routine is called. A
current workspace is simply the 16. consecutive memory locations

beginning at the address contained in the workspace pointer. The

‘ unique memory to memory architecture allows faster response to

interrupts and increased flexibility in programming.

Programmable Systems Interface

The TM3S9901 Programmable Systems Interface is a multifunctional
chip designed to provide low cost interrupts and I/0 ports in a
9900/9980 microprocessor system, It is fabricated with n-channel
silicon gate technoleogy and is completely TTL.compatible on all
inputs and outputs including the power supply (+5v) and single
phase clock,., The programmable systems interface provides a
9900/9980 system with interrupt control, I/0 ports and a real time

clock.
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5.4.1.3

The TMS9901 interfaces with the CPU through the Communications
Register Unit (CRU). It can perform interrupts and I/0, interface
functions via 6 dedicated interrupt input lines, 7 dedicated 1/0

ports and 9 ports programmable as either interrupts or I/0 ports.

The programmable real time clock consists of a 14 bit counter that
decrements at a rate of F(@)/64 (at 3 Mhz this results in a maximum
interval of 349ms with a resolution of 21.3us) and can be used either

as an interval or as an event timer,

User Accessible Registers on the CPU

There are three user accessible registers in the TMS9900 CPU, the
workspace pointer, the program counter, and the status register.

These are 16 bit registers with word organisation (ie each being

2 bytes).

Workspace Pointer - The workspace pointer indicates the block of
memory to.be used as the workspace registers. There are 16
workspace registers, designated RO to RF. All these registers may
be used for general operations except RC, RD, RE, and RF. They
will be used in the following way:-

(i} RC - used for the CRU base address

(%i) RD, RE and RF -~ used to store the workspace pointer, program

! counter and status register respectively during a software

context switch or interrupt.

Program Counter - The program counter points to the instruction to be
executed next by the CPU., The program counter will aytomatically

be incremented to point at the next instruction prior to the
execution of that instruction. The program counter can be set at

the beginning of the program using an absolute origin instruction

* (AORG). For example, if a program begins with AORG 100, followed by

an LWPI 100 instruction. The program counter will start at 120
{pamely immediately following 32 bytes of memory designated for
workspace). Subsequent insfructions will be based on )120 as the
start point. Thus it is obviously essential that the program counter
is set at the correct memory location before execution of a progranm,

Both the workspace pointer and the program counter c¢an be altered
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if they are not assigned in the program software,

Status Register - the status register contains the interrupt mask level
and information pertaining to the prior operations. The bits of the

status register are used as follows:-

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15

L A = ¢ 0 P X ..not used...... interrupt mask
- BIT O L) - logical greater than
BIT 1 A) - arithmetic greater than
BIT 2 EQ - equal
BIT 3 C - carry
BIT 4 0 ~ overflow
. BIT 5 P ~ odd parity
BIT 6 X - extended operation

- Bits O to 6 are set to either 1 or 0 dependant upon the result of the

prior imstruction.
eg C R1l, R2

If the contents of Rl are the same as the contents of R2, resulting
f{om the composition instruction, bit 2 of the status register is set
to 1. Similarly other bits are set dependant upon the function of

the instructions perfornmed.

Bit 12 through 15 set the level of the interrupt that the
microprocessor will accept. The interrupt will then be processed
if of sufficient high priority after the completion of the current

instruction,

5.4,1.4 Input/Output

The 92900 has a special I/0 device called the communications register
unit (CRU). This is a one bit wide data bus for I/0 having its own
control sigmnals which use the address on the main address bus as a
bit address of an input/output line. From 1 to 16 bits can be

read of written with a single instruction.
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Interrupts are one method of controlling I/0. Interrupt level O is
the highest priority, and level 15 is the lowest. An interrupt mask in
the status register loaded with a LIMI instruction determines which
level of interrupt can be accepted. Only interrupf of equal or
higher priority than the level set in the mask will be accepted by
the CPU.

When the microprocessor is in the interrupt service routine the old,
workspace pointer, program counter and status register are stored in
RD, RE and RF respectively, of the new workspace. Status register is
also decremented by one, so that only interrupts of a higher priority
can interrupt the processor until the service routine has been
executed. On reaching an RTWP (return to workspace pointer)
instruction, the CPU returns to the old-workspace pointer, program

counter and status register.

There are five dedicated software instructions associated with I1/0

from the microprocessor via the I/0 bus. For ocutput, they are LDCR
(load communications register), SBO (set bit one) and SBZ (set bit

zero), TFor input, the STCR (store in communications register) and

TB (test bit) instructions are used. These instructions allow both
single bit and multi-bit (up to 16 bits maximum) to be handled.

Interface Printed Circuit Boards

Analogue to digital converters are required to convert the

potentiometer readings of the robot into digital signals which can
be processed by the microprocessor. Digital to analogue converters
are required so a digital velocity word can be converted to an
analogue voltage output. Standard Texas Instruments printed circuit
boards, the RTI-1241 and RTI-1242, are utilised, the details of
which are given in Appendix 6.

This analogue voltage is thén amplified through an operational
amplifier and additional circuitry, which is illustrated in
figure 5.5. This amplified voltage is then used to drive the
servo-valves. Relays are used to operate the solenoids for the

wrist and gripper movements.
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5.5

SOFTWARE AND HARDWARE DEVELOPMENT FACILITIES FOR USE WITH THE TEXAS
INSTRUMENTS 16 BIT MICROPROCESSOR

The Tibug Interactive Debug Monitor provides an interface bhetween tﬁe
user and the TM 9907101 M microcomputer, through a teletype (TTY) or
any RS 232 compatible terminal (32), 1t provides commands for loading,
debugging and executing a program and also seven software routines
which can be called up in user programs by the XOP machine
instructions to perform special tasks such as writing characters to

a terminal, Loading a program manually into the Tibug debﬁg monitor
requires the tedious task of first writing the machine language
instructions and keeping track of binary machine addresses within the
program, "The Terminal Executive Development System™ (TXDS) provides
an extensive software capability to assist in developing, improving,
changing or maintaining the user's customised operating system and
the user's applications programs, or any other type of user produced
programs, It gives users the chance to write programs in assemhly
language and then edit, assemble and debug them, It does this by

means of the following nine utility programs:=~

(i) TXDS Text Editor
(1i) TXDS Assembler
(iii) TXDS Copy/Concatenate
(iv) . TXDS Linker
{v) TXIDS Cross Reference
l(vi) TXDS Standalone Debug monitor
(vii) TXDS PROM Programmer
(viii) TXDS BNDF/High Low Dump
{ix) TXDS LUNO
The TXDS Terminal Executive Development System programmer's guide(75)

gives a detailed description of the utility programs.

An in-circuit emulator and a logic-state trace data module are
included in hardware configuration in the AMPL Microprocessor
Prototyping Laboratory. This laboratory is structured around the
FS 990 system, which includes a video display terminal, a dual
floppy disc unit and the TX 990/TXDS system. It provides a

dedicated design centre where both the software and hardware of any
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9900 - based system can be designed and debugged. Additional

(74,52) (72,73)

information can be found in various manuals and reports
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6.1

6.2

: CHAPTER 6

THE DEVELOPMENT OF REAL-TIME CONTROL SOFTWARE

INTRODUCTION

As discussed earlier, to achieve the required positioning accuracy
on the three major axes, the closed-loop control concept is utilsed.
In a simple closed-loop system the controller is no longer actuated
by the input (as is the case for ah open-loop system), but by the

(59,60 The error is defined as the difference between the

‘error’'.
system input and output. Such a system contains the same basic
elements as the open-loop system (see figure 6.1), plus two extra
features - and 'error detector' and a feedback loop, The error
detector is a device which produces a signal prop&rtional to the
difference between input and output (figure 6.2). Thus there are

three basic components which are required for a closed-loop system,

i) The Error Detector

This is a device which receives the low-power input signal and
the output signal which may be of different physical natures,
converts them to a common physical quantity for the purposes of
subtraction, performs the subtraction, and gives ocut a low-
power error signal of the correct physical nature to actuate
the controller.

ii) The Controller

This is an amplifier which receives the low-power error signal,
together with power from an external source. A controlled
amount of power (of the correct physical natﬁre) is then supplied
t0 the output element.

iii) The Output Element

This provides the load with power of the correct physical
nature in accordance with the signal received from the

controller. .

CLOSED-LOOP CONTROL FOR THE ROBOT

The control is achieved by ocutputting a velocity error signal, the

control loop is closed within the microprocessor to permit software
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control of the velocity error signal. Figure 6.3 shows a schematic

diagram of the closed-loop scheme utilised.

The actual position (ACT) of the robot is converted to a digital
word via an ADC and fed back into the software "comparator". The
actual position is produced by the potentiometers which are on

each major axis of the robot, The voltage range is from 0 to 10V
which is dependant upon the position, see figure 6.4 which illustrates
a trace on the output voltage, This voltage is then converted to a
digital word by an analog to digital convertor and the associated
input channel of the muliplexer. The ACT position is then compared
to the commanded position (CMD) which are both stored in the memory.
The numerical value of this error-and its sign determines the
numerical value and sign of the output velocity word. The velocity
word is then converted to an analogue voltage by the digital to
analogue convertey associated with the axis in question. This output
analogue voltage is then amplified through an operational amplifier
and additional circuitry which is shown in figure 6.5. This
amplified voltage is used to drive the appropriate servo-valve,

which in turn controls the actuator. The actuator is a motor or
hydraulic ram which is dependent upon this axis which is being

controlled.

In the early stages of this project it was considered necessary to
limit the maximum velocity of each majJor axis of the rcbot, thereby
providing a measure of protection during the design and evaluation
of the controls. The limiting of velocity is achieved within the
nicroprocessor by limiting the maximum value of the velocity output
work for both the negative and positive values. The initial digital
value corresponding to this limit was set at the hexadecimal number
(>) 180, which converts to 1.86 volts before amplification. This
amplified voltage produces a controlled motion for all the axes on the
robot, If the difference between the ACT and CMD positions is less
than> 180, then the velocity output word is proportional to this
error value. Using this method the velocity of the robot is reduced
as it approaches the commanded position so to eliminate overshoot,

see figure 6.6, -
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Control of One Axis

Initially it was decided that software should be developed to

control just one axis. Before this software was tried out on the
robot a potentiometer and bench power supply were used to generate

an analogue signal to check that the connections were correct for

the servo valves (that is to ensure that a reducing error signal
should be obtained)., When this had been done for all three
connections (ie all the axes) the microprocessor was connected to

the robot and the program executed. In early development, a decision
was also taken to run all programs using interactive programming that
is, each command posgition required was input into memory via & VDU
or teletype. This gave greater flexibility when testing for

accuracy etc. The various approaches to the software will now be

described.

Program TRY1

The details of the program structure can be seen in figure 6.7 and

6.8. (A full program listing is shown in Appendix 7).
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Figure 6.7 Overall Requirement of Software

START »

SYSTEM

FIND

ERROR

OUTPUT

REQUIRED

VELOCITY

INITIALISE

STOP
|
|
|

95




Figure 6.8 Flow Chart for Program TRY 1
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Figure 6.8 (continued)
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v

The directive instruction EQU is used in the program to equate
various memory locations to symbols to allow software updates to be

achieved eagily and to simplify interpretation of the soitware.(sl)

For example

ADCDAT EQU 4 EFF;E\

ADC DATA MEMORY LOCATION
SYMBOL

CONvV EQU > EFFA

Particular use of these directive instructions has been made in
connection with the ADC and DAC control software as the ADC/DAC
is a block of words in memory, now each of these words has been

designated with an appropriate label.
The output constants are then loaded into registers.

LI R5,>FE8P
FE8@ is equivalent to -»180 and so this is the maximum negative value
which is permitted. Similarly a maximum positive value is in

register 4,

The channel on the ADC is set using CLREMUXADR which selects channel §.
An ADC gain of unity is selected as any of the other possible gains,
which are 2,4 or 8 will result in the reduction of the size of the
output voltage before amplification. A larger amplification could be
used to increase the output voltage however, additional circuitry

would have to be designed.

CLR E€GAIN

In this program only one axis position is specified and the value in
this case is »3FF (this can be any value between @ and »7FF) which is
stored in register 1.

LI R1,>3FF
The conversion of the analogue feedback signal is intiated using the

following instructions:-
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SAM SETO G@GCONV
CHK INV @STATUS -
JLT CHK

This method is termed 'Polled Status Control'(ss). Using this method

a specific command is required to start the conversion process. The
command can be achieved using either an external signal or by a signal
- from the CPU, in this case using the SETO (set to one) command,

this is the quickest method in terms of instruction speed. The loop
following the start of the conversion process continues until the

EOC (end of conversion bit) in the 'status’ is a ‘one'. The EOC is
the leftmost bit in the word at STATUS. The most efficient method

of checking for a one or a nought, in terms of execution time is shown
above. The INV (logical complement) does not change the STATUS word
(read only at STATUS), but it sets the appropriate bits in the status
register accoding to the result of the INV operation. The JLT
instruction tests these bits in the status register and only branches
if the operand of the preceeding INV operation had a @ in its MSB

(the EOC bit). Once the conversion is complete the CPU is then
allowed to read the value at ADCDAT, which is the result of the
conversion just'described. This Valuq can' be read into a register

using only a single instruction

MOV @ADCDAT,R2

i

In a similar way it is possible to carry out an arithmetic operation’
using @ADCDAT as the source operand. For example, if it 1s necessary
to add the feedback value to the contents of another register ‘

eg A @ADCDAT,R4

The next operation after the actual position is in R2 to calculate the

error between the commanded position and the actual position.

S RLR2 calculates ACT-CMD

The answer for this calculation is in R2, that is the error is in R2.
This value is then subjected to a series of compare immediate
instructions and the conditional jumps which follow determine the
value output to the DAC. The positional error is compared to 180,
if it is less than >180 the JLT LABl comes into operation otherwise

the maximum positive velocity is output ot DAC 2 by the instruction
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6.3.3

MOV R4)@DAC2

followed by an unconditional jump (JMP SAM) to sample conce more the
actual position of the robot arm. Conversley if the error is less
than >180 then it is compared to > FE8@ (which is ->»18@) using the
instruction )

LABl1 CI R2,>FE8Q

If the error is greater than FE8@, that is it lies between*»180 and
~-2180 then the statement JGT LAB2 comes into operation and the
output velocity word is directly proportional to the p?sitional
error value calculated. This is achieved using the instructicn

LABZ MOV R2,@DAC2 ;
again the unconditional jump operation JMP SAM is executed. If the
error is not greater than »>FEB0, that is a higher negative number

then the maximum negative velocity word is output to DAC 2 by

MOV R5@DAC2
again the unconditional jump operation JMP SAM is executed.

This program showed how the robot could be programmed but it has

severe limitations which include,

a) Only one position is used for one axis

b) The microprocessor is sampling at a faster rate than is necessary.
These limitations are overcome in the following programs,

Program TRY2

This program will allow a single axis to move to more than one

position (a full program listing is shown in Appendix 7).
The subroutine illustrated by the flow chart in figure 6.9 is added
to TRY1l after the ADC channel has been selected. Furthermore the

error signal is compared with zero after it has been stored (figure 6.10).

The subroutine beginning at 'NEXT' asks the user, via a VDU prompt,

'What is the command position?' using the following instructions.
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Figure 6.9 Flow Chart for Program TRY 2 ) -
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XOP @ MESS,14

This command writes the message out to the terminal asking for the
position.

NULL XOP R1,9

Thig reads the value from the terminal into Rl and the following code
~ DATA NULL is included to ensure that only a hexadecminal number

is read in, The value in R1l is then checked to see if it lies
between 0 and >7FF by two "compare immediate'" statements - if it is
between these limits execution will commence, otherwise an error
message is printed out using an XOP and then the value 1s asked for

again.

After. the error has beéﬁ stored if it equals zero the program jumps-
to LAB 3 and outputs a zero velocity word at DAC 2 which stops the
robot and then proceeds to ask for the next command position via

XOP instructions as previously described. If the error is not

equal to zero execution continues ag in TRY1l until it does equal

zero,

Program TRY3

This program will input a table of data before execution commences

for one axis and is illustrated by the flow charts in figures 6.11,6.12.

The first message asks how many positions there are going to be, this
value is stored in R9 using the XOP to read 4 hexadecimal characters
from the terminal, the value is then copied in R11l by the statement

g

MOV R9, R11.

Then R8 is loaded with a memory location for the start of the table
of positions.

LI R8,»FASd.

Another XQOP writes out the message asking for the position. The
hexadecimal value is read into the memory location which is in R8 and
then R8 is increased by two, sc when the next value is read in it
goes into the next memory location, this is achieved by one statement
I0P *R8+,9

The number of positions left is decrement, that is

DEC R9
lo2 .




Figure 6.11
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Figure 6.12 DETAILED FLOW CHART FOR TRY3
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6.4

6.4.1

The value in R9 is then compared to zerc, if it is equal execution
of the program to move the axis will commence, otherwise the next
position will be read in. Register one is loaded with the base
address for the table of positions, The conversion of the actual
position takes place as previously described and is stored in R2.
The error is calculated as ACT-CMD but this time indirect
addressing is used for the CMD

S *R1,R2

and the error is then saved in R7 and its modulus is obtained using
the ABS instruction.

MOV R2,R7

ABS R7

If the modulus of the error is within an acceptable tolerance,which
is 1ive,the program ocutputs zero at DAC2 which stops the robot.

The next position is then obtained by incrementing Rl by two, this
points to the next value in the table of positions, Decrementing R11,
to see how many positions are remaining, the value of R1l is then
compared to zero, if it is equal then the program has been executed
otherwise the robot will be moved to this next position in the
manner just described. If the modulus of the contents in R7 is
greater than 5 then the corresponding velocitiy is output on DACZ2

as described in the previous programs.

PROGRAM VERTHREE

The ideas developed in these programs were subsequently utilised to
produce more structured software which could find application in the
contrel of various types of robot. The structure adopted will now be

considered.

Instruction Format

It was decided that the control software would be produced zlong
similar lines to that with other microprocessor controllers within
the department(72'73). In these systems each operation consituted
an instruction. Each instruction to be programmed is represented by
a2 16 bit word in memory. This 16 bit word has a pre-determined
format depending upon instruction type. For other robot controls

developed(72'73)

each instruction has an op-code, which is
designated by the six most significant bits of the word and which
defines the operation which is to be peformed. The remaining ten
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bits of the word form the modifier, which was used, eg to denote the
required position of an arm or the length of a time delay etc., The
choice of a six bit op-code was somewhat arbitrary. This gpproach is
maintained which means that the flexibility of the language is
extended to a robot of complex form. However, the op-code used ig
only five bits, This alteration was made as I thought that thirty-one
different operations was sufficient and also to allow the maximum
traverse on an axis to be input without any modification ie the
maximum travserse on each axis is represented by digital values

between zero and 2047 (>7FF) which can be specified be eleven digits.
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Table 6.1 shows the set of instruction considered to be necessary in

defining point to point tasks for the Versatran together with their

associated op-codes and modifiers,

INSTRUCTION

MOVE VERTICAL
MOVE HORIZONTAL
MOVE IN SWING
TIME DELAY
JUMP
TURN WRIST VERTICAL
TURN WRIST HORIZONTAL
sTop
.o«
CONTINUE
CLAMP OPEN
CLAMP CLOSED

OP-CODE MODIFIER COMMENT

1 0-2047(>7FF) POSITION REQ'D
2 0-2047 POSITION REQ'D
3 0-2047 POSITION REQ'D
4 0+2047 NO OF 3SECS

5 0-512(>200) NO OF INSTRUCTIONS
6 XXX NO MODIFIER

7 XXX NO MODIFIER

8 XXX NO MODIFIER

9 0-2047 NO OF REPEATS
A XXX NO MODIFIER

B XXX NO MODIFIER

X = DON'T CARES

Table 6.1 Programmable Instructions

A more detailed description of this type of instruction format is

given by Charles and Weston 76

and Mason

{73) (72)

and Sahili . A

brief description of the functions of this Versatran Instruction

set is given below

MOVE INSTRUCTION

For positioning one of the third major axes by

using an absolute address method the modifier

contains a digital number (0-2047) which is

equivalent to the required position.

STOP INSTRUCTION

Always the last instruction in a program placed in

'ugser memory' to terminate the program and bring

control back to the operator.

DELAY INSTRUCTION

For producing a 'real' time delay in increments of

‘quarter' seconds,
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6.4.2

JUMP INSTRUCTION
To jump blocks of instructions, that are to bhe used

later.

CONTINUE INSTRUCTION
To produce the desired number of repeats of a
program, a 900016 command will continue cycling
the robot until stopped eventually.

TURN WRIST
The wrist can be either in a vertical or

horizontal posture.

CLAMP OPEN/CLOSE

The gripper can be opened or closed.

Description of 'VERTHREE' Versatran Contrcl Program

This is the full controller program. In this program the instructions,
as described in 6.4.1 located in memory in sequence, are interpreted
and the appropriate output to the robot results, once the program is
executed. The program again has a modular design, with a separate
sub-routine for each function, The general software configuration is
shown in figure 6.13 the detailed software is shown in flowchart

form in figures 6.14. to 6.25 A full program listing is included
in appendix 7.

The program allows up to 512 instructions to be loaded iIn sequence,
beginning at memory location »FB00. This section of memory is
referred to as 'user memory'. The instructions are decoded by the
program in sequence, one word of memory at & time. The jgmp
instruction permitting sections of user memory to be jumped over if
so desired. The complete program format is shown in flowchart form

see end of this section.

Instruction Read and Decode Sub-Routine (IRD)

The IRD sub-routine sets up a pointer in memory that indicates the
location of the next robot instruction (see fig 6.14). This

program assumes that a sequence describing the robot task to be
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6.4.2,1

performed comprises a number of robot imstructions residing in
memory in the format described earlier. The current instruction is
collected and placed in a register and the op-code separated from
the modifier (this achieved using the logic ANDI instruction in a
mask of any of the 16 bits in a word can be cobtalned with this
instruction). Once the op-code has been separated, it is then used
in a sequence of compare instructions which provides software decoding
of the instruction. The IRD sub-routine then supervises a branch to
the real-time control sub-routine associated with that instruction
and the robot instruction pointer is automatically incremented to
point to the next instruction in memory although this pointer <¢an
be modified by some other sub-routines, The modifier is separated

and is available when the subroutine branch is made,.

Robot Instructions - Real Time Control Routines

To Initialise a Move

IZ an op-code for a move instruction is recognised the program Jumps
to this routine and the appropriate analog feedback channel is
selected by placing the correct multiplex code on the ADC (see figs
6.15-6.18). Register 10 is loaded with a displacement value which
determines at which DAC the velocity word is output in the next

sub-routine. The program then jumps to the convert routine,

1/0 Analog-Digital Handling Routines

These routines are used to process the analog feedback signal,
calculate the positional error and output the appropriate output
velocity word (see fig 6.19). When a value is to be output to a
DAC the following instruction is used:-

(LABEL) MOV R6, €DAC2 (R10)

With this instruction, the value in register 6 1is copied at memory
location (DAC2) plus the displacement value in register 10. 1In this
way, using DACZ2 as the base address memory location, the appropriate
memory location receives the contents of Register 6. It should be
noted that the three DAC's used reside at the memory locations

7EFr0, JEFF2 and >DEFE.
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Figure 6.16 Initialise a move in swing
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Figure 6.19
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Continue Routine

In this routine, the modifier of the instruction, contained in
Register 3, determines the route taken by the program (see fig 6.20).
If the modifier containg 0000, the instruction is interpreted as a
'continue cycling until stopped'. If it contains 0001, this
indicates that the last cycle has been reached and the program .

branches to the stop routine.

Each time the sub-routine is entered the moditfier is decremented by
'one', the new instruction is then formed by adding the 'continue’
op-code to the new modifier. The instruction pointer is placed one
memory location back (as it automatically increments to the next '

user memory.

Stop Routine

instruction in sequence) and the new instruction is lbaded into
|
|
|

When the program enters the stop routine, a prompt is issued to
the operator via the VDU/Teletype 'YOUR PROGRAM 1S COMPLETE'

(see fig 6.21). Control is then returned to TIBUG MONITOR, either
for the program to be re-executed, or to permit changes to the

program.

*Jump Routine

1
'Here the modifier of the instruction is changed as the value input

is the number of robot instructions to be omitted produce the jump in
the number of bytes (see fig 6.22). This is achieved using SLA R3, 1,
which shifts left by one position the contents of Register 3, which
effectively doubles the value. The instruction pointer is then
modified and the number of bytes to be jumped is added. The program

then goes for the mext instruction,

Wrist Move Routine

This is a routine that sets the base of address of the 9901 chip.

A one or zero is then written to bit 2 of the I/0 pins (see fig 6.23).
A nought turns the wrist vertical, a 'one' turns the wrist to a
horizontal position. The program then jumps to the real time delay

routine.
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Figure 6.21
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Figure 6.22
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Gripper Open/Close Routine

This routine again loads the base address of the 9901 chip, it then
writes either a one or a nought to bit 4 of the I/0 pins one to

open the gripper, nought to close the gripper (see figure 6.24).

The program then branches to the real time delay routine. This real
time delay is routine only enterable after a move wrist or gripper
instruction. It produces a delay loop in the program to allow the
robot to respond te the signal before the next instruction is read and

implemented.

Time Delay Routine

In this instruction, the modifier contains the qpmber of quarter
seconds time delay required. The base address is set up in

Register 12 of the main program worképace.(figure 6.25). Register O
of the timer service routine (which 1s entered when an interrupt 3
occurs) workspace is cleared and an interrupt 3 is enabled. The
nunber of quarter seconds are then copied into Register 1 of the
timer service routine. The timer is then started for a single

count and the program idles until interrupted by an interrupt 3.
Once an interrupt 3 is received by the microprocessor, the program
jumps to pick up the interrupt 3 vectors. These vectors are located
at memory addressp» 000C (workspace pointer) and >000E (program
counter). The program then jumps to the location indicated by the
program counter, namely memory address »FFAA. At memory location
>FFAA the program reads a branch instruction, and branches to the

timer service routine.

Timer Service Routine

In this routine, each time it is entered a check is made to see if
the delay is finished (see fig 6.25). A count of each quarter
second is also incremented. The time is then loaded with the value
to produce a quarter second count and the program jumps back to the
time delay routine, where it idles until another interrupt is
received.

If the time delay is completed when the routine is entered, the

program then clears the cycle - counter and also clears Register 15
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Figure 6.25

Time Delay Routine

SET BASE

ADDRESS
9901

CLEAR R.O

F TSR
COUNTER FOR

No OF £SECS)

ENABLE
INTERRUPT 3

ON 9901

ENABLE
INTERRUPT 3
ON 9900

READ No OF
+SECS REQD,
PLACE IN RI
OF TSR

COUNT FOR

ONE PULSE
ON TIMER

IDLE -
WAIT FOR

INTERRUPT

ON INTERRUPT

e o e -y

GO FOR

NEXT
INSTRUCTION

128

,—_ PICK UP
o VTN
- VECTORS
FOR INT.3
1
[}
o7




A

Reserve Memory Space for TSR

ENTER
ON INT.3.

DEFINE NEW ' o]
ORIGIN

DEFINE NEW
VORKSFACE
FOR T.S.R.

JUMP TO ' .
‘! TOSOR‘ ’ t




Timer Service Routine (TSR)

/ Is
DELAY

RESET £ SEC

COUNTER TO
ZERO

DISABLE
INT.3

SET PC 1IN

R14 TO
POINT TO .
LAST
INSTRUCTION

IN T/D RTINE

RETURN TO
TIME DELAY
ROUTINE

"\ FINISHED

120

INCREMENT
+ SECOND
COUNTER

SET BASE
ADDRESS
9901

LOAD VALUE
FOR £+ SEC IN
R2 (UNITS
21.33 ms)

LOAD TIME

ENABLE
INT 3 ON

9900/1

RETURN TO
IDLE IN

TIME DELAY

ROUTINE

- =



Real Time Delay Routine

R.T.D. - }l

|
LOAD VALUE :
IN R.6 ?
(FOR 0.2 ’
SEC DELAY)

DECREMENT
R.6

. -

/ is
DELAY

COMPLETE

fep mm b mn e ———

=
= (

GO FOR
NEXT
INSTRUCTION




so that on returning to main program, the interrupt mask is cleared.
The program then adjusts the program counter so that a jump for a new

instruction is initiated.

6.5 PROGRAMS USING CONTINUOUS CLOSED-LOOP CONTROi

During the operation of program VERTHREE as the axes are moved one
at a time, when the first was in position and the seconrnd was being
moved the first one may drift unless closed-loop control can be
accomplished irrespective of a programmed move on each axis. To
overcome this and also to give a constant sampling rate all the
axes were moved simultaneously and were sampled at a controlled-

rate wusing the program detailed in the next section, '

i

' 6.5.1  Program INT1

The flow charts which illustrate the operation of this program are
shown in figures 6.26 and 6.27. The wvalues for the positions are

stored as shown below.

memery location

FBPY AXIS 1
FBD2 AXIS 2 § FIRST POSITION
FB@4 AXIS 3
FE@6 AXIS 1

irngs AXIS 2 } SECOND POSITION
FBPA AXIS 3

etc
The delay times at the end of each position are also stored in another
table commencing at »FD2¢. Register 9 in the main workspace is

used to store the "time' of the current delay.

The CMD positions are moved to the memory locatiors dFD@6,>FD@8,%»FDJA

by repeating the following statement three times

MOV *R4+,*R5+

The interrupt 3 is then initialised and the count is 1 and so the
interrupt occurs after one count. The new PC and WP are picked up

by the following procedure, the interrupt vectors are blown in EPROM
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Figure 6.26 Overall flow chart for INT 1
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Figure 6.27
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©
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o

GET NEXT POSITION IN
MFD@6 , »FDE8, >FDPA

[;\iv}u'r INTERRUPT |

~

GO TO INTERRUPT VECTORS
AT »FFAA

GO TO FAOO TO PICK
UP PC AND WP .-,
WHICH ARE

A .

NEW WP > FACO

NEW PC s FAO4

DISENABLE ALL INTERRUPTS

LOAD NO OF AXES INTO
R@, THAT IS 3

£,

[

LOAD R8 AND R9 WITH 1 & 2
RESPECTIVELY TO SELECT

CHANNELS ON ADC

SET GAIN EQUAL TO ONE

AXIS 1 SET CHANNEL ON
ACD AND DAC DISPLACEMENT
LOAD R3 WITH MEMORY
LOCATION FOR ACT

LOAD R5 WITH MEMORY]
LOCATION FOR CMD

o

@

CONVERT ANALOGUE
FEEDBACK
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(o)

PLACE ACTUAL POSITION

IN Rl

SAVE R1 IN MEMORY
LOCATION IN R3,
INCREMENT R3 BY

WO
FIND ERROR
ACT - CMD

STORE ERROR IN
R1

SAVE ERROR IN
R2

ABSOLUTE R2

OUTPUT ZERO
VELOCITY TO ROBOT
FOR THAT AXIS

[ .

DECREMENT R@,
HOW MANY AXES ARE
LEFT

IS
RO
QUAL TO
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AXIS 2 SET
CHANNEL ON
ADC AND DAC
DISPLACEMENT

——

AXIS 3 SET
CHANNEL ON
ADC AND DAC
DISPLACEMENT

MOVE DELAY|

INTO R6

LOAD WP OF
MAIN IN R13

DEC RS9 OF
MAIN

LOAD WP OF
MAIN IN R3

LOAD PC INTO
R14
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LOAD PC INTO
Rl4




OUTPUT MAXIMUM
VELOCITY 1IN
POSITIVE DIRECTION

OUTPUT MAXIMUM
VELOCITY IN THE
NEGATIVE DIRECTION

OUTPUT VELOCITY
TO THE

ERROR IN THE

REQUIRED DIRECTION
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end at these vectors there is & branch statement which goes to
another part of the program to pick up the WP and PC. The execution
of the interrupt service routine then commences. First the interrupts
are all disenabled by using LIMI @. The number of axes is loaded
into R@ which in this case is three.. The gai;—is—set to unity and

R8 and R9 contain the numbers 1 and 2 respectively which are used to
select the required channel on the ADC., The ADC channel is selected
anddisplacement for the DAC is loaded into R10 for the first axis,

The memory location for the ACT, this is>FDP@ is stored in R3 and

the memory location for the CMD which is»FD@6 is stored in R5. The

conversion of the analogue voltage then takes place and the value
is stored in Rl, It is then copied into the memory location in R3,
Ré is then increased by 2 using the instruction

MOV R1, *R3+

the error is calculated using the command, !
5 #*R5+, Rl

autoincrement addressing is utilised. The error is then saved in R2
where the modulus is found. This time the acceptable tolerance of
the error is allowed to be within >»28 of the CMD. (This is
equivalent to a positional error.of 1.37%). This value was chosgn
Ls it was a long time for all the axes to be exactly in their
correct positions. The correct voltage is output via the DAC as
described earlier. The TEST subroutine is then entered where the
number of axes still to be 'serviced' is deduced. When all the

axes have been serviced the delay is examined. The instruction

MOV @>F812,R6

moves R9 (which stores the time of the delay) into R6, Register 6

is compared to zero and if it is equal, that is, the first delay has
not beenreached or the delay has finished then the WP from the T~
main program is loaded into R13 which is > F80@, the PC of the
subroutine START is loaded into R14 and the status is cleared. Control
ihen returns to the main program commencing with START. If register 6

is non zero then register 9 from the main program is decremented bf
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DEC @>F812

and then the WP from the main program is loaded into R13, the PC of
the subroutine CONT is loaded into R14 and the status is cleared.

Control then returns to the main program commencing with CONT.

When START is the return PC the following sequence of events

occur, Interrupt 3 is enabled and such an interrupt will occur
after 38ms as the number loaded into R@ is »3@¢@F. The following
then occurs for each axis in turn. The CMD value is moved from its
memory location into a register, the error is then calculdted and
stored in the same register, the modulus o} the contents of this
register is found and then compared with the value or > 28. 1f the

value is greater then the statement
JMP SELF

is executed which awaits the interrupt, if it is smaller then the
error of the next axis is examined in the same way. If all three
errors are less than 28 then one required position has been
reached, The number of positions remaining is decremented, if it is
zero then the STOP subroutine 1s executed. All. interrupts are
disenabled and a message is printed out to say that the progranm

has finished and the control is returned to the monitor and the
hydraulics then should be de-activated. If there are more positions

remaining the next delay is moved into R9
MOV *R8+,R9
and then the interrupt is‘'awaited.

When CONT is the return PC the following sequence occurs. The
interrupt 3 is enabled and will occur after 38ms. The value of

the time delay in R9 is compared to zero, if it is not equal, that
is the delay has not yet finished the interrupt will be waited for.
If the delay has finished the next position required is stored in
memory locations >FD@P6, »FD@3, »FD@P8 and then the interrupt will be

awaited.
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6.5.2

6.5.4

Program INT2

This program is an exteh;ion of INT1 which moves the jaws during the
time delay (see fig 6.28). The value of 1 is input if the jaws are
to be opened and 2 for closed. These values are entered in a

table in memory commencing at memory location »FDA@. The jaws are
opened in the initiél sequence just before the interrupt 15

enabled for the first time by using the instructions

LI R12,5>120 Selects port area
SBZ 12 open jaws

After the time delay has been moved to RS by the instruction

MOV *R8+,R9

the subroutine to open or close the jaws is executed (a flowchart of
this subroutine is shown in.figure 6.28). The value at the memory
address stored in R10 is compared to the contents Rl, (where 1 is
stored), if it is equal the jaws are opened if not the jaws are

closed and in both cases the interrupt is awaited.

Program INT3 and Data

pvery time the previous program is run the data has to be entered
which is time consuming when the same sequence of operations is to
be repeated., This prohlem can be overcome by dividing the software
into two modules, one which is the operator communications module
which enters the data and the other a real-time control module
which controls the novement of the robot. The program listings are

given in Appendix 7,

Program INT4

This program will move the wrist in the swing and jaw motion as well
as open or close it during the time delay. The method utilised is
the same as in INT2, The listing is given in Appendix 7.

For any of these programs the maximum positive and negative velocity
can he chosed just before the program is executed by using an XOP to

ask for the values and then reading them irnto registers and moving
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Figure 6.28 Flow Chaz:t to Open/Close Jaws

~

S NEXT VAL N - -
IN TAB FOR
JAW MVT =
‘ SELECT PORT
. AREA
3]
i3
" INCREASE BY INCREASE BY
TWO RIO TWO R10
SELECT PORT SBO 12
AREA CLOSE JAVWS
SBZ 12 SELECT INTERRUPT
OPEN JAWS AREA

SELECT INTERRUPT AWAIT INTERRUPT
AREA .

IEWAIT INTERRUPT
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them to memory locations to be saved.

XOP @VELP,14
NULL XOP R3, 9
DATA NULLP
DATA NULLP
MOV R3 @>FDgC
XOP @VELN,14
NULLN XOP R3,9
DATA NULLN
DATA NULLN
MOV R3, @>FDgE

VELP DATA >0DOA
TEXT 'WHAT IS THE MAX +VE VELOCITY'
BYTE @

VELN DATA > QDgA
TEXT 'WHAT IS THE MAX -VE VELOCITY'
BYTE O
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7.1

CHAPTER 7

TESTS OBSERVATIONS AND RESULTS

-

The idea of testing presupposes the presence of standards against
which products are to be tested. An impé;tant constituent of a
standard is a unit of measurement or framework of measurement
universally agreed. It 1s precisely the absence of these yardsticks
that may cause problems for the potential buyer. Unfamiliarity with
robots as a product, the difficulties of making realistic comparisons

between robots all cause confusion and doubt.(63-66)

ROBOT TESTING

Robots are purchases for very specific purposes. Some are bought
because the purchaser is concerned that their employees are exposed
to specifically dangerous or harmful situations eg handling chemicals,
welding and forging., Other robots are bought for economic reasons
when productivity needs to be increased, Here the purchaser will be
concerned that the robot increases flexibility, speed, accuracy or

repeatability of the particular process.

When new products of any description are marketed the instinct of
the potential buyer will be to try a sample. Although robots are not
by any means new, the market is still in the "try—a—éample" stage.
There are many unknowns for the purchaser, eg Will the robot be
accepted by ‘the labour force? What changes are needed to jigs and
fixtures? Will the payback period be short enough? However
confident the robot manufacturer is that these problems can be
overcome and their particular robot is exactly what the customer
requires, the customer has a confidence hurdle to overcome. Much
doubt will be concerned with the application., In the majority of
cases existing product or process knowledge will be high.
Consequently the data gathering will be concerned with judging the
effect of the robot on product or process., Occasionally the robot
will be the only way to complete the process or product. Whichever
the case, the starting point for most buyers is robot manutfacturer's
data. This is the beginning of a filtering process that may
eventually lead to the purchase of a robot. The greater the

understanding of the robot imparted by this information and the

more empirically wvalid the data, the more efficient the filtering process

will become.
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7.2

Much of the information about a robot presents no real problem in
conceptual terms. A robot will have a certain size and weight. 1Its
working volume can be measured and related to the w;rk to be done,
The articulation will make the robot more or less suitable for
certain tasks. Its ahility to 1lift a certain load, the way it

is motivated, its power requirements, its speeds, and the
availability of ancillary equipment are all easily measured using
well understocd and commonly applied engineering techniques and
judgements., Other features pose problems not so easily solved.

In a five axis robot working in 3-D space what does an accuracy of
¥ 0.5 mm mean? How is repeatability related to accuracy and how is
it measured? Does accuracy vary with the load applied or not?

How reliable is the software? Here, to a person unfamiliar with
robots, there are few common sense measures to be applied. Even to
the robot manufacturer there are still some areas that lack
definition. All of these problems relate to the sheer

complexity of the machine as a series of levers and pivots, bearings
and motor sources, measuring and storage systems, programming and

operating systems.

Clearly the solution to some of these problems will be overcome during
the process of developing a commercial robot. This is particularly
true of operational factors. Other problems require deeper thought
and are in themselves much more definitive of a system. 1In
particular the very basic measurement of robot accuracy is worth

greater consideration.

CONTROLLER OUTPUT AND SYSTEM RESPONSE ANALYSIS

One method to obtain a measure of the controller output and system
response is to utilise facilities already available within the
system, ie to use the positional feedback signal of the robot in
its analogue voltage form, (the position on any axis being directly
proportional to the wiper voltage generated onm the spedified axis),
This system response signal can then be compared directly to output
signal from the controller; which can be measured as an analogue
voltage by measuring the output from the relevant digital to
analogue converter. This signal is amplified before it reaches

the servo-valve, however, the amplified signal contains the same

characteristics. These signals were recorded using a digital
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7.3

storage oscilloscope (see figure 7.1} and subsequently on an x-y
graph plotter. In this way the output signals céuld both be shown
on the same trace. The start and finish position voltages were also
recorded for each test carried out. The tests were carried out on
the three major axes of the robot for various distances of arm

traverse. The results obtained are recorded in Table 7.1.

A description of a typical trace ig shown in figure 7.2. The traces
are actually plots of voltage versus time, but in the case of the
feedback signal, the voltage represents position on the axis and in
the case of the output signal from the controller, the voltage is

proportional to the velocity of traverse of the robhot.

POSITIONAL REPEATABILITY TESTS

The aim of these tests was to attempt to assess the practical
performance of the robot under control of the microprocessor.
Ohbviously to carry out a comprehensive analysis would involve
sufficient work for a project within itself, so only one aspect of

robot performance was chosen for analysis. Positional repeatability .
tests were carried out on vertical, swing and horizontal axes of the

robot individually. Tests were then carried out with the

horizontal and vertical axes combined, A three inch traverse dial

indicator gauge and support frame was the only ancillary equipment

necessary for these tests. .

Four series of tests were carried ocut on each axis separately,
and two series of tests on combined axial motion. The tests on a
single axis included the following series of motions of the arm of

the robot:-

(i) Extremity to mid-point

(ii) Large distance arm traverse

(iii) Short distance arm traverse

{(iv) Arm in central position -~ mid-point to extremity
(v) Arm in central position - short traverse

(vi) Arm at extremity - mid-point to extremity

(vii) Arm at extremity - short traverse
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FIGURE 7.2. DESCRIPTION OF TEST TRACES . ; . - i
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Table 7.1 Output and Response Test Results

AXIS- START FINISH INITIAL FINAL TEST
. LOCATION  LOCATION VOLTAGE (v) VOLTAGE (v) No

HORIZONTAL %50 >700 0.5 8.51 1
HORIZONTAL  >100 >650 1.246 7.67 2
HORIZONTAL 150 >700 1,74 8.5 3
HORIZONTAL  »150 600 1.74 7.32 4 .
HORIZONTAL  >200 » 600

HORIZONTAL  $300 $600

VERTICAL +400 »600

VERTICAL >300 >600

VERTICAL $200 5600

VERTICAL »150 Y500

VERTICAL ,7150 $700

VERTICAL $100 Y650

VERTICAL 50 »700

SWING »50 »700

SWING >100 »650

SWING >150 »700

SWING »150 »600

SWING »200 »600

SWING >300 »>600




Each test involved the test ¢ycle being repeated approximately
ten times, a delay being included in each of the small programs
written, to enable the DTI to be read after each cycle. In this
way, the deviation in positional repeatability could be obtained
with the robot working a series of different locations within its

working area.

The maximum deviation in positional repeatability in all the tests
was found to be 11.5 thousandths of an inch (approx 0.3 mm). The
average value for deviations in position on the horizontal axes
were:- 0.0016", swing 0.0018" and vertical axis 0.0037". The
average value for deviation with combined axial movement was found
to be 0.0023", On the horizontal axis, the distance of traverse of
the arm does not greatly affect the positional repeatability of the
robot. This can bé seen by looking at the spread of results shown
in table 7.2, . Positional repeatability is always
within 0.004" deviation., On the vertical axis of the robot the
spread of positional deviation is increased - most cycles fall
within 0.010" deviation, the maximum being 0.0115", and on the
swing axis the positional repeatability is within 0.0076" deviption.
On both these axes the distance of traverse and the position of
traverse of the arm does not greatly affect the positional
repeatability of the robot. The position of traverse would
probably have a greater effect on positional repeatability when the
robot is heavily loaded. With combined axial motion of the robot,
the maximum deviation in postional repeatability is 0.008". The
combined axial motion did not adversely affect the repeatability of

the Versatran Robot,

All measurements are in imperial units as the dial gauge used was

calibrated in these units.

The tests described assess repeatability within a single axis of
motion, but more realistically the robot will normally operate in
more than one azxis. So the last two tests assess repeatability
after a combined axial movement. 1In these tests a program for

the controller was written to produce an 'L' shaped motion relative
to the robot gripper, so that movement in two of the axes takes

place. The two programs were as follows:-

156




7.4

TEST No M

ACTUAL POSITION (um)

FROM DATUM
1 1600 525.0
2 2100 87.5
3 2650 528.0
4 1300 262.5
5 4008 (2 seccnd delay)
6 900A (10 repeats)
TEST No N
ACTUAL POSITION (mm)
1 2100 87.5
2 1600 525.0
3 1300 262.5
4 2650 528.0
5 4008 (2 second delay)
6 S00A (10 repeats)

The test results obtalned are shown in Table 7.2. '

For these tests to be statistically analysed many more tests*® -
need to be performéd within the working volume of-the robot.
Within the time scale of the project there was insufficient
time to perform any more testing of.the robot/contrdiler vt
combination, .The. results obtained so far have.shown favourable

reneatability

AN ACCURACY MEASUREMENT TECHNIQUE

In this section there is an explanation of an accuracy measurement
technique which could be used to evaluate the performance of the

Versatran.

Open-loop-measurement of positional accuracy is critical, It is of
the utmost importance that the rohot returns to the point in 3-D

space that it has been taught, and having arrived at the point the
workpiece is in the expected position, In certain applications it
may be equally important that the 3-D route to the prescribed point
is also accurate and predictable. A good example of this would be
with arc welding robots where linear interpolation techniques are

used to generate a required contour.




Table 7.2

HORIZONTAL AXIS

TEST No A
2100 ~ 2300
CYCLE DEV'N
1l 3.75
2 1.75
3 3.75
4 )

5 0

6 3.5
7 0

8 2

9 3.5

VERTICAL AXIS

TEST No E
HORZ @2300
1300 - 1600
CYCLE DEV'N
1 5

2 1l

3 1

4 o

5 3

6 4

7 1l

8 3.5
9 8.5
10 2.5

TEST No B
2100 -2500
CYCLE DEV'N
1 1.5
2 2.25
3 2

4 o

5 1.75
6 2.25
7 2.25
8 1

9 0.5
TEST No F
HORZ @2300
1300 -~ 1400
CYCLE DEV'N
3 0

2 1l

3 8

4 3

5 5

6 3.5
7 4

8 7

9 6.5
10 9

TEST No C
2100 -~ 2650
CYCLE DEV'N
1 1.25
2 1.25
3 0.25
4 1.25
5 0.75
6 0

7 1.25
TEST No G
HORZ @2650
1300 - 1600 .
CYCLE DEV'N
1 6.75
2 3.5
3 3.5
4 6.5
5 0o

6 11.5
7 1

8 1.5
9 1

10 8.5
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TEST No D
2200 - 2300
CYCLE DEV'N

1 2.75
2 3.75
3 4

4 2.25
5 0.75
6 0.75
7 2.75
8 0

9 0.25
TEST No H
HORZ @2650
1300 - 1400

CYCLE DEV'N

1

2

0

3.5

.... cont'd



SWING AXIS

TEST No J TEST No K TEST No L
HORZ @ 2300 HORZ @ 2600 HCORZ @ 2300
VERT €@ 1300 VERT @+1600 VERT @ 1300
1300 -~ 1600 1300 - 1600 1300 - 1400

CYCLE DEV'N CYCLE DEV'N CYCLE DEV'N

1 3.25 1 6.15 1 o

2 3.05 2 5.25 2 o

3 2.15 3 6.05 3 2.10
4 0 4 2.55 4 0.15
5 0 5 0 5 H

6 1.50 6 7.65 6 0.75
7 2.00 7 2.15 7 2.15
8 0 8 1.15 8 1.75
9 () 9 0.75 9 0.25
10 1.00 10 1.25 10 1,65

COMBINED AXLE MOTION

TEST No M TEST No N
CYCLE DEV'N CYCLE DEV'N

k]

7 1 8

2 0 2 0




7.4.1

Measurement of accuracy must be related to the working volume and
articulation of the robot if it is to have any méaning at all,
Accuracy of different robots suggests that nc machine maintains
constant accuracy over its working volume. Inevitably there are
many reasons for these variations in accuracy. Bearings need to
have some play to allow for rotation. Beams bend and twist under
different loading conditions and when connected, as in a robot arm,
they can display quite remarkable positional variations under the
influence of unbalanced loads, Internal control systems often have
ADC and DAC convergion devices that use approximation techniques.
Here the dropping of one bit of information could be interpreted over
the two or three metres of a robot arm to a positional accuracy

of many millimetres,

Similarly data compression technique used in robot software storage
algorithms can contribute to the bit-dropping paradigm already
described.,

Many potential sources of error ~ some may be catered for because they
can be anticipated, measured and the information fed back into the .

robot system,

Others such as bending and twisting are more complicated. It is true
that they could be measured but the error correction required would be
inordinately expensive and commercially inviable to implement,
Nevertheless, robot systems are produced which can maintain high
levels of accuracy. However, it is necessary to find a measuring
system that can confirm the accuracies claimed by robot

manufacturers.

Volumetric Accuracy Mapping (VAM)

To be pedantically correct, one ought to measure the accuracy of the °

(65) ag in figure 7.4.4.

rohet approach to the node from six directions
This is practically dependent upon the position of the node within
the working volume, different nodes will have a smaller number of
practical articulation approaches which are tllustrated in

figure 7.4.1, 7.4.2 and 7.4.3 which are the nodes in figure 7.3.
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3
7.4.1. NODE A- THREE 7.4.2. NODE B - FOUR
POINT NODE POINT NODE

7.4.3. NODE C - FOUR 7.4.4. MACHINE COORDINATES
POINT NODE

FIGURE 7.4. NODAL MAGNITUDES AND MACHINE COORDINATES
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However, quite adequate results can be obtained with only three

approaches to the node. Typical results are given in table 7.3

Having divided the working area into nodes, the next task is to
devise a system for measuring the XYZ accuracies at the individual

nodes.

The basic equipment is a pair of wvernier calipers, a clock gauge

and a method of attaching it to the robot arm. Consider node C.

To begin with the objective will be to check the Z axis accuracy
with the clock gauge, The stand (see figure 7.5) is adjusted

until point O on the plate is facing the robot and in the vertical
plane. The clock gauge is attached to the robot arm at its

furthest point (this may be at the end of the gripper assembly for
instance) and the maximum working load of the robot may be
simulated with lead packing (again at its normal point of action).
These two measures will simulate 'worst case' conditions. The plate
is placed at the position such that position O corresponds to the
position of node C with respect to the robot. Then the robot is
taught to approach point O at right angles to the plate. The clock
gauge must. suffer a deflection that is greater than the quoted
accuracy of the robot (eg if the quoted accuracy is i'l.ﬂnzm the clock
gauge depression shoulﬁ be at least 2.0 mm), 2 note should be made
of this value. The robot should then withdraw from this position.
Care must be taken to ensure adequate time is allowed for
measurement., Now this is replayed and the value indicated on the
clock gauge measured and the position of the finger with respect to
point A is measured with the vernier calipers. The clock gauge
readings will give a z Z figure, and the vernier readings the values
of r X or ¥ Y depending upon the quadrant in which they fall.

(eg quadrant LOT gives +X, +Y values). This process should be
repeated enough times for the results to be adjusted so that the
plate remains in the vertical plane but faces either to the left

or ripht of the robot. Point 0 must still coincide with node C
measurements with respect to the robot. The robot must be taught

to bring the clock gauge in at right angles to the plate with

constraints similar to the Z axis procedure. The measurements again
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Plane 1 Average nodal X Readings (mm)

+0.19

+0.1

+0,21

+0.37

+0.52

+0,23

+0.21

+0.16

+0,22

+0.41

Table 7.3

+0.15

+0.16

+0.15

+0.15

+0.30

+0.15
+0.1

+0.05
+0.13

+0.25

+0:33
+0.17
+0,12
+0.13

+0.1

+0.4

+0.21

+0.17

+0.10

-0.05

+0.40

+0.26

+0.20

-0.05

-0.10




FIGURE 7.5 ADJUSTABLE STAND FOR NODE MEASUREMENT
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must be taken except that the measurement on the clock gauge
corresponds to the X axis accuracy, the line PT becomes Z axis and
the line LM the Y axis. This whole procedure must be repeated with
the adjustable plate in the horizontal plane with the clock gauge
approaching from above or below depending upon the position of the
face of the plate. Finishing one node the complete process is

repeated at each node in the working volume.

By averagingall the values of X,Y and Z at each of the nodes,
collected by both clock gauge and vernier, sccount is taken of
variations that occur due to different robot articulation.
Additionally if the number of repetitions is large encugh it will be

possible to observe drift in the system.

When the node XYZ accuracies have been obtained the VAM diagram
for the robot can be completed. Figure 7.3 shows a set of results
for the X readings. Similarly X,Y and Z sets for each of the five

planes (see table 7.3),may be constructed.

The overall accuraclies may be processed and the results

presented in the form of accuracy distribution curves for the
robot, which is illustrated in figure 7.6. This technique is
long and tedious, however, once it has been repeated enough times
with robots of the same design the results may-be normalised and
a sampling/comparison technique used fof‘production testing. Also

much of the measurement may be automated.

166




Accuracy Distribution Curve
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Figure 7.6
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8.1

CHAPTER 8

DEVELOPMENT OF A SOFTWAﬁE LIBRARY

In this chapter the development of modular microprocessor-based

equipment iz considered which is designed to serve the need to

retrofit early generations of industrial robots of different types

and the need to control a wide range of special purpose handling
(70)

systems .

Software algorithms should be developed in modular form to provide

a library of software modules from which appropriate modules could

- be chosen for a particular application. Figure 8.1 shows such a

software library and the function of the modules are explained in
the following sections. Modules can be classified into two groups,

"real-time control"™ modules and "operator communication' modules.

REAL TIME CONTROL MODULES

As considered in Section 6.4 each module is chosen using an
operation code and modifier addressing method forming an
"instruction" which corresponds to a particular operation. The
op-codes are listed in figure 8.2. Thus a handling sequence for the
robot is determined by the corresponding "instruction sequence"
which is a series of instructions stored in read/write (RAM)
memory. The modules considered here could be used to form the
bagic Iramework of real-time control software for a wide range of
robot structures with various servo-drive systems. For each robot
or handling structure, “cusiomised" software can be generated by

including the appropriate modules.

A Activate an Qutput Module

The output port is set to one. This will result in the activation

of a8 two state drive eg activate solenoid.

Instruction Format

Op-Code Modifier
5 bits 11 bits

00001




Figure 8.1 Software Structure for Versatran Robot

REAL TIME CONTROL MODULES

System Initialisation and Test
Activate an Output

Deactivate an Qutput

Test for Input High

Test for Input Low

Time Delay

Jump Unconditional

Jump Conditional on Input Condition
Sequence Repeat

Stop and Re-initialise
Closed-loop Position Control

[ I - S T - - B > B - I - I = B o T -~ N

Control Parameter Handling

OPERATOR COMMUNICATIONS MODULES

Terminal Driver

User Instruction Prompts and Sequence Encoder
User Instruction/Robot Sequence Cross Reference
Communications Parameter Handling

Sequence Edit

Teach Prompt and Sequence Encoder

G 4 H g Q & -

Instruction Sequence Selection and Network Protocol
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Figure 8.2
INSTRUCTION OP CODE

Activate an 1
Output Module

MODIFIER

0-2047 (> 7FF)

COMMENT

Activate a Two
State Drive

Deactivate an 0-2047 Deactivate a Two
Output Module - State Drive
Wait for Input 3 0-2047 See if switch
High Module opened or closed
Wait for Input 4 0-2047 See if switch
Low Module opened or closed
Time delay 5 0-2047
Jump Unconditional 6 0-2047 No of instructions
Module not to be executed
Jump Conditional on 7 0-2047 Increment for new
Input Condition Module PC
Sequence Repeat 8 0-2047 No of times
Module sequence repeated
Stop and Re-initialise 9 No modifier
Module
Closed-Loop Positlon A 0-2047 Up to 6 axes can be
Control Module B 0-2047 controlled

Cc 0-2047

D 0-2047

T E 0-2047

€ F 0-2047
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The modifier gives the two state drive which is to be activated.

and can lie between O and 2047,

B Deactivéte an Output Module

Here an output port is reset low thereby deactivating a two state

drive. The op-code is 2.

C Wait for Input High Module

This Qodule tests the state of a CRU input port and waits until
that port becomes high ie 1t waits until a switch closes or opens.
The modifier contains the value of the CRU port which is to he
high.

D Wait for Input Low Module

Here an input port is tested and the robot forced to wait until
that port is low.

E Time Delay Module

This module allows a programmed delay so that operations to be
carried out, for example, pick up or put down a part when there is
no feedback on the drives. The modifier contains the value of the

delay.

F Jump Unconditional Module

This is used when part of the programmed movement is not to be
executed, The modifier contains the number of instructions which

are not to be performed.

G Junp Conditional on Input Condition Module

This module is used to modify the robot sequence which is
dependent on some external event, for example, the arrival of a part
could be sensed and could cause a current operation to cease and the

robot to pick up the part and perform some operation on it.

B Sequence Repeat Module

This module allows any sequence to be repeated without re-entering
the data.
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I Stop and Re~initialise Module

This module will stop the robot in a safe condition, ie will not

drop a part if there is one in its jaws.

J Closed-Loop Position Control Module

This module will service a number (n) of point-to~point position
control servomechanisms of the type described in section 6.4.1. The
feedback loop is continuocusly closed by using an inggrrupt

service subroutine which is entered once per sampling interval. 1In
this way, even if axis movements are not programmed, the drift on
each axis can be overcome. The modifier contains the digital value

ot the required position.

The above modules are independant of robot type and have been
designed in this way to allow the same modules to be used
irrespective of axis configuration ete. However, it is necessary
to "customise" some of these modules to suit a particular control
task, to allow system initialisation and testing of a particular
robot type to be achieved. To achieve this customising and

system initialisation two other modules are required. It should be
stressed that it is only these two modules which are robot
dependant.

K Control Parameter Handling Module

This module will store data which is relevant to a particular robot,
for example, to achieve closed-loop position control information
such as the sampling interval, the compensated velocity command,
the limits of the velocity, number of axes, types of axes, limits
of position for the axes, is stored in a data table so that is

available to the other real-time control modules.

L System Initialisation and Test Module

This will, for example switch on the hydraulics and allow it-to
reach the required operating temperature and pressure. It will
keep testing these conditions and until they are within acceptable

limits not allow the robot to move,
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8.2

When the required 'instructiog sequence' has been loaded into RAM,

it first has to be de-coded. An instruction pointer points to the
first operation, the op-code is separated from the modifier which
are stored in separate tables. The instruction pointer is
automatically incremenéed to point to the next instruction which

is de-coded, this process is repeated until all the instructions have

been de-coded. The instruction sequence is then executed.

TASK PROGRAMMING OPERATOR COMMUNICATIONS MODULES

The operator communications modules were developed to aid an
operator in producing "instruction sequences" to allow robot tasks
to be programmed without the need for a2 skilled operator. To
achieve this, prompts are given to the operator concerning the
programning options available and the operator responses result in
"instruction sequences™ belng stored in RAM. This operater
communications software was also developed in modular form to
attempt to provide a base sofiware development.. The reader is
referred to figure 8.1 which gives a list of the modules.

The communications parameter handiing (CPH) module customises the
software to a particular robot. This module was used to access and
transfer parameters from a number of text and data files. The
various axis parameters include axis indentification, axis I/0
addressing, axis limits and permissable velocities, position and
velocity loop gains, ADC channel addresses and sampling periods,
gripper identification, gripper actuation sequences, interlock
sequences and indicators, and string text concerning operator
prompts and error messages. The '"user instruction prompts and
sequence encoder™ module asks the relevant questions so that the
parameters can be loaded into the CPH and also the "imnstruction
sequence" of operations can be obtained and stored in the robot
sequence cross reference module. The "sequence edit™ module will
allow the "instruction sequence to he altered when required.

The "teach prompt and sequence encoder" module (TP) will depend on
the mechanical structure of the robot. For the Versatran only
limited teach facilities can be incorporated as the only method
of moving the robot is using its controller so a teach pendant may

be used to move it in small predetermined steps. Other robots can
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"walked” through a sequence and so are easier to teach.
The "instruction sequence selection and network protocol™ (NP) will

gllow the control of more than one robot, This will enable the

rocbots to '"work together" to perform operations,
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CHAPTER 9

FURTHER DEVELOPMENT OF AN OPERATOR COMMUNICATIONS MODULE

’

The previous chapter‘gives an outliﬂé of the various modules that are
required for flexible software programming. This chapter describes’
an operator communications module which describes the axes eg

are they linear or’rotary, what is the maximum permissable velocity
on each axis etc and then ipput a sequence of operations, An edit
facility is availabhle so that this sequence can be altered if

required.

The program ig written in Pascal as it is a highly structured

language and it regquires only a small amount of documentation.

PROGRAM (DATA INPUT)

A flow chart showing the outline of this program is shown in figure 9.1

and a program listing is shown in Appendix 7.

The constants are declared first and MAX NO refers to the number of
axes and MAX POSITIONS to the possible number of positions. The
types are declared and REC1 is a record which contains various

elements which are

NAME _ AXIS The name of the axis eg vertical

AXIS TYPE Is the axis linear or rotary?

MAX TRAVEL Limit of digital number for position ie >7FF for the
Versatran

MAX VEL The maximum +ve velocity allowed

FEEDBACK Is the feedback analogue or digital

POSIT Is the axis point-to-point ie 2 positions or are

there many positions

REC 2 is a record which will contain the positions for one axis in
an array called STORE. TOT is an array which contains elements of
type REC 1 and TOT 2 is an array which contains elements of type
REC 2.

The variables are then declared. POINT is an array which will
contain the next instruction number. TOTAL AND TOTAL 2 are variables
ot type TOT and TOT 2 respectively. The integers are then declared
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Figure 9.1 Flow Chart for DATA INPUT program

( START ’

DEFINE ALL CONSTRAINTS
TYPES AND VARIABLES

INPUT HOW MANY AXES

INPUT. NAMES OF AXES

INPUT TYPE OF EACH
AXIS IE LINEAR OR
ROTARY

INPUT MAX
PERMISSIBLE VELOCITY
FOR EACH AXIS

] INPUT TYPE OF
. FEEDBACK FOR EACH
! AXIS

INPUT NO OF
POSITIONS ON EACH
AXIS TIE POINT-TO-
POINT OR MANY
POSITIONS

INPUT THE SEQUENCE OF |
POSITIONS I

PRINT ALL INFORMATION J

ON THE AXES AND THE
SEQUENCE OF POSITIONS

@ | )
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Figure 9.1 cont'd
.~ DOES

THE ™~ N
SEQUENCE \‘\h________; STOP )

REQUIRE

ANY
POSITIONS

— !
‘REMOVE INSTRUCTIONS
!AND ALTER POINTERS

INSERT INSTRUCTIONS
AND ALTER POINTERS

v
]

]

]
"PRINT LIST OF
'SEQUENCE OF

iPOSITIONS

G
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which are :- r

NO_ OF _ EDITS The number of instructions to be altered
NO _OF _ INSERTS The number of lines to be inserted
NO_ OF _ REMOVES The number of lines to be removed

NO_ OF _ AXES The number of axes on the robot
NO _OF_ POS The number of positions
NUM This permits the value to be stored in the correct

place in the STORE and POINT arrays

COUNT This permits numbers to be stored in the correct
place in an array

LINS - This is equal to the new number of instructions
after inserts

INSTS This increases the number of pesitions when
inserting instructions

NOos This permits numbers to be stored in the correct
place in an array

LNOS This is the LAST NOS and is used to find out when

something is finished eg all the instruction numbers

of the alterations are in the array
INST This allows the pointer to be altered when removing
the next instruction

.

The variables are type CHAR are:-

REMOVE)
ALT )

. INSERT) These all contain Y or N depending on the editing that is
EDIT ) required —

There are then three arrays, ALTER, REM, and INS which respectively
contain the instruction numbers of the instructions which require
altering, the instruction numbers of the instructions which are to
be removed and the instruction numbers of the instructions before
an instruction is to be inserted, that is instruction no

3

4

insert new instruction
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the value in the array will be 4 to insert this new instruction.

The actual program then starts at line 1 when the details of the

axes are recorded.

The writeln statement will write to the terminal what is in the
inverted commas, this value is then read into the variable

KO OF_ AXES. Line 6 starts a loop using COUNT from O to

NO_ OF _ AXES, in this loop 211 the names of the axes are inserted
into the array TOTAL in the part of the record NAME. AXIS, COUNT
decides where the values are placed., Each name is, on a separate

line due to the READLN being used.

When COUNT equals NO_ OF _ AXES statement 10 is executed, which is
END; COUNT is then reset to zero and more details about each axis

are recorded which continues up to line 35.

BEGIN (*INPUT POSITIONS*) on line 35 starts the insertion of the
positions into the correct array. The number of positions is first
selected and read into NO_ OF _POS, this is then used to terminate
the loop when NUM is equal to it. Another loop commences on line 39
concerned with the number of axes, line 41 is a writeln statement
and the following is an example of what may be written on the VDU,

3

POSITION FOR VERTICAL

The readln statement then reads the value which is input into the
correct part of TOTAL 2 eg the first time around COUNT and NUM willl
be equal to one as so the value will be stored in the first place in
an array of TOTAL 2.in the first place in an array STORE. This
inner loop continues until the first position for all the axes has
been read in. The pointer to the next instruction is then read into
the array POINT. This sequence is repeated until all the positioﬁs

have been read in.

A list of what has been entered is then printed out which is shown
in the debug routine in figure 9.2, this finishes on line 76.
From line 76 to line 149 is an edit which can make changes to the
positions which have been entered into the record TOTAL 2.




Figure 9.2.Typical Print-Out from the Program DATA INPUT

VERTICAL
THE TYPE OF AXIS IS LINEAR
THE MAX VALUE FOR POSITION IS 7FF
THE MAX VELOCITY IS 1,8V

THE METHOD OF FEEDBACK IS DIGITAL
NO OF POSITIONS ON THE AXIS MANY

VERTICAL POINTER
1 100 2
2 . 250 3
3 150 o
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The first question asks if the sequence requires editing and either
Y for YES or N for NO ie read into EDIT, a case system is then used
so the correct portion of the program is executed, If N is input
the statement Your program is correct will appear on the VDU and the
same list as previously will appear on the VDU, if Y is input the
next question asks if any alterations are to be made if yes the
number of alterations is read into NO_OF  EDITS, which is then used
to control how many times the loop to input the instruction numbers
into the array ALTER is executed. These instructions are then

altered, by imserting the positions for all axes for each instruction,

If there are no alterations the case 'N' 1s executed and the
statement No alterations to values required will be written out on
the VDU. The next case statement concerns with removing of
instructions if the case is 'N' then the statement NO LINES TO BE
REMOVED appears on the VDU. If the case is 'Y' then the number of
instructions, and instruction numbers to be removed are entered.
The pointers of the previous instructions before the ones which are

to be removed are then changed

INSTRUCTION NO POINTER
1 VALUES OF POSITIONS 2
2 3

remove 3

4

the pointer of instruction 2 will be changed to 4 (lines 115-120).

The final case statement is to insert any instructions. If the 'Y*
case is to be executed, the number of instructions to be inserted
and the instruction numbers which are to have new instructions
following them are entered. The pointer of one of the instructions
which is to be feollowed by new instructions is altered then the new
instruction is entered, this sequence is repeated until all the
instructions have been entered. Then the 1list of all the positions

is re-printed.

This program is by no means entirely finished figure 9.3 shows a
flow chart of a flexible operator communications module which can be

utilised for a wider range of robots,
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Figure 9.3 A Flexible Operator Communications Module

Comr )

NUMBER OF AXES

l NAMES OF AXES

ACTUATOR TYPE
FOR EACH AXIS j(Hydraulic-Servo, prneumatic-cylinder etce)

FEEDBACK TYPE
FOR EACH AXIS {(Potentiometer, digitiser etc)

,GO TO 1-4 DEPENDING ON]
|FEEDBACK AND ACTUATOR |

4

[GRIPPER ACTUATION -
METHOD (Solenoid,Step-Motor)

GO TO 5-6 DEPENDING ON‘
ACTUATION !
1 {

o " oF TNTERLOGS |

PORT ADDRESSES OF INTERLOCKS
{(0.. IFFE)

|
i INTERLOCKS

ACTIVE HIGH OR
;Low ;
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INTERLOCK INDICATOR
PORT ADDRESS (if any
0.. IFFE)

————— e ——

R

/"END OF GENERATION
\ OF DATA BASE

| HYDRAULIC~SERVO
POTENTIOMETER FEEDBACK

»

SIZE OF DAC AND ADC '

ACTUATOR I/O0 TECHNIQUE?
9901, MEMORY MAPPED

Port 9901 Mem—Mapp%d

ACTUATOR BASE ACTUATOR MEM-MAPPED
PORT ADDRESS? PORT ADDRESS O.. FFFE)
0.. 1FF5

FEEDBACK I/0 TECHNIQUE?
(9901, MEMORY MAPPED) |

Port 9p0O1 Mem—Mappe¥
FEEDBACK BASE FEEDBACEK MEM-MAPPED
PORT ADDRESS PORT ADDRESS

0.. 1IFFS 0.. FFFE

!

!ADC CHANNEL NO ? (0..15)

DAC CHANNEL NO ‘

[IS AXIS LINEAR OR ROTARY?

183




Rotary Linear

r
{ MAX ANGULAR MOVEMENT MAX LINEAR MOVEMENT
(THETA DEGREES) (L - mm)

[INCREMENT IN MEASURED INCREMENT IN MEASURED
ANGULAR POSITION LINEAR POSITION
REFLECTED THROUGH ANY REFLECTED THROUGH ANY
GEARING? (1n-THETA DEGS) GEARING (1ln-L-mm)

MAX ANGULAR VELOCITY? MAX LINEAR VELOCITY?
(OHMEGA-RADS~-PER-SEC (V-mm-PER SEC)

AXIS HOME POSITION? AXIS HOME POSITION
(THETA-RESET-DEGREES) L-RESET mm

i i

1

VELOCITY-LOOP GAIN

(VLP-GAIN)
I
A ADC SAMPLING INTERVAL
(T)
2 PN-CYL/SWITCHES

IS AXIS LINEAR OR ROTARY?

(L OR R)
Linear Rotary ]
NAME OF POSITIVE NAME OF POSITIVE
MOVEMENT (LEFT/RIGHT, MOVEMENT (CW/ACW)
IN/QOUT ETC)
NAME OF NEGATIVE NAME OF NEGATIVEI
MOVEMENT MOVEMENT
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( : ) IF REQUIRED

i
PORT ADDRESS OF SOLENOID?[

(1.. IFFE) [

SOLENOID HIGH OR LOW FOR
POSITIVE MOVEMENT? (H CR L)

PORT ADDRESS OF LIMIT SWITCH
CLOSED FOR POSITIVE MOVE?
(1. >\FFE)

PORT ADDRESS OF LIMIT SWITCH
CLOSED FOR NEGATIVE MOVE?
(1.. IFFE)

TIME DELAY FOR AXIS MOVEMENT

l

ACTUATOR - PNEUMATIC CYLINDER
'NO FEEDBACK

IS AXIS LINEAR OF ROTARY?

(L OR R)
Linear Rotary
NAME OF POSITIVE NAME OF POSITIVE
MOVEMENT? (LEFT/RIGHT, MOVEMENT? (CW/ACW)
IN/0UT ETC)

l

NAME OF NEGATIVE
MOVEMENT?

NAME OF NEGATIVE
MOVEMENT?

i

1

PORT ADDRESS OF SOLENOID?
(1.. IFFE)

(D=

| SOLENOID HIGH OR LOW FOR
POSITIVE MOVEMENT? (H/L)
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: ACTUATOR-HYDRO-PNEUMATIC
| FEEDBACK-DIGITALISER

I

IS AXIS LINEAR OR ROTARY
(L OR R)

Linear I

(L-mm)

MAX LINEAR MOVEMENT?

INCREMENT IN MEASURED
LINEAR POSITION (1ln-L-mm)

(SLOW-L-mm)

MIN MOVEMENT AT SLOW SPEED

Rotary ]

MAX ANGULAR MOVEMENT?
{THETA-DEGREES)

INCREMENT IN MEASURED
ANGULAR POSITION (1ln-
THETA-DEGREES)

I

MIN MCVEMEMT AT SLOW
SPEED (SLOW-THETA-DEGREES)

1

PORT ADDRESS OF DIRECTION
SOLENOID (O.. IFFE)

PORT ADDRESS OF FAST
SOLENCID (0... YIFFE)

|

PORT ADDRESS OF SLOW
SOLENOID (0.. IFFE)

INTERRUPT LEVEL FOR
POSITIVE GOING PULSES
(1..15)

INTERRUPT LEVEL FOR
* NEGATIVE GOING PULSES
(1..15)
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GRIPPER
[ ACTUATOR SOLENOID

NUMBER OF SOLENOIDS? (m)

PORT ADDRESSES CF
SOLENOIDS? (O..>IFFE)

SOLENOIDS ACTIVE HIGH OR
LOW? (H or L)

| TIME 'ON' OR 'OFF' FOR
EACH SOLENOID (in 0.1 secs)

GRIPPER
[ACTUATOR -STEP MOTOR

©

NUMBER OF STEP MOTORS

PORT ADDRESS OF
(0..... IFFE)

FAST OR SLOW
FOR EACH STEP MOTOR
(F OR 8)

_ |NO OF STEPS FOR
' [EACH STEP MOTOR
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CHAPTER 10
PROJECT CONCLUSIONS AND FURTHER WORK

CONCLUSIONS

The objectives of this project were to develop a microprocessor based
controller for robotic devices which could demonstrate considerable
flexibility with regard to operator facilities when sequence programming
and which could be structured to allow the future inclusion of various
enhanced features as demonstrated by "state of the art{" industrial
robots. A Versatran Industrial Robot was used as a "test bed" to
evalzate the features of the controller developed. Ffom a literature
survey undertaken it was evident that there is a need for the
development of a controller which could be used to control a wide

range of robotic forms both for retrofitting to conventional pedestal
industrial robots which presently are served by outdated control z
systems and for the control of other forms of handling structure

not necessarily demonstrating conventional co-ordinate orientation,.

gt present the Texags Instruments TMS 9906 family of microprocessors
is favoured within the Department as comprehensive support for
software development coupled with hardware and software "debugging”
aids is available. The hardware for the controller comprised:- a
Texas Instruments single board computer; standard analogue interface
printed circuit boards; specially designed interface drivers for the
axis servo-valves,gripper solenoids and hydraulic supply interlocks.
Power supplies completed the hardware structure which was all

held in a racking system. The completed hardware was constructed and
tested as part of the project, however, the majority of the project
concered the implementation of software to control the robot. Initially
this related to the positioning of a single axis to a pre-programmed
position and developed through the control of one gxis to many
pre-programmed positions to the control of all the major axes in
point-to-point mode with additional features such as open/close jaws
being incorporated. The final version of the real time software
provided flexibility by using "OP codes™ to specify robot sequences

in a "textural manner",

The real time control strategy for each axis ‘was de;;;;;;aﬂigound a
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loop closure within the microprocessor controller. Each axis position
wag sampled every 38ms within an interrupt service routine which was
controlled by an interval timer. Control is obtained by evaluating a
velocity command for each axis every sampling interval and updating
the output voltage to each servo-valve, This approach was adopted to
allow maximum flexibility in future control algorithms, As the loops
were closed internally digital compensation algorithms can be
introduced to improve the response of each of the axes for both
point-to-point and contouring applications. Another approach is to
close each loop external to the microprocessor controller and this
method would make the interfacing simplier. However, in providing
future enhancements to a system utilising external loop closure
problems could be experienced due to an inherent inability to

modify system response particularly if contouring capability is
required. All the real time control modules were written in
Assembly Language as the only available Texas Instruments . .
implementation of Pascal, through the project duration, was an
interpretive (p-code) version which imposed a significant time
overhead and made its use impractical for axis control. Subsequently,
Texas Instruments have released a native code Pascal compiler which
could now be used to derive equivalent real time control software.
However, a mémory overhead of 15-20K is required to provide a Pascal
environment for native code derived software, although such a
memory overhead is becoming less significant with fast reducing

cost of memory devices. The operator communications modules were
written both in Pascal and Assembly languages. However, the Pascal
prograns were debugged and run on a microprocessor development
gsystem but not run on the target system due to insufficient memory.
Using a high level language such as Pascal improves significantly
the transportability and inherent documentation of the software

and only slight modifications would be required to run the programs
on another computer. The operator communications software

developed to aild sequence programming provides considerable
flexability but there are inherent disadvantages in some applications
as the spacial co-~ordinates of each axis position must be known and
programmed for any handling sequence. These positions are input via
a VDU and even if a teach program was implemented using a VDU as a

terminal it would be difficult to achieve the required position as




the VDU is remote from the robot. To overcome these difficulties a
teach pendant is being designed in subsequent work which has
followed the developments described here and this will offer the
opportunity of utilising the advantages of both téach and textural
programming facilities, However,it was not possible to provide
teach facilities within the project duration.

After the control software had been developed and fully debugpged

a limited amount of testing was undertaken which included the
monitoring of feedback and repeatability. Feedback was monitored to
invegtigate dynamic response and a measure of repeatability
evaluated by measuring errors for a series of moves by using a dial
guage, For the results of these tests to be statistically complete
many test need to be performed at various positions within the
working volume of the robot. However, foy the Versatran robot/
controller combination favourahle repeatability test results have
heen achieved within the duration of the project. It is necessary
that any measurement of accuracy must be related to the working
volume and articulation of the robot if it is to have any meaning
at all, No machine maintains constant accuracy over its working
volume due to various reasons which include:- bearings need to have
some play to allow for rotation; beams bend and twist under different
loading conditions and when connected can display positional
variations under the influence of unbalanced loads, Volumetric
accﬁracy mapping is a technique which could be utilised to test the
accuracy throughout the entire working volume, this method would
be enhanced if it could be automatically performed as it is a long

and tedious method of assessing repeatability.

The performance of the robot/controller combination could also be
assessed for various manufacturing applications such as spot welding,
loading of presses, component feeding and imspection of machine
tools and if continous path algorithms were incorporated within

the controller structure, arc welding and paint spraying .
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RECOMMENDATIONS FCR FURTHER WCORK

An extremely wide range of enhancements could be incorporated
wi?hin the overall hardware and software adopted for the controller.
Furthermore the performance of existing and enhanced controls
should be studied, particularly with regard to manufacturing
applications. Possible enhancements and studies are listed below.
i)Implement software as described in Chapter 9 so that an
extensive library of’'wrodules could be made available.
i1)Implement software algorithms for continuoué path movement to
enable the robot to Be used for operations such as painting
and arc welding,.
1ii)Develop a hand held teach pendant as an alternative sequence
programming method.
iv)Design and construct additional interface circuitry, in modular
form, so that a library of software modules can be utilised
with other robotic systems.
v)The performance of the robot should be evaluated using Volumetric
- . Accuraey Happing as described in Chapter 7.
vi)Perform a number of application studles to evaluate the faclilities
incorporated within the control system.
vii)Consider the use of various sensing devices in relation to
such application studies.
viii)Implement network software to allow the controller via a node
to access a commercially available "open" local area network
to allow the integration of the robot functions with those of

the manufacturing environment in which it is to be used.
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APPENDIX ONE

ROBOT ECONOMICS

The success of any commercial industrial undertaking has to be
measured in terms of finaneial performance. The most brilliant
technical innovation is a failure if it results in money lost by the
entrepreneur or its shareholders or at divisional or operating level.
Robots are no exception ot this rule. No matter what the social
benefits are, no matter how advanced the technology, every proposed
investment in rohotics has to pass the test of critical financial

appraisal.

The following headings provide a framework for management analysis of

the costs and benefits of the robotics installation.

1 Robot Costs:
a) Purchase price of the robot
b) Special tooling
¢) Installation
d) Maintenance and periodic overhaul
e) Operating power
£) Finance
g) Depreciation

2 Robot savings:
a) Labour displaced
b) Quality improvement

c) Increase in throughput

Al.l



’ APPERDIX TWO

SPECIFICATIONS FOR INDUSTRIAL ROBOTS

This appendix containg specifications for various industrial roboté.
Section one contains the simpler point-to-point robots and section two

the continuous path robots suitable for welding and painting.
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lechnical data
’F Handling Robot T 111, Type CXZ-A 1060 and type CXZ-A 1260

Application: an all-purpose unit, particularly suitable for plants where considerable heat is generated, e 4.
forges, hardening shops, injection molding shops etc,

Yesign: 3 main axes (C, X, Z)
1 gripper axe {(A)

Standard gripper hydraulically actu'ated, with 40° clamping range
Special gripper available on request, with pneumatic, magnetic or vacuum actuation

protected against dirt and heat

Loads: component weight up to 40 kg.

fain and gripper movement axis characteristics:

Axes C X Z A
Characteristics (slewing) {horizontal stroke) {vertical stroke) {slewing)
Working type CXZ-A 1060 | 200° or 280° 1 000 mm 600 mm 360°
range type CXZ-A 1260 | 200° or 280° 1200 mm 600 mm 360°
Mean speed” 110%s 1 200 mm/s 800 mm/s 120%/s
Position setting
reproducibility ** < 2mm £ 2mm < 2mm £ 0.1mm

Load weight can be increased by operating at lower speeds

[* Reproducibility can be rendered more accurate by heating the hydraufic fluid before operation commences.

lectrical connection rating 11 kW

ontrol system: Optimum suitability for various types of work is assured by provision being made for various
forms of control:

Positioning — with adjustable fixed stops {2 positions/axis)
{alternatives)
: — with cam shutdown (up to 6 positions/axis)

~ with servo-hydraulic PTP control {up to 8 positions/axis), adjustable
via digital-display set-value potentiometers

Program sequence — PC system {free programming).
and programming The program sequence can be programmed via a crossbar distributor
{(alternatives) with diode matrix store or a direct PC program with EPROM memory.

— by NC microprocessor control with teach-in programming
(PTP positioning control, 200 points/axis)

asses: Handling robot app. 1 200 kg
Hydraulic unit app. 370kg (including 150 dm® of hydraulic fluid)
Contro! cabinet app. 100kg
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Working ranges and dimensions
{in millimetres)

Ll T

2000

Hydraulic
Control u:'rt

cabinet
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This pick and placement robot is pneumatically
operated and provides an ideal solution to
many component handling problems such as
automatic assembly and machine loading.

It is designed and constructed to offer very
high repeatable accuracy. Both the horizontal
and vertical moveiments are carried out
through precision linear bearings, There are a
range of horizontal and vertical stroke lengths.
The standard pick-up heads can be either
pneumatically operated jaws, electro-magnetic
or vacuum heads. The pick-up head units are
designed to suit the specific applications
required.

The units can be either controlled by a cyclic

A2,5

cam timer which in turn operates a series of
solonoid air valves or alternatively it can be
controlled via a programmeable sequential
controller. Whichever method is utilised, the
unit is supplied complete with all necessary
control equipment.

As this robot is adaptable to many applications,
a complete technical advisory service is always
available and it augments the already wide
range of component handling and orientation
equipment manufactured by Valley
Automation,




General dimensions of the
Precision Pick and Placement Robot.

P e m———

A 152
‘6"’
108 Min*
{a%") "
— ¥
| 6350
1 {2%")
- -;-.
—— -— - ’ .
l oy '
— —_ - Vertical 50@
| | Stroke {207}
]
. ‘ 1
Horizontal
Stroke
| 1 | J 1
Horizontal Vertical 85 q[}
Stroke A Stroke I
ins ins, ins. 108 152
mm mm mm 71" “TT 14y 67)
2 14 1 ) R §
50 355 25 P ! & }
4 16 2 [4—103 {4%7) —»
100 406 50
[e——152 {67} ——» -
6 18
150 457

D:mensions are subject to change

Valley Automation Ltd. ~
Valley Road, Lye,
Stourbridge, West Midlands DYQ 8JH, England ’

Telephone Lye (038-482) 2324/2419 Telegrams Lye 2324
o Telex- 338212 CHAM%02M g Code VALLEY
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The low cost Series 1000 UNIMATE® offers supernior

' performance for Jobs that require only Iimited handling. It's the
ideal tool for operations where lifting requrements are less
than 22 kgs. The 1000 Series robots have five axes, three of
them hydraulically powered. Gripper and wrist movements are
pneumatically operated working between adjustable end
stops. Fully extended the Series 1000 UNIMATE?® robots
have a reach of 2250mm. Programming is done through a plug
-in teach control offering “lead-by-the-hand™ simplicity.
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Typical Applications

Materials handling, plastic injection moulding, machine loading,
die casting, press loading and load/unload machine tools.
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; MODEL SPECIFICATION FOR UNIMATE 1000 - — N B
Manipulateor Wt 1200Kg
Hydraulic Supply Wt Integral
{with fluid)

Control Cabinet Wt Integral

Mounting Position Floor

No of Degrees of Freedonm 3-5

Positioning Repeatability 1.27mm

Power Requirements 380/415/525, 30
50H3,10KVA

Point-to~-point Up to 256 Points

WRIST TORQUE

Bend 5.7Kgm-1 A

Yaw 1.7Kg'r|1-1

Swivel N/A
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SECTION TWO

SPECIFICATION: IRb6 ASEA

- — — - —_ Wt e ————

ARM MOTIONS, STROKES AND SPEEDS:

Right - left 3400 959/see

Up -down 800mm 750mm/sec
Out -in 560mm 1100mm/sec
Traverse

WRIST MOTIONS, STROKES AND SPEEDS:

Revolution +180° 195%/sec
Swing (right-left)
Bend (up-down) +900 1159/sec

CONTROL FUNCTION:

Motion control CP by PTP teaching
Memory systems  Semi-conductor type plus magnetic tape
Memory capacity 250 points (basie)

POSITIONING ACCURACY: +0.2mm

CONDITIONS FOR INSTALLATION:
Dimensions (length x width x height) 720 x 720 x 1620mm

Weight 300kg
Power requirements 2kVA
Temperature 40°C
Source of driving power Electric
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SPECIFICATION: BOC/HAL BOC .

- ——— T e —

ARM MOTIONS, STROKES AND SPEEDS:

Right - left 859 309/sec

Up ~-down 700 30%/sec
Cut -1in 914mm 150mm/sec
Traverse

WRIST MOTIONS, STROKES AND SPEEDS:

Revolution
Swing (right-left) 180° 90°/sec
Bend (up-down) 180° 90%/sec

CONTROL FUNCTION:

Motion control cp
Memory systems  Solid state non-volatile
Memory capacity  10min/module {max 15 modules)

POSITIONING ACCURACY: +1.5mm

CONDITIONS FOR INSTALLATION:
Dimensions (length x width x height) 610 x 610 x 2032mm

Weight 527kg
Power requirements 220/440V
Temperature

Source of driving power Hydraulic

VAN

85°
{1+

1184 mm




SPECIFICATION: T3 CINCINNATI MILACRON

ARM MOTIONS, STROKES AND SPEEDS:

Right ~ left 2400

Up - down 3962mm
Out - in 1424mm
Traverse

WRIST MOTIONS, STROKES AND SPEEDS:

Revolution 240° 1270mm/sec
Swing (right-left)  180° For tool
Bend (up-down) 1900 Centre point

CONTROL FUNCTION:

Motion control CP by PTP teaching
Memory systems  Acromatic computer plus magnetic tape
Memory capacity 700 points

POSITIONING ACCURACY: 4+ 1.27mm

CONDITIONS FOR INSTALLATION

Dimensions {Length x width x height) 990 x 990 x 2000mm

Weight 2267kg -
Power requirements 22kVA

Temperature 500C

Source of driving power Hydraulic

865 x330mm
electrical
power unit

|-1'045-'

3962

!

Hydraulie
power
supply

r—

/'__I 104
Front; 2464

ACRAMATIC
Conlrol console Uit - mim
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Offers the durability, reach, freedom of motion and strength to do the most
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grueling job around the clock no matter how hazardous the working conditions.
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Cincinnatl Milacron ACRAMATIC Robot Control

F o

P

Portable, hght-wetght, hand-held teac
unil provides convenient means of
programming the robot

he T1s a simple, solidly built 6-axis
omputer-controlled industnial robot It
ombines a heavy base casting with strong
shoutder, upper arm, and forearm
abrications for total structure ruggedness
End stability H

nique Jointed-Arm Construction

xclusive with T3, this unique 6-axis
ointed-arm construction provides the added
texibility the robot needs in order to perform
n difficult-to-reach places Duplicating the
Hexterty of the human arm/hand, T%'s
ointed-arm Is tougher by far, well able 1o

ithstand the most hostile industrial
environment to get the job done ... day in,
Hay out ... with astonishing reliability
Sealed-for-life lubrnication and rotary joints

ith large antifriction beanngs result n

inimal wear and virtuatly maintenance-free
bperation.

Powerful Direct Drives
ach of the six jointed-arm axes of the T2 1s
irect driven by its own powerfu! and
dependent electro-hydraulic servo
ystem. Five of the axes use compact rotary
ctuators built-into each joint and one axis 15
friven by a pivoled cylinder This
onstruction gives the robot a backlash-free
ystem capable of the high torque, speed

979 Cincmnat Mdacron Company

and flexibility needed to handle hefty
payloads with up 10 240° of movernent
Tests prove that T? can easily hift 100-1b.
loads three shifts a day at speeds up to 50
ips

Precise Position Feedback

Each axis also has 1ts own position
feedback device consisting of a resolver and
tachometer to assure repeatable and
precise arm positioning Accuracy to any
programmed point 1s =0 050",

Cost-Effective Straight-Line Motion

The powerful logic of the robof's reliable
ACRAMATIC rmimcomputer-based control
provides infinitely vanable 6-axis positioning
and controlled path (straight-line) motion
belween programmed points All of T3s
jointed-arm motion 1s referenced to the Tool
Cenler Pont (TCP)} adiscrete pointata
selectable distance from the arm where the
tool meels the work All TCP moves are
made in a cost-effective siraight-line

“Teaching” T3 Is Fast and Easy

No computer expenence 1s needed, no
calculations are involved — just knowledge
of the physical job to be performed. A
lightwerght, hand-held urul lets the operator
program the T3 from the best vaniage point
Optional offset branching further simplifies

A2.12

the teaching function in that a senies of
repelitive moves can be “taught” as a
subroutine just once Jobs requiring le
teaching sessions or recurring jobs ca
easily commutted to the robot’s
semiconduclor memory and stored on
optonal tape cassetle for future use
Wide Application Flexibility

Easy to program...totool ... to use wi
pallet-onented work .. the T2 can smoc
track moving lines, and while tracking,
welds in precisely the nght spots, or plu
assembly out of a moving welding pg a
hang it high overhead on a moving
conveyor, tracking the two continuousl
moving hnes independently of one anot
T2 can reach with ease info tight places
multiple levels, with one hand or two, at
virtually any angle, anywhere within 10(
cu ft of volume —inside an auto chass
under a hood, down deep into boxes, of
straight out 97" 10 load paris onto one o
more metalcuting or metalforming
rmachmes.

Industrial Robot Division,
Cincinnatt Milacron Ltd ,
Caxton Road

Bedford MK 41 OHT, England.
Phone 0234-45221
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Cincinnati Milacron ACRAMATIC Robot Control

£

*

Poriabte, hand-held te;a?ﬁ unit provides }
convenient means for the operator to
program the robot

i ——

dditional Payload Capability
e HT? is a heavy duty model
bmpuler-controlled industrial robot capable
additional toad-carrying beyond the hmits
the standard model T2 robot Ratings for
e HT? indicate a load capacity of 225 Ibs
10 from the fool mounting plate and a
aximum velocity of 35 ips at full load

owerful Direct Drives — Double the
nrque
ach of the six axes of the HT? is direct
iven by its own powerful and independent
ectro-hydraulic servo system. Five of the
es use compact rotary actuators built-into
hch joint and one axis (the elbow) is driven
a pivoted cylinder This construction
ves the robol a backlash-free system
bpable of the high torque, speed and
Ex1bility needed to handle hefty payloads
th up to 240° of movement Actuator
splacement or torque for each of the six
draulic components 1s double the value of
ose used in the standard T* model. A dual
Ene is used in the shoulder actuator which
ermits 90° motion from near horizontal to
ghtly over vertical position

ecise Position Feedback
pch axs also has ils own posihion

edback device consisting of a resolver and
chomeler fo assure repeatable and

*§ Cancinnat Milacron Company

precise arm positioning Accuracy o any
programmed pomnt is +0 050"

Unique Jointed-Arm Construction
Duplicating the dextenty of the human arm,
HT¥s unique jointed-arm construction 1s
tougher by far, wel! able to withstand the
most hostile industnial environment to get
the jobdone ... day in, day out... with
astorushing reliability Sealed-for-life
lubrication and rotary joints with large
antifnction beanngs result in mmimal wear
and virtually maintenance-free operation.

Cost-Effective Straight-Line Motion

The powerful logic of the robot’s retiable
ACRAMATIC minicompuler-based control
provides infinitely vanable 6-axis positioning
and controlled path (slraight-line) motion
between programmed points All of HT®'s
jointed-arm motion 1s referenced to the Tool
Center Point (TCP).. adiscrete pointata
selectable distance from the arm where the
tool meels the work Al TCP moves are
made In a cost-effective straight-hne,

“Teaching™ HT? Is Fast and Easy

No computer experience Is needed, no
calculations are involved — Just knowledge
of the physical job to be performed A
hightweight, hand-held unit connected to the
control console by a 33" Tong flexible cord

A2.13

lets the opeator program the HT? from the
best vantage point Jobs requiring fengthy
teaching sessions or recurning jobs can be
easily committed to the robot's
semiconductor memory and stored on the
optional tape cassette for future use.

Wide Application Flexibility

Easy to program...totool ... to use with
pallet-oriented heavy work .. the HT® can
for example, smoothly track moving lines,
and while tracking, pluck an assembly |
weighing as much as 225 Ibs. out of a mov
ing welding jig and hang 1t high overhead c
a moving conveyor, tracking the two con- |
tinuously moving lines independently of or
another HT?3 can reach with skillful accura
into confined locations at multiple levels,
with one hand or two, at virtually any angle
inside an auto chassis, under a hood, dow
deep into boxes, or straight cut 97" to load
large, heavy parls onto one or more metal
cutting or metalforming machines.

Industnial Robot Division,
Cincinnat Milacron Ltd ,
Caxton Road -
Bedford MK 41 OHT, England
Phone 0234-45221
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(tra strong...smart...swift...spacesaving...reliable
offers wide application flexibility

eos i B3 Heavy Duly LModel
ad capacity

ad 10" (254 mm) from toot mounting plate ..... 225 1h. (102 kg)*

|

isitioning accuracy, axis drive

curacy to any programmed point ...... cereas +0 050 in (127 mm)

ve foreachof6axes.....covvviecveneennn. drrect, electrohydraulic

nted arm motions, range, velocity

ximum hornzordal SWeep .....oeeccvvevnenna. 240°

iximum horizontal reach ... ..o veenaaest, 102" {2591 mm) to too! mounting plate
n to max reach, floor to celling ..... vercaaas 20" to 154" (0 10 3911 mm)

aximum velocity of TCP ... Loiivinvnnns. 35 ips (890 mmps)

(.1 O 180°

e e teeeeineiaseres seenessresasanonnanans 240°

W e evsrrnrnnssonnnncnssssssisssanasnnnsnsns 180*

Lor space and approximate net weight

o 9sq 1t (08 sqm); 5,000 b (2267 kg)
draulic power SUPPlY . «c.cciiiineccaciannn 17 sq ft {15 sqm}, 1,200 b (544 kg)
setrical powerunit ... ..vevneiiiiiiinnaena.. 3.4sq ft (03 sqm), 700 . (317 ka)
LRAMATIC computer control . ........00nun.. 83 sq ft. (08 sqm), 800 Ib (365 kg)
wer requirments ........... ooiisiaenaa. 230/460 volts, 3 phase, 60 Hz, 32 KVA
vironmental temperature ...........c.hh... 40 to 120°F (5 to 50°C)
NICOMPUTER memory capacity............ 700 points std

bnsult factory for special applications
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Basic range and floor space drawings

AMATIC CINCINNAT} MILACRON, THE TOMORROW
L and HT? are rademarks of Cincnnaty Miacron,

CINGINNAT]
MILACRON

€ rennat Orup #5209

blication No. A-276
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ELBOW
EXTENSION

Maneuverability of the 6-axis jointed-arm
increases productivity of all stationary-basi
line tracking operations

Al flustrations and specifications contamnec
in this Iiterature are based on the latest
product information available at the time of
publication The right is reserved to make
changes at any time without notice in price:
materials, equipment, specifications, and
models, and to discontinue models In
addihons, all nominal dmensions are
subject to an allowable variation of

=0 25-n. (6 mm), unless otherwise
specified

WARNING. In order 1o clearly show detaills
of this machine, some covers, shields,
doors, and guards have either been
removed or shown in an “open” position -
Furthermore, operators are shown ONLY tc
indicate relative product size, they may be |
posttions which are NOT the normal or safe
operating positions Be sure that all
protective devices are properly installed
before operaling this equipment

Punted mtUS A
5M 1079 0Z
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SPECIFICATION: Mr Aros  HITACHI LTD

ARM MOTIONS, STROKES AND SPEEDS:

Right - left +900 70-700mm/min
Up - down 1300mm 70-700mm/min
Out -in 1100mm 70-700mm/min
Traverse 2000mm 70-700mm/min

WRIST MOTIONS, STROKES AND SPEEDS:

Revolution
Swing (right-left)
Bend (up-down) -50° -500 70-700 mm/min

CONTROL FUNCTION:

Motion control CP based on PTP teaching system
Memory systems Computer plus sensing system
Memory capacity 512 steps

POSITIONING ACCURACY: *1.0mm

CONDITIONS FOR INSTALLATION:
Dimensions (length x width x height) 1380 x 4690 x 3135mm

Weight 1500kg
Power requirements 2.5kVA
Temperature 0-500C

Source of driving power Electric/oil-hydraulic

Functioning
range

4680

3830 T

I
7
F13604

850

;t_ﬂ}-?',_'__}ﬁ

uy
o
)

1300

LIF==— T 7

Q
m

800 '_"‘870"‘1100"{

Unif. mm

A2.15

Functioning range
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SPECIFICATION: UNIMAN 4000 KUKA NACHI

ARM MOTIONS » STROKES AND SPEEDS:

Right ~ left 1200mm 250mm/sec
Up -down 760mm 250mm/sec
Out -in 760mm 250mm/sec
Traverse

WRIST MOTIONS, STROKES AND SPEEDS:

Revolution 2000 900/sec
Swing (right-left)  200° 90%/sec
Bend (up-down)

CONTROL FUNCTION:

Motion control PTP
Memory syslems Magnetlc disc
Memory capacity 3199 points

POSITIONING ACCURACY: +0.5mm

CONDITIONS FOR INSTALLATION:

Dimensions (length x width x height}) 1700 x 2800 x 1900mm

Weight 1350kg
Power requirements 5kVA
Temperature 450C
Source of driving power Hydraulic

1700 _ ~
| = :
_ — 430
H A i 3
. Z 780
e " P &
I |77 T ¥
760
1900 2
e AL__‘_
1 i 800
i A
‘-—-—-—
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SPECIFICATION: RS0 LANGUEPIN

ARM MOTIONS, STROKES AND SPEEDS:

Right - left 1200,1600, 2000 500mm/sec
Up ~-down . 800 500mm/sec
Qut - in 1200 500mm/sec
Traverse

WRIST MOTIONS, STROKES AND SPEEDS:
Revolution 4000 1509/sec
Swing (right-left)  210° 150%/sec
Bend (up-down) 400° 150%/sec

CONTROL FUNCTION:

Motion control
Memory systems
Memory capacity

CP based on PTP feaching
Ferrite core

POSITIONING ACCURACY: +0.5mm

CONDITIONS FOR INSTALLATION:
Dimensions (length x width x height)

Weight

Power requirements
Temperature

Source of driving power

[1800
|
WE=
= T = U
:?830l _ - I
_‘:J ;J:‘ =
i T 1200
S-EEﬂL '
e B || gt ] 1
:LIL_-‘—L__ |
r L]
1
2=
A2,

2830 x 1800 x 2820mm

T e

2000kg
12kVA
45°C
Electric
|
r
; z=
Riis L
12—;30
). 28
Y=-800-
! 1293 ~—

3736

20

17



SPECIFICATION: PW 751 SHIN MEIWA - - —--

ARM MOTIONS, STROKES AND SPEEDS:

Right ~ left 750mm 75mm/sec

Up - down 750mm in 16 increments
Out - in 750mm

Traverse

WRIST MOTIONS, STROKES AND SPEEDS:

Revolution 5600
Swing (right-left)
Bend (up-down) 4000 28%/sec

CONTROL FUNCTION:
. Motion control PTP interpolation

Memory systems  Core memory plus recorder
Memory capacity 470 steps

POSITIONING ACCURACY: +0.5mm
CONDITIONS FOR INSTALLATION

Dimensions (length x width x height) 3810 x 1790 x 2440mm

Weight 2000kg
Power requirements 1.0kW
Temperature 40°C

Source of driving power

Electric servo motors

A2.18

350
L
ot L e
2 & v+~ Max loading
- "“' 150kg (including Q
. (3301b) werht ofyig) ¥
1 750 | ?.3 o~
. o
}_ 2810 @ N
3060~3810 o !
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SPECIFICATION: TOSMAN TOKYO SHIBAURA ELECTRIC CO LTD

- — L —

ARM MOTIONS, STROKES AND SPEEDS:

Right - left 220° 90%/sec

Up -~ down 600 300/sec
Out - in 760mm 700mm/sec
Traverse

WRIST MOTIONS, STROKES AND SPEEDS:

Revolution 2200 900/sec
Swing (right-left)
Bend (up-down) 220° 909/sec

CONTROL FUNCTION:

Motion control PTP
Memory systems  Wire memory
Memory capacity 512 steps

POSITIONING ACCURACY: #1.0mm

CONDITIONS FOR INSTALLATION
Dimensions (length x width x height) 1020 x 1020 x 1410

Weight 600kg

Power requirements 200V )
Temperature 400¢C

Source of driving power Hydraulic

l—,';' 1500
~3 I -
m '-
. e
Q
Néc.: + g
P 2 =
2R
0 L— 1(.:;‘20—-
= ——1681 —4
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SPECIFICATION: TRALLFA TRALLFA e

ARM MOTIONS, STROKES AND SPEEDS:

Right - left 930 (3150mm)
Up -down 720 (2040mm)
Out -in 750 (975mm)
Traverse :

WRIST MOTIONS, STROKES AND SPEEDS:

Revolution
Swing (right-left) 2100
Bend (up-down) 2100

- CONTROL FUNCTION:

Motion control CP and PTP
Memory systems  Magnetic tape and Trallfa CRC
Memory capacity upto 2hr

POSITIONING ACCURACY: +2.0mm

CONDITIONS FOR INSTALLATION:

Dimensions (Iength x width x height) 1750 x 750 x 1600mm

Weight 450kg
Power requirements TkVA
Temperature 40 40°C
Source of driving power Hydraulic

2040

=
A 2

375

T375 I

A2.20
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SPECIFICATION: 2040 UNIMATE

ARM MOTIONS, STROKES AND SPEEDS:

Right - left 220° 110%/sec
Up - down 570 300/sec
Out -1in 1041mm 762mm/sec
Traverse

WRIST MOTIONS, STROKES AND SPEEDS:

Revolution 360° 1109/sec
Swing (right-left)
Bend (up-down) 2200 1109/sec

CONTROL FUNCTION:

Motion control CP by PTP teaching
Memory systems Wire memory plus magnetic tape storage
Memory capacity 512 steps

POSITIONING ACCURACY: +1.0mm

CONDITIONS FOR INSTALLATION:
Dimensions (length x width x height) 1260 x 1230 x 1435

Weight 1500kg
Power requirements 440V
Temperature 500C
Source of driving power Hydraulie

exlension




SPECIFICATION: UNIMATE APPRENTICE - UNIMATE =

o ARM MOTIONS, STROKES AND SPEEDS:

Right - left 890mm 500mm/sec

Up -down 909

Out -in 500 -
Traverse

WRIST MOTIONS, STROKES AND SPEEDS:

Revolution 180° . -
Swing (right-left) -
Bend (up-down) 1750 . N

CONTROL FUNCTION:

.o Motion control cp - '
Memory systems 1
Memory capacity .

POSITIONING ACCURACY: #+1.0mm

CONDITIONS FOR INSTALLATION:
Dimensions (length x width x height) 880 x 500 x 2300mm

Weight 34kg + controller at 80kg
Power requirements 1.0kVA .
Temperature .
Source of driving power Electric stepping motor

38mm 18 MTG holes

-_11375" "

275 0"-] l——

Wrist motion
175°¢
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SPECIFICATION: K15 VOLKSWAGEN

ARM MOTIONS, STROKES AND SPEEDS:

Right - left 3200 809%/sec
Up - down 65° 300/sec
Out -1In 1000 509/sec
Traverse

WRIST MOTIONS, STROKES AND SPEEDS:

Revolution 3500 120%/sec
Swing (right-left)
Bend (up-down) 270° 1209/ sec

CONTROIL FUNCTION:

Motion control CP by PTP teaching
Memory systems

—_— e T e

Memory capacity 100 points plus magnetic or punched tape storage

POSITIONING ACCURACY: +1.0mm

CONDITIONS FOR INSTALLATION:

Dimensions (Ilength x width x height) 1000 x 1000 x 1200mm

Weight 760kg
Power requirements 80KW
Temperature 50°C

Source of driving power

A2.23

DC servo motors




SPECIFICATION: MOTORMAN — LINCMAN YASKAWA
ARM MOTIONS, STROKES AND SPEEDS:

Right - left 240° 90%/sec

Up -down +400 800mm/sec
Out -in +209-400 1100mm/sec
Traverse

WRIST MOTIONS, STROKES AND SPEEDS:

Revolution 3600 1509/sec
Swing (right-left)
Bend (up-down) 1800 1009%/sec

CONTROL FUNCTION:

Motion control PTP
Memory systems Microcomputer plus magnetic tape storage
Memory capacity 250 (basie)

POSITIONING ACCURACY: +0.3mm

CONDITIONS FOR INSTALLATION: -
Dimensions (length x width x height) 700 x 650 x 1600

Weight 350kg -
Power requirements 200VAC
Temperature 459C
Source of driving power DC motor drives
—

1624
1375

A2.24



PAM ROBOT
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Technical specification

Jaximum loading on manipulator arm: — = - - _
Kg (11Ib),

laximum stroke/travel of X & Y axes: Z ;
10mm {24in). -

Jaximum stroke/travel of Z axis:
05mm (12in). (610mm is available as an  — - ——— | |
ternalive option) Y

‘nsiﬁonal accuracy {resolution) en all axes: 1 l

- 0 052mm (+ 0 00251n) (repeatability”
7 of resolution).

ored posttions:

aximum of 1000 stored positions are
ailable — only 200 are normally of prachical
5e, but this can be increased by adding -
rther memory capacity

psitional speed of mantpulator arm: -
inimum 0.3 metre/sec {1 0 fps).

int-1o-peint transfer time: B -
seconds maximum. 100° ) f'T M

ree-axis fransfer speed: ) 1

inimum 0.52 metre/sec {1.7 ips). [ Expanded work area using
aximum Z-axis downward force: optional extra rotary axis.
N (70 Ibf). J

i
pvironmental requirements: P
rm work-table mounting !

N
’
N

n
=

- - . [
e S e e - )
| VP
[

ectrical supply:
P0/240 VAC Single Phase input and o
tput signals 24V AC and DC (other : s o

uirements can be met). ' Work area using
k ) X . standard equipment.
r supply:

har (73 psi). Approx 56 itre/min 2
f13/mun),

oS =+ e I
mensions: M‘] |
pxis— 1168mm (3ft 10in) collapsed,
07mm (6ft 7mn) extended.
ax1S — 1041mm (3ft Sin) telescoped,
53mm (51t 9in) exiended.
Bxi5 — 978mm (31t 2Vz1n) collapsed,
83mm (41t 2Vz1n) extended.

2

o
L]

“REMCK

Remek Automation Limited
Barton Road, Water Ealon Industral Eslale, Blelchley, Milton Keynes MK2 3H
Telephone Milton Keynes (0908) 71828

A2.26




- The Uniimate 5
Apprentice” | .

|

| The Apprentice® is an arc welding robot that ensures top
| quality work and consistency even under hazardous or
|
|

monotonous conditions. The portability of the robot makes
it particularly useful when the workpiece to be welded can
not be moved.

YAW 360

WRIST MOTION 165

WDTH 1626mm
Performance
WELDING SPEED 1010200 mm WEAVING 2 to 20 mm peak to
per mnute AMPLITUDE peak %+ 1 mm max
NO OF WELDING ACCURACY deviation between
SPEEDS 4 taught welding path
NO OF PRESELECT and the repeated
WELDING CURRENTS 4 path in avtomatic
TRANSFER SPEED 500 mm welding mode !
per second ARM 34Kg .
- WEAVE CHANNELS 2 WEIGHT )
WEAVING O 1persec to CABINET 79Kg 1
FREQUENCY 1 persec WEIGHT {
Working Envelope Cable Length: 10mm
ARM STROKE 890 mm .
, GIMBAL, ROLL 90 degrees Power Requirement:
GIMBAL, PITCH 50 degrees 2407480V, + 10%-15%
YAW 180 degrees Single phase 50 Hz, 1 KVA
WRIST MOTION 175 degrees {other oplions available)

A2,27
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The Nordson Robot Provides Six Axis Movemen
| . for those “Hard-to-Reach” Areas

(Work Envelope dimensions can be increased
depending on spray gun used)

. — — YT — e —s—

Manipulator Amn/Swivel Base Assembly Manlpulator Arm Manipulator Arm
Verhical
gpe?endumlo? mohion—
07 B inches (2738 mm).
5 ] X 1078 in,
(2788 mm)
[ 3% In,~ 7} 5
e 1326 In (1000 mm}
(3358 mm) |
Horizontal ‘
clreumferential motion— Forword and reverse motion— |
132 & Inches (3368 mm) 39 37 inches {1000 mm) |
Manipulalor Wrist Manlpulator Wrist Manlpulator Wrist ‘
‘\
240° . 20
r 20
' S = Sl
\
Rotational mohon— Vertical ndicular) motion— Honzontal, crcumferential motion—
240 degrees. 240 c:leg%’eesr.pe ) 240 degrees.
Manlpulctor Arm o
Manual pivotal adjustment — The six axis movement, illustrated above, is an important feature of
15 d%;ee increments the Nordson Robot. It means that the manipulator arm has complete -
{Up 0 af 15 205 ond &0° flexibility in the most diversified applications, The Nordson Robot con
and 60°). e duplicate and maintain the movements of the most skilled painter. }
> i
|
R |
|
SPECIFICATIONS -
USA, Metric
Manipulator |
) e Dimensions ‘
. (Bose) cevverannnnnn. 38 6 in dia. 980 mm di
o Weight ee.nneeennanne.. 1300 590kg
Speed of -
. movenent .......... 82infec. 2mfsec.
Electronic
Controt
Height oeivniiinvnnnnns 765 1n 1943 mm
* Width . eiieorneieannns 22in. ' 559mm
Depth viveervccennnnn. 33in 838 mm
- ! R Weight...... ..... . 350 Ibs. 159 kg
Hydraulic
Power Pack

78in 1984 mm
28 in. 711 mm
43 1In 1092 mm
1380 Ibs. 625 kg
4860V, 60 Hz, 3 Phase
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FATA-BISIACH &CARRU
JOLLY 80 ROBOT

-

] electromechanicat
drives

magnetic
- resolvers

on board
revolving transformer

swiveling

cable running
boom

through head

ball-screw jack
for boom elevation

SO

e A
*?j‘t

welding gun
or gripping tool
L]

hollow {riaxial head

shifting column
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CHARACTERISTICS

Electromechanical drive on all axes, with
three 6-N.m and three 10-N.m. d.c. motors
Ball-screw drives on main axes

Alir braking of boom descent

Seml-absolute position sensing by magnetic
resolvers

Speed sensing by tachometers

Welding control with two or four programmes
Kinematically integrated head with three
degrees of freedom

Safety stop through shock sensor on the
gunholder

On board revolving transformer with 70 kVA
rating

Coaxial supply cable between transformer
and gun running through head; cross-section
300 mm?, length 800 mm.

Payload on the head 70 kg (100 kg at reduced
speed)

Overall weight 1000 kg
Repeat accuracy 0.3 mm

Ranges and speeds:

Axis Range Max. Spee
l 2000 mm T 0.5m/s

11 70° 25°/se
I 1100 mm 0.4 m/se
v 400° 60°/se
\'/ 400° 60°/se
\'Z. 400° 100°/se

Linar interpolation between points
Handheld keypad for field teaching
Programme with 512 steps extendible to 204
steps -

ONJOFF signals available for driving externa
devices

Alphanumeric keyboard and disp!ay.

VR e T
SR
L P24t
i -

T
i

=R
Gk e
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Robot

Controller

GHKN Linc-Man Model L10 Dimensions 6000 RG/10
Number of Axes 5 Size Height 1600mm
S | Base rotation 240° 90°/sec Width 650mm
L [ Loweram * 40° 800mm/sec Depth 700mm
w |U|Upperam + 20°-40° | 1100mm/sec Weight 350kg
< T | Wnst Tum 360° 150°/sec Ambient temperature 0-45C
B [ Wnst Bend 180° 100°/sec Power required 5kVA
A sixth external axis Is Enclosure Totally enclosed, dust-proof
available as an option, - T ooye dinals
Accuracy (wrist centre) +02mm Control Functions
X Teaching Method Direct by contro! box including step forward and step
Load capacity 10kg back function
. Path Conirol Method 1 PTP (point to point) with motor interpotation (Also
Weight 405kg linear interpolation — see betow )
Linear Interpolation, Weld gun or tool point traces true straight ine
. with § 2as movement.
Weldlng Set Posttion Sensor: Incremental rotary encoder.
KMiemory Details: Type—1C memory lor sequence control and
. . system programme
DYNA-AUTO CPM SERIES - Capactty — 4 programmes
Power Current Voltage Duty — 99 jobs
. —1000
Source (A) %) Cycle — 600 racaons
- o Inlerface Section — 16 nput channels,
cPM300M 300 15-32 50% “ bgch;me's. N
. — 4 analogue channeks for welder contl
CPM350M 350 15-36 S0% plus welder on/off control functions
S Selection 81eaching speeds Play back speed set by TRT
CPM500M 500 15-42 60% peed fundlot:nogt' by direct entyry of absolute torg-tynoot
. point speed .
Wire Feed Unit Type CM23t Edtting Taught data may be attered as follows.
Singl t add, , shift.
Wire Speed 1.5 - 15m/min bk el
" {c) Speed of operation.
Wire size (solid) 06-16mm Dhsplay Used fof taught dala review and on-hne diagnastes
. Current status 15 shown dunng playback.
Wiresize (fcw) 16-20mm Time Delay 0- 25 5 seconds I 0 1 second increments.
Weld Standard type is CWG300 granches and Controlinputs and lnternal-counters can he used
Gun (300A at 100% duty cycle, ubrodtines O anemalve 10bs, Parobs. subJautnes
400A at 60% duty cycle). Diagnoshe Funcions. | Ermor and alam codes indicale ncorrect data
- . nd results of self-diagnostic
Options Seam following, air-blast nozzle cleaner, ;moperaima results of self-diag
water coohng, fume extraction and weld-check Tape Recording’ Abuiti-m tape interface pemits ofi-hne data
systemns are available as optional extras. slorage -
Imenslons e e
SR L EL B po
e ot
SRRt et by
[:t _?;-"ﬂ‘-’{‘"ﬁ ,{‘;:e =, _&__.‘- f YT
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GKN LINCOLN ELECTRIC LIMITED

Black Fan Road, Welwyn Garden City, Herts. AL7 1QA, England
Telephone: Welwyn Garden 24581, Telex: 268412
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APPENDIX THREE

MOBILE ROBOTS

It i3 neither necessary nor desirable to create mobile robots in the
image of man. Mobile robots need not be so flexible overall but could
have senses that humans do not possess, such as infra-red vision, a
much greater depth of vision field and immunity to extremes of

temperatures.

In most industrial applications static robots serving manufacturing
machines of different types and being connected via conveyors would be
better than mobile robote with their attendant limitations. The most
important of these are the need for some type of self-adaptive
steering mechanism under control of image recognition units, sonar or
radar, and a reliable low-loss tractor mechanism, A mobile robot by
its very nature, must c¢ontain its own power source and must .
therefore be capable of checking its own "energy state" at intervals
and then guiding itself to some central location or 'plugging in' to
the nearest power source should its energy capacity fall helow some
pre-programmed level. For example before beginning a particular

task it must compute if it has enough motive power left in its
batteries to complete the task or whether it has to be recharged first.
However, are mobile robots really necessary? Given its limitations
there could be important roles for mobile robots in areas such as
plant security, firefighting, warehousing and the monitoring of

hazardous environments.

The domestic rcbot is many years away and although single task
machines could be available for some domestic duties within a few

years, their high cost would make them prohibitive.

The near disaster at the Three Mile Islarnd nuclear power plant in
early 1979 has pointed out the need for mobile robots which could
enter a radiation-contaminated area, observe the damage through
optical sensors, monitor the radiation level and have the manual
dexterity to manipulate control wvalves, or to he able to remove
wréckage which is posing a melt down threat. Nuclear radiation is

not the only hazardous environment where emergencies take place, All

too frequently we hear of nine disasters where deadly gases prevent
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rescuers from entering the area where survivors may be trapped. Fire
earthquakes and tornados also impose obstacles to human efforts towards

rescue.

The technology is now avallable to develop a disaster control robot
which would venture into high radiation areas, into intense fires or,
in times of natural disaster, could go into the area and not only
observe but overcome debris and the dangers of downed high voltage

wires to safely effect rescues,

An observing mobile robot(ls) (operated by a battery) could be
equipped with "eyes" in the form of a television camera, (supplemented
by a powerful lighting system), "ears" in the form of directional
microphones, and special senses tuned to atomic radiation levels and
the temperature of the robot's position. The robot would have an
on-board microcomputer to control its movement, eyes, ears and senses.
There nmust be a human element to analyze the visual, audio and sensor
data transmitted to the control area. Transmission could be achieved
with a fibre optic tether cahle which employs light instead of an
electric current to transmit video, audio and digital data so to
overcome the problems of radicaction and underwater operations. A
damage control robot (DCR) would have '"hands" which could, for example,
operate valves and could be operated pneumatically, hydraulically,

magnetic, gaseous or electrical.

Modern day rohots range from the tiny microcomputer-controlled

"Turtle" to the giant mechanical workhorses of industry.

The Turtle which is manufactured by Terrapin Inc is capable of
guided movement, forward or reverse, at a speed of approximately

20 feet per minute. Its range is limited by the length of umbilical

cord which connects the Turtle to the microcomputer.

This type of robot could also be utilised in the exploration of Space.
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APPENDIX FOUR

VISION SYSTEMS

MACHINE INTELLIGENCE CORPORATION
VS-100 MACHINE VISION SYSTEM
A commercial development of the SRI 'eye'
. Binary threshold picture at variable resolution
Acceptsg inputs from a2 variety of cameras

Operator interacts with light pen on text/graphic display

AUTOMATIX
: AUTOVISION I
New company with large financial backing
Similar to SRI eye
Not fully developed -
AUTOVISION II will be grey scale based
Programs written in PASCAL

Accepts different cameras

BROWN BOVERI and CIE
OMS (Optical Measurement System)
Systems sold working with ASEA, PUMA, VW, and KUKA robots
Hardware Orientated

Fast recognition (200ms)

IITB
SAM (Sensor System for Automation and Measurement)
Now being sold by BOSCH
Hardware orientated IR Strobe and Vidicon camera

Fast recognition (150ms)

AUTOPLACE
OPTOSENSE
Very simple grey level bit matching techniques but useful and easy
to apply
Cannot check for orientation

Not fully developed

Hardware overkill
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DATA GENERAL mNGOt 1501 CPU
ELECTRONIC ARRAYS 9002 B4ut CPU .
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INTEL 404 4bt CPUIPMOS | @ | @ ®|lej® L ale 41 4K
INTEL 4040 b CPUIPMOS | @ | & Slo|s|w|e ® 48 K
INTEL 30081 puirtrulpMOS (0 o l@® i |aloleole [ ) B/8 | 16%
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INTERSIL 6100 120t LPU [ CMOS | o - o{e Y o | AT 4K
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NATIONAL IMP4 40 CPU | PMOS a(as[0o]e [ * a4 4096
NATIQNAL INP4 B-bur CPU [PMOS ele [ siele 8 | 64K
NATIONAL IMPIG 161t CPUY [ PMOS ele L ] [ BEE IR ] 16/16 | 64K
NATIONAL PACE 160n cPUfPMOS | @ 1 efejo(ojalo(as]e 16116 | 64K
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NEC uCOMI §-bit CPU | NMOS L JL B AL 2R AR BN ) a|8 )0 8/8 | 4K
RCA COSMAC 4Lt CPU|CMOS | @ ® . o|® ® 8/8 | 84K
ROCKWELL PPS4 dgntPU|PMOS |0 (@0 |® (B | @ [ ] L L 478 8K
ROCKWELL PPS4/1 4t LPU
ROCKWELL PPSS sheCPUlPMOS j@ @[O0l @ [ @ ele eo|leie 2y | 15K
SIGNHETICS 2650 Bt CPU | NMOS | LAL) @ B8 | 37K
TEXAS INSTRUMENTS SBPO4D d-hit Shee | ITL LAK ] [ ] ® | 4NN+
TEXAS INSTRUMENTS TMS1000 &b CPY | PMOS LR L 4/8 2K
YEXAS INSTRUMENTS TMS9900 16-6:t CPU | NMOS elsjajoinie|® ele 16/16 | 32K
TOSHIDA_TLLS 12 1261 CPU | NMOS » sle slele 12021 4K
TRANSITRON 1601 4n Shes | TTL » olele 16/16 | 32K
WESTERN DIGITAL 1800 16-ba CPU| NMOS LA ® [ B EN ] 1616 | 64K
ZILOG 280 $hit CPU | NMOS eole® . ele|eo|e 38 | 64K

Copynght by Microcomputer Techruque, Inc. Microprogessor Scorecard is a i‘cglslered
trademark of Microcomputer Technigue, Inc.
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8300/1 1211 17 5 3 16202440 | 3075 | 4075 | Sacond Soume Moserels
24 | 1 4 (RAM) | 40_| 3076 | 4076
S00/0 18 1 54 1x10 10~18 15 28 Clock,Ram ROM or Chip
2000/0 T (RAM) #5412 ] 40 | 1075 | 2015 | Second Source Mosuk
133331 | o35 | 8 5 5 141824 _| 3075 | 10718
500012 24 ) s (RAM) | -3 45412 [ 4 {3075 | 3075
606171 165 2 10 {None} [ £ 2840 { 3074 | 3074 | Sscond Source Signatics
74072 108 1 1§ Ix12 |15 or =10,45) 14 16 | 207t | 40N Second Source Nationad
74012 we |1 2 12 (1500 =1045) [ 10 16,24 { 4074 | 4074
20072 125 | t 6 kL =345 | 10 18 | 40n | 072
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500/4 12 & x12 -12+5 | 18 2440 | 3074 | 404
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400/ 10 | 1 161 11
200012 2] 6 {RAM) | =5.45412 4 42 | son4 | 2075
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25612 4111 1] 2 {RAM) 17 3 42 | 4014 | 1015
120011 T Bx15 5 5 40 | vars | 2015
1000/t 1] >3 | 1 40 | a0n | 30715
500/1 12| 1 1 [ 15 1 2840 1 1075 | 2025 | Clock, AAM ROM on Chip
[RAM) 8| 1076 | 2076
1000/ | [ THAM) -5+5 | 8 | 16242642 | 2074 | 30m
41wl w {RAM) 40 | 2076 | 3076 | twevi<n
3300/4 &8 x ¥ {RAM} =545+12 12 4 ) dars | 3075 [x+yl=16
25001 165 1t 2113 tRAM) 5| 10 40 | 1076 | 2076 | $080A Compatidie
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APPENDIX SIX

STANDARD DAC & DAC AND SAMPLED DATA THEORY
(56)

The RTI-1241 is shipped from the factory with jumpers installed
as required to produce the configuration éhown in Table A6,1, The
only tailoring required to get the board fully operational is the
selection of a base address, which can be selected by installing

a wire jumper across the relevant pins.

The relationship between analog voltage and digital value is given
in table A6.2.

The RTI;1241 appears to the controlling microcomputer as a block of
eight continuous memory locations in the microcomputer's address

(57)

space, On the RTI-1241 hoard and 8 DAC's one of which is used for

the control of this robot, again this is memory mapped.

All control and data transfer operations are accomplished by writing
into, or reading from, one or another of the eight words for the
RTI-124]1 exactly as would be done with read/write memory. Each word
has a pre-assigned function as in Table A6.3. 1In the tabulation below
the functions of all the bits in each word of the memory map are

described.

L)

DAC 2 DATA(BASE + 0): Data written into this word is converted into an
analog signal output by one of the analog ocutput channels
(DAC 2). The 12-bit DAC data is right-justified in the
16-bit microcomputer word; the four most significant bits of
the computer are ignored, and can therefore have any value,
This is a write-only address.

DAC 1 DATA(BASE + 2): This word functions in exactly the same way as
DAC 2 DATA, but produces analog output on the DAC 1 output
channel.

SEIpP (BASE + 4): The -three active.bits in the SETUP word enable and
disable control functions which may be used during data
acquisition opertions,

EOC INT: l1-Enables End-of-Conversion Interrupts
0-Disables End-of-Conversion Interrupts

AUTO SCAN: 1-Causes Musc Address to be automatically
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Table A6.1 Shipped Configuration of the RTI-1241 Board

Function

Analog Inputs
Mux logic

Instrumentation Amplifier Inputs

Ground Sensing
IA Gain

ADC Input Range
ADC Output Coede

Analog Outputs
DAC Input Code
DAC Cutput Range

Reference

Interface

Base Address
Operating Mode
Interrupt Line
System Reset

Analog Common Digital Ground

Factory Wiring

Single Ended

Single Ended

On Board Analog Common
Iv/v

+10V Biploar

Two's Complement

Two's Complement
+10V Bipolar
Internal +10V

FFF@ (HEX)
Polled ADC Status
Name Selected

Both DAC's and Digital
Output Drivers

Connected




Table A6.2

Relation of Analog Voltage to Digital Value

Analog Voltage

9.995
7.500
5.000
T 2.500
1.250
0.625
0
-0.625
-1.250
-2.500
-5.000
-7.500
-10.000

Hex Data

O7FF
0600
0400
0200
0100
0080
0000
FF80
FFOO
FEOO
FCOO
FAQO
F800



Adédr.)

+2)

+4)

+56)

+8)

+A)

+0)

+E)

1.
2.

3.

4.
5.

6.

7.

MEMORY MAP Page 14
Data “ford Format
Data Bit
Word Address Word Name & Operation

Aty M3 Me o 1 2 3 4 s 6 7 % s 30 11 12 13 34 35
e e — ]

0 ¢ o § M D %y m D DDy By Dy By By D pyeppaTa WRITE

o 0 1 fde——sg H v, D, D, D, D, D, Dy Dy DB Dy D DAC 1 DATA WRITZ

] 1 n EOC AUTOEXT §f a— + § SETUP READ, WRITE
INT SCAN CC

/

a 1 11 k -— * 0 G G ] GAIN - READ, WRITE
> iy )

1 0 0 k - - g Ay R A A, Ay A, A A, | MUX ADDRESS READ, WRITE

1 0 1 D - - » g CONV. COM{. WRITE

1 1 0 Eac v/t § g ——— OPTIONAL - SEE ROTE l STATUS READ

1 1 1 s s s s % B, B, 3 B R B, By By B B, L ADC DATA  READ

The symbol @ indicates a bit that is ignored during a write and has an arbitriry value when real.
The three active bits in the setup word enable or disahle control functions or the RTI-1240/1241.
£OC INT: 1 - Enables end-of-conversion interrupts.

0 - Disables end-of conversion interrupts.

1 - Causes MUX address to i{ncrement automatically as each conversion is performed.
Incrementation takes place just after the sample-hold circuit holds the input
value for the current conversioen,

0 - Disables the Auto SCAN feature.

EXT CC: 1 - Enables external convert commands (from P2-18).

0 - Disables external convert commands.

Gain codes (units with software-programmable gain only):

00 ~ Gain = 1

01 - Gain = 2

10 - Gain = 4

11 - Gain = 8 R
Convert command will occur on any write to Base +A. The data written is ignoied.
Two bits in the status word are control fynctioms:
EOC: *'1 - Indicates end of conversion (Data Ready).

0 - Conversion not complete. When interrupts are used, EOC indicates the presence of an
interrupt. Reading the status word clears EQC (if set) and the associated interrupt, if
any.

U/R: 1 - Indicates an underrange conditien, that is:
a) the signal just converted is small enough to use a higher gain, and
b) a higher gain is availabdble.
0 - Indicates no further gain ranging can be done. (The U/R bit is present only on zmodels with

software-programmable gain.)

AUTO SCAN:

Option Status Word Formats {Jumper Option — See Chart)

kOC u/R © g O O G G A AG As AA A A A A Gain & MUX Setting
in Status Verd.

14
EOC U/R 0 0 Y B I, B, B 8, B, By By By, Byy L ggsdl?ata In Status

In the ADC Data Word, § indicates a sign fill bit equal to N for unipolar coding and MSE for 2's

complement coding.
Bus reset clears the contrel bits In the setup word and the FOZ bit in the Stetus VWord.

Table A6.3 Memory Map of RTI-1241 Board
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incremented as each conversion is performed in
channel-scanning applications
0-Disables automatic scanning
EXT CC: l1-Enables external convert commands
| 0-Disables external convert commands
MUX ADDRESS(BASE + 8): The eight least significant bits of this word
select the analog input channel during data acquisition
operations. The MUX ADDRESS word is read/write, so that
unrestricted use may be made of the full microcomputer
instruction set for selecting and modifying channel |
addresses, The read function is also useful, particularly i
during Auto Scan operation, for determining the current |
input channel
STATUS . (BASE + C): The STATUS word contains information about the
conversion currently in progress or just completed. The two
most significant bits have the following significance.
EOC: 1-Indicates End of Conversion (data ready)
O-Conversion not complete
When interrupts are used, EOC indicates the
presence of an interrupt, Reading the STATUS
word clears EOC (if set) and the associated inter-
rupt (if any).
U/R 1-Indicates an underrange condition, that is;
‘ i a) The signal just converted i1s small enough to
use a higher gain, and
b) A higher gain is available
The STATUS word is read-only. The EOC bit in this word is
cleared by a system reset.
ADC DATA (BASE + E): The results of A to D conversions are available
in this word., Data will be valid until a new conversion
is begun. The 12-bit ADC output is right-justified in the
16 bit microcomputer word. The four highest-order bits
(0-3) in the computer word are filled with zeros when
unipolar or offset binary coding is used, and have a value
equal to the MSB of the ADC data when two's complement
code is selected. This sign £111l is necessary for correct
operation of the microcomputer's arithmetic instruction.

The ACD DATA word is read-only.
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GAIN

CORV COMM

(BASE + 6): The two least significant bits of this word set
the gain of the instrumentation amplifier. The GAIN word is

N

read/write.

{BASE + A): This triggers the A to D converter. The data
sent by the write operation is not used, and therefore can
have any value. A MOV instruction could be used, but SETO'
or CLR is preferable, since these instructions take

considerably less time than a MOV, The CONV COMM word is

write-only.
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Analogue signal input-output

Analogue signals are continuously variable in amplitude. This
contrasts with the digital representation of quantities inside a
computer where a finite number of bits to a word means that only
discrete values of amplitude can be represented. Hence, 1if
analogue signals are to be passed to or from a digital computer,

some kind of signal converter is required, as shown conceptually in

figure AG.1 (55) .
Analogue to Computer Digital to
Analogue digital Digital Digital Analogue Analogue
— = ——
input converter input output converter output
voltage ADC word word DAC voltage

Figure A6.,1
The terms data acquisition or data conversion are applied to the
process on the analogue input side and data distribution on the
output side. Digital processing of analogue signals by a computer
offers several advantages including accuracy, flexibility, repeatabil
and the ahility to perform complex operations., One consequence of
using a computer is that data can be input at discrete points in time
Hence only sampled values of an anlogue signal can be taken, ag shown

in figure A6.2, and not the true signal itself, An obvious

amplitude Figure A6.2

Analogue signal

-

ity

sample interval sample Time —%

amplitude

Fi .
Figure 46.3 -Sampled signal

i

-
— -~ o= -
bt e -
T
-....-..-I |

<
sampling interval

A6.7




requirement is that the signal should not change significantly between
samples otherwise information is lost, and a high enocugh sample rate
must be used. The upper limit of sampling rate is of the order of
105 samples per second. However, it should be kept in mind that the
higher the sampling rate, the less time there is available between
samples for the computer to do useful processing of the data. The
computer likewise, can only output data at discrete points in time
which will be of the same form as in figure A6.3. The horizontal
portions of this waveform occur while the next update of output
amplitude is awaited. In many cases the 'staircase' effect is not
noticeable because the analogue signal is slowly varying. A second
consequence of the computer is that the data is represented by words
having a finite number of bits., For example, a three-bit data word
can assume any of 23 (that is 8) different codes: 000, 001, 010 ....
110, 111. Each code is made to correspond to a fixed level of
analogue signal and consequently the signal may not be resolved into
a sufficient number of discrete elements ot maintain the required

accuracy.

Aéart from the sampling circuit in the analogue to digital converter,
it requires a temporary storage or 'holding' device to maintain the
value of the sampled input until the conversion process is complete.
Anélogue to digital converters use comparators to compare the input
signal to the required digital output. The comparison takes a
finite time, so the input voltage has to be maintained otherwise
erroneous digital output can result. To do this, holding circuitry
is required which is often achieved by using capacitors, however,
leakage from these capacitors can cause problems by producing a

slight droop in the voltage.

The conversion process involves the quantitising of the sampled input.
The continucus input sigpal is converted into a set of discrete levels
and any sample with a value between the discrete levels possible is
converted to the level nearest to the actual value. This process is

known as amplitude quantitisation and is illustrated in figure A6.4,

The difference between the analogue signal and the digital
representation is dependent on the quatitising step as well as the

sampling rate.
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Figure A6.4 Amplitude Quantisation

control

level | = 44§E%P13/§01d
| ‘/414 VYin L Vout

-4

Qg

time

A twelve bit analogue to digital converter, which gives a small

quantitising step compared to an eight bit ADC, will give a closer

representation of the analogue signal. The performance of an

actual S/H differs from the ideal shown in figure A6.6, However, these

differences
Corred Sample Mo 5-’_-_-_#' ";: Sample +
Teme | Figure A6.5
r-_'.(bvmdm ‘1 =
. N Vin . Ideal S/H

! ToADC 3 ] i
w| & fen ~
N % Vo:n .

- -

Tome

contribut;‘to the overall accuracy of the system and can be significant.

The most important effectz are shown in figure A6.G-and are listed
below.

Comrol Sampde Hold !
Fierw
Figure A6.6
&wud;: Actual S/H
Vin et
IR
k-1
]
_.i I.. Terwe .

Aruvetion kme

1) Acquistion time (typically 1-10 s). This 1s the time taken from
the start of the SAMPLE condition for the ocutput voltage to
equal the input voltage to within a specified band of error. A

large component of acquisition time is due to the charging time
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of the capacitor. A low capacitor value should therefore be used,

ii) Aperture time (typically 0.01-0.2 s): This is the time between
the HOLD instruction being given and the actual time the
switch is opened.

1ii) Aperture uncertainty or jitter (typically 2% té 10% of
aperture time)

iv) Droop (typically 0.1-100mV/s). Ideally the output voltage of
the S/H in the HOLD condition should stay constant., However,
in practice Vout drifts from this value with time. This is
called droop and is caused by discharge of the S/H capacitor
due to (a) leakage current of the open switch, (b) self-
discharge of the capacitor through its own dielectric. Droop is
specified.as the maximum rate of change of output voltage and is
undesirable since the reason for using the S/H is to obtain a
constant sample amplitude. Droop can be reduced by using a
large capacitor value. However, this conflicts with the
requirements to minimize acquisition time and so an adequate
compromise must be obtained,

v) Feedthrough and charge transfer. Feedthrough occurs during the
HOLD condition when a change in input voltage causes a small
unwanted change in output veoltage even though the S/H switch is
open, Charge transfer can take place when the switch is
opened and a small charge is dumped in the storage capacitor -

- which results in an offset in the output hold voltage., Both
these effects contribute small errors and are only significant

in high-accuracy analogue-input channels.

Consider the problem of inputting 64 analogue channels to a computer
using the circuit which has been described. A separate chain

ADC and S/H would be required for each chamnnel, consequently the
solution would be expensive. A multiplexer (MUX) allows a single

S/H and ADC to be 'time-shared' over several analogue channels. The

operation of the MUX can be understood from the system shown in

figure A6.7.




MUX

S/H

channel
select

Figure .A6.7

control
signals.

ADC |——>

——

Operation of a Multiplexer

A6.11



The complete analogue to digital conversion process is 1llustrated by

a flow chart in figure A6.8

MULTIPLEXER UNIT
CHANNEL SELECT
SAMPLE ANALOG
SIGNAL

FOLD ANALOG
IGNAL

CONVERT ANALO

TO DIGITAL

N
1 STORE DIGITAL
SIGNAL
) Figure A6.8 Analog to Digital Conversion Process

A6,12



ThY) IXMIRA 2.8.6 78, 249 HE: s 55 w1/701708 FALL wiil

[RI9]85 IDT “TnYY’

E1CT e T NI RUKG

ETER *

B FYONE AXIS ONC FOSITION

Beuy ¥

UhbE BBBY SHALE LSS 32

Y4 Ei FE ADCDAT EUWU  CFFE MEM, FOR DIGITAL INPUT

hoeB EFFC STATUS COY  ICFFD

apuy | EFrg DACZ EQU NFI DB MEM, FOR DIGITAL OUTFUT

1y EFF4 GAIN  ERU DLTFé

8311 EFr8  MUXADR EWU  MCFFB MEM, FOR SELECT CHANNEL. OIH apC

a1z LEFA CONV  EQU  JEFFA MEM, 10 START CONV

BuL3 E

6114 Bul28 WIEW LWFI SPACE
un?2 BeoEY

GH1S UU24 B4EW CLK EMUXADR CHANNEL 8 ON ADC
buls CEFA

VUléH BU"8 BARD CLR  BLGAIN GAIN = 1
BB2A EFF6

3113 ¥4 L

(w18 BE2IC 4284 LI R4, ¥180 MaX +VE VAL,.FOL OUTFUT OF DAC
BY2E wlBu

V1Y WE36 VI2eS LI RS, YFEQB MAX =VE ValL FOR OUTFUTr ON DAC
B3 FCuy

Vi2e Bu34 8xel LI hi, Y3FF COMMANDED POSITION (CHD)
6036 UIFF

terl $STAKT MOVING LODECT

BU22 PR30 B7.20  ShAM SETMY PCONY START CONVERSION
#a3a EFFA

BU23 BOSC BL6H  CHE INV  BSTATUS CHECK TO SEE IF DATA RCADY
UB3F EFFC

BU2a BEUaY 11FD JLY CHK

PA2S5 vP4I CuAU HOV  @ADLDAT, R2 ACTUAL FOS
vuaq FHi L&

BH24 BBAS 4SBT s h1,R2 ERROR ACT-CMD

wB27 GBaR Azys Ci K2, >180 SEE IF ALOVE MAX +VE VEL
nBaa 4166

BE28 LB4C 1163 JLT LABY

puly Avar Ceeq MOV K4, BDAC2 DAC 2 ODUTFUT MAX +VE VEL
BULH EFFG

8B38 Bus? 19F2 IMP  HAM GO AND START cnnv.AGAfN

B3l Uuha 6233 LAL] LI R3, )FEDA SEE IF ABOVE MAX =VE VEL
vlss FLog s e

vH32 HuS8 1503 JGT LAE2 -

Yu33 push CHES MOV RS, BDACZ2 DAC 2 DUTFUT MAX -VE VEL
QUSC EFFV

wel3q PuUSE 18EC IHf* GAM GO AND START CONV. AGAIN

VA3Y 0060 COU3 LAED MOV K3, COACY DAC 2 OUTFUT ACTUAL VALUE
BAa? EFFO

VR34 bBSsY 1BLY Jiib SAM GO AND START CUNV. AGAIN

047 ZRD




ThYl TXMIKA 2.3.8 78.214 0066 LS Nl/sklse6 FOGE D '

ADCRAT  CIFE * CHK UBsC T CONY EFFA pACS LFro
HALN EFF6 4 LALt BES4 4 LABZ o168 MUXADR  EHF8
RO BLOG K1 0Bl R10 eoeA R11 8368
(3% Aeec K13 BuBD R14 oovE k15 anaF
R2 poyz R3 vpHu3 R4 4115 RS BBLS
s aues R7 6U7 K8 nOBY RY BoL?
+ SAM TRt + SPACE  QBOY STATUS EFFC
#uud ERKORS )
TAXRLF T o2,3.4 70,244 Gv 67, 14 B1/01/08  PAGE BuBl i
ADCDAT 0087 082S
Clii Haz3 ey2q
CUNV wH1D wua2
DACD vBe? GE29  Be33  we3D
GAIN IR 0816
LAK1 ves1 wera
LARD PE3S pu3D
MUXADR @11 BULS
R1 BB DU2s
K2 9YZS 8B24 LBR7
K3 BU3l YB35
KA QU1  B29
RS pe19 0833
SAM nde2 ®el 6b34 DBIS
SHACE  bubs 0814
STATUS B80ug 8az23 .
THt KE ARE BB1&6 SYMEOLS




TRYZ2

BuB1
wne2
BoE3
CTHLES
Bl
IETCES
[LISTE g
vhpa
abu?
vB1a
Ba11
Ba12
ne13
na14
0u15
vB1s

wei1z

0d18
1y

aely

vac3
Ba2q
VU235
pars

o7

21 goty:]

Hale

U431

0a32

vHu33
Bu34

an3s
BU3s

ualz
Ho3e

Bu3y
B -

bhal

Faog
Foue

Fe828
F822
FBag
FB24

Fay
F824a
F&2C
FR2E

a3y
roz2
rgsq
F834
Fa3g
roz

Furac
F8.4L
FBan
F842
Feaq

Feas
FB848
Faaa
Fa4ac
Fe4E
Fase
F852
Fasa
Fa56
Foou
FOoA
FRLE
FasE
FHft
Fea2
rasq
Faés

TXMIRA

EFFE
EFFC
CFF2
EFF@e
EFF&
EFFB
EFFA

64EQ
EFFé&
V4EB
EFF8

82o4q
g1ae
b2e5

FEG®

2FAB
Fue2
2E41
rFa34
FO7h
arg1
U7FF
1%ar
6281
apBos
112C

B720
EFFA
8566
EFFC
10FD
CoAb
EFFE
&401
u2g2
Hyue
1iE£A
$ra2
uieo
1143
R
Crre
18EF

IDT *TRYZ2/
L

2,3, 78 244 by:a2-u)

ul/u1/08

A AROGRAM TO INIUT MORE THAN ONE FOS
¥FOS ASKED FOR WHEN &EACHED PREVIOUS

*

AORG FBoe
SPACE LSS 32
ADCDAT EWU FFFE
STATUS EQU JEFFEC
DACY EQU JEFF2
DAC2 EQL JEFFB
GAIN L.GU EFF&
MUXADR ERU EFF8
ConV EQU )EFFA

X
CLR @GAIN
CLR EMUXADR
4
LI R4, »18@8
LI RS, JFEBH
¥
NEXT ¥XOF @MESSE, 149
NULL YOF R1,9%
DATHA NULL
DATA ERKOR
CI R1, }7FF
JGT £RR
CI K1, 8
JLT ERR
X

SAM SETO @CONY
CHK INY  @STATUS

JMP CHK
MOV PARCDAT, R2

5 K1, R2
CI K2, 0
JER HCXT

c1 n2, *146

JLT LAL1
MOV L4, PDAC?
JMF  SAl

GAXN=1

CHANNEL 8 ON ADC

HAX +VE VAL, FOR OUT, UN DAC

MAX —VE VAL, FOR OUY, ON DAC

INFUT FOSITION

READ REQ'D FDS5 INTO R1

SEE IF VALUE WITHIN LIMINS

START CONVERSIUN

CHECK TO SEE IF IH fOS5

GET ACTUAL FPODS

ERROR, ACT-CMD, ANS IN R2
CHECKF TO SCLC IF IN POS,

IF IN FOS.ASK FOR NEXT POS,
COMFARE WITH MaX VALUE

OUTFUT +1.8Y

GO AND STAKT CONY, AGAIN

A7.3

FAGE vRBA]



TRY2

uaaz

©0u4a3
#p4q4

0843
Bugé

wa4q7
voeqg

na49
aasy
oSt

652
vaL3
uoL4q

FB40
Fosh
FB6C
FHAE
Foze
Fe72
F874
FB76
Faza
F87h
Fa7e
F87C
F&70
FB7E
Fu7F
FaBO
Fo81
Fen2
FB83
FAB4
FOgs
FOBG
FHB7
FHE1
Fasy
F88A
Fagae
Fang
FO8D
FBOL
FasF
FB90
Fe91
Fava
FBv4
FU?S
FBY6
Fae7
ruva
FEve
FB9A
Fave
Fuec
FHYE
Fono
FdAl
Faaz
rass
FuAqd
F8as
Fiinb
Fua7
FOnaE
FRAD

TrMIRA

A283
FEBO
1563
ceus
LFF@
14E?
coe3
EFF@
1uEs

a9

© .
o
Dt s M E® SN Db
Lo M DR UMD

.

LALL

LAE2

ERROR

MESS1

ERK

CI

JLT
MOy

IMp
MoV

TP

2

I.8 784.241 0v.B2:01

R3, YFEUB

LAE2
R3, CDACZ

SAM
R3, PDACZ

ShM

a1/01/vp FAGE OOGL

LOMFARE WITH MAX -V VALUE

DUTFUT -1,8Y

GO AND START CONV AGAIN
OUTFUT ACTUAL VALUE

START CONVERSION AGATH

TEXT “YOU HAVE MADE A MISTAKLC’

EYTE ©
DATA >BDBA

TEXT ¢ NEXT FOS’

EYTE ®
DATA BDBA
TEXT “RCPEAT FOSITIONY

A7.4



Thy2

FBna

FaAL

Fanc

F8aD

FHAE
euss Fera
BaALS

Thy2

ADCDAT
DAGY
LARL
NEXT
R10
K14 °
it

rs ..
STATUS

TXMIRA

q9
54
49
4F
4E

160F

< TXMIRA

£EFFE
FFFB
Fa4ag
Fg3e
“uon
Baar
Ba1g
4288,
CFFC

6808 ERROKS

2,8 8 /70.244 pe:82:01 'W1/81/80 FAGE ©ub3
JHP  NEXT
END
2.3.8 78,214 60:82:01 B1/01/68 FALE GvB4d
CHK F84A COny EFFA DACL EFF2
ERR fH2E ElKOR FB7A GAIN EFFé&
LAED Fa74 MESS1 FBy2 MUXADR EFFSB
NULL Ft34 %] BoLB R1 6001
K11l BUeB K12 fanc R13 280D
R15 RUBF F2 41412 ped R3 vE3
RS Qauus Ré Heas R7 peu7
R? beuy SAM Faas SFACE FBB8

A7.5



TYXWLF 2,3.8 78,244  ©8.U2:125  ©1/81/00  FAGE vuil

ADCDAT GBS P034

CHK Biss2 wo33 )
CONV  bB14 BB31

DACY PU1G

pACZ  @e11 8040 BO4S B4

ERR BUS3 we27  POZ9

ERROR  HO4E 8025

GAIN 612 ve16

LAEL veaz pAZY

LAL2  BU4s 0843

MESSG1 fese Be22 ’

MUXADR BO13 PB17

NCXT  wu2z ©0z7  BBSS

NULL 823 we24 i
r1 ¥U23 P26 ©DE28  PUIS )
R2 8834 UO3S 0346 0038

K3 6ra2  ©Bas

R4 ¥e19 veae

RS Pu2e 0044

SAM Bu3t @541 BB4AS BLA7

SPACE @807

STATUS  ©Ou9 pa32

THFRE ARE 8022 SLYMEOLS

A7.6




TRYS TXMTKA 2.3.8 78,204 UB P&:59 B1/681/00 FAGL BhHL
35165 IDT *TRY3’
w2 x
sup3 ¥PROGRAM T INFUT MORE THAN ONE FOS
BpBg ¥PUS ASKED FOR WHEN REACHCD FREVIOUS
BunAS X
B8ORS FOOn ADRG )YFBBO
BOO7 FHou SPACE EBSS 32
saey . LFFE ADCDAT EQU EFFE
0veae EFFC STATUS ERU JYEFFC
ep1e EFF2 DACl ERGU »EFF2
0u11 EFF8 DAC2 EGU JEFF@
ea12 CFF&6 GAIN ERU YEFFS
BO13 EFFO MUXADR EQU >EFFS8
L] EFFA CONV EQU JEFFA i
ua1s 4 ’
0016 FB28 vaca CLR @GAIN GAIN=1
FO22 EFFs
6017 FB82q9 04D CLR EBMUXADR CHANNEL @ DN ADC
FBl2s EFFB
en18 ¥ .
Ha1% FO28 p204 LI R4, 2108 MAX +VE VALUE TO LE UUTHUT ON
' F82A 0188
©U28 FOE2C BRES LI RS, )Feed MAX -VE VALUE TO BE OUTFUT ON
FB2E FEBO
8821 ¥
BE22 FB3IB 2FAB NEXT  XOF BMESS1, 14 INFUT FOSITION
FB32 FBY2
6023 F834 2E41 NULL  XOP R1,9 RCAD REQ’D PDS INTO R1
BB24 FO35 FO34 DATA NULL
6a2s F838‘F87ﬂ DATA ERRDK
U246 FO34 B261 €I 1, )7FF CHECK TO SEE IF VALUE WITHIN L
F83C B7FF
@u27 FB3E 152F JGT ERK
¥928 FBAB B28)1 CI K1, W
FO42 0ovY
0B29 F844 112C JLT ERR
VU0 X
BB31 F84s @720 SAM SETD BCONY START CONVERSION
FB48 EFFA
BE32 FBAA 6540 CHK INV  BSTATUS CHECK TO SEE IF IN FOSITION
FoaCl EFFC
BU33 FOAE 16FD JMP CHK "
He34 FOSO Coend MOV  RADCDATY, RZ GET ACTUAL FOS
FiuL2 EFFE
BBP35 F854 40Ol g h1, R2 ERRCH, ACT-CMD, ANS IN R2
8834 FUSée v2gp2 CI R2, 8 CHECK TO SCE IF IN POSITION
FE58 wBB
@037 FB9SA 13EA4 JCHE NOXT IF IN POSITIDN , ASK FOR NCAXT P
®B03I8 FOSC 0202 CI R2, >180 COmMFALRE W1TH MAX VALUE
F8slC elun
vb3? FOLY 1183 JLT LAl -
vu4Y ras2 caoa MOV R4, DAC2 OUTFUT +1.8V
F64 EMFu

Hey1 FR&4&E 16LF JIMF Shn GO AND START CONVLRSIUN AGAIM
2



ThY3

ay42

Hyaq3
Bug4

puas
8844

paqz7
$a4q8

Haq9

(91 s
8053
HysEg

r84s
FOsA
FB4C
FaoE
Fu7o
Fazz
Fe74
Fazs
Fuze
F874
FB7E
Fa7C
F87D
FO7E
FRZF
FB8o
Fos1
Fog2
Fao3
FEE4
FUB5
Fags
rasyz
FB88
FuBy
Faga
FELE
Foac
F8D
FBBE
FBOF
FEvA
F891
FBe2
F8%4
F895
Favé
FH97
FBY8
Fos9
Fo7a
FEYE
Fave
FB9E
FEAu
FoAt
FBAZ
F8A3
FUAA4
FUAS
Faaé
Fonz
¥ A
Faay

TXMIRA

u2a3
FLo9
15683
Cous
Lrre
1BE?
cep3
Ei'Fe
1UES

8DuA

“a
aDeA

a2

LaB1

LAL2

ERROR

MESE1

ERR

CI

JGT
MOV

JHMP
Moy

JIMF

2,3.4 78B.2949 8- ps 59 g1/a1/08

R3, XFEBO '

LA
R3S, PDAC2

SAM
R3, PDAED

SaM

FAGE ©bBB.2

COMPARE WITH MAX -VE VAaLUL

v

OUTPUT -1.8V

GO AND START CONVERSION AGAIN
OUTFUT ACTUAL VALUE

GO AND START CONVERSION AGAIN

TEXT *YOU HAVE MADE A MISTAKE’

BYTE
DATA
TEXT

EYTE
DATH
TEXT

a
8DBA
“NEXT POS’

4]
¥apvA
‘IWEFEAT FOSITION'



ThY3

-Fosh
oAk
FEAC
ruabd
FBAE
88un Fnea

TRY3

ADCDAT
DAC2
LAE1
NCXT
K1@
Ki4

Ra

2¢4]
LTATUS

B ERRORS

TXHI KA

a9
sS4
49
aF
4E
16EF

TXMIRA

EFFE
EFf B8
FBss
Fa3a
voda
vuBE
eepq
Hegs
EFFC

2.3 8 78,299 BU:10s:1 59

2.3,.8 78.244 08.046.59

JHP  NEXT

END
CHK Fg4a
ERR FBYE
LAER Fa74
NULL Fa349
R11 poBE
R15 BUBF
R Bads
R% 21515 4

CONY
ERROR
MESS1

EFFA
F874
FR92
vBLD
51150

B 12)e3
[s]5 T 1
FB4s

A7.9

Bl/81/u8

v1/61/68

DACL
GAIN
MUXADR
R1
R13

K3

R7
SPACE

PALE ©hud3

FAGE ©O8b4

EFF2
EFFé&
EFF8
515150
OBy
HuE3
6607
Faon




TXYREF

ADCDAT
CHK
Cony
DACY
RACD
CRK
ERROR

GAIN .,

Lag1
LAE2
KESS1
MUX#DR
NEXT
NULL
KL’
R2

R3

R

RS

SAM
SFACE
STATUS

pERs
BUs2
eu14
aula
EI23 81
BUS3
B8uq8
BB12
g2
ep4é
eeus
BB13
w22
23

@a3l
8067
awee

2.3, 8 74,244

Hazq
7[5
be3l

%1521 ]
hezs7
buv2s
ou1é
pp3?
6a43
8822
vol17
BbU37
8024
Bu23
20839
0842
6319
paza
B4l

Ba32

THERF ARE W32 SYMEOLS

peas
Be2Y

a@: 87. 23

BUgé

028 ©als
pa3s 083n

pa47

81/81 /80

FAGE wial




UFRTHFLE

VERSATRAN CONTFOL T ROGRAM

nrAy
falelohs
nAA4q
ROPS
glolol]
noanz
an0s
neue
vel1e
2911
AR12
6013
pR14
2815
8914
eatrz
nA18
ap1?
nazg
8ez21
np22
8A23
AR24g
AR2S FB20
Fa22
na2s
@BA27 £824
F824
0oa2g Fal2e
F8z2A
aex9
AR3IA kB2C
‘Fa2E
fO31 FB3ID
Fa32
aR32 F834
FRZS
AN33
D834 FR3IB
BA3S FR3A
2936 FA3C
F83E
8a37 rg4a@
F842
33
VP3P fB844
FR44
A48 FRag
B@11 raada
FeAac
32 Feae
Weq3 FOoB
FBs2
NnA44 FRS4

FBea

Faea

TXMIRA

EFF&

EFFE
EFFC
EFF2
EFFB
DEFE
EFF8
FEFFaA

FEGB

ara1
FL &8

B2G7
o1
B26ER
pRBa2

aren
FEBD
n2az
a180
ezas
anpp

cer1
cac2
@zraz
Feoe
8243
OFFF

p2a2
1600
134D
eap2
2nea
1351
nop2
10004
1355

x

2.3.19

10T

s VCRTHRLE’

78,249 BR:90: 43

at/n1/60 FAGE ABH1

*FFOGFAM TO READ COMMANDS LOADED INTOD
*MEMORY IN THE FORM OF OF CODES

¥ FOGRAMS EEGIN AT )FEPB & END AT JICFE
¥I"ROGRAM INSTRUCTIONS INCLUDE CODES FOR
WMOVE, STOP, CONTINUE, JUMP OR DELAY

%

¥

GAIN

*

SF ACE
ADCDAT
STATUS
bac1
DACS
DAC3
HUXADR
coNv

x
MEMEQU
X
EEGIN

START

ADRG >F80a8

EQU JEFFé

BSSs 32

EQY  JEFFE
EQU EFFC
EQU  JEFF2
EQU  EFFB
EQU >DEFE

ERU 2EFF8
ERU EFFA
ERL )FEBB

LI R1i, MEMEQU
LI R?,1

LI R11, 32
LI R8, })FEee
LI R7, Y109
LI R6, X0008
MOV  %Ri+, R2
MOV R2,R3
ANDI R2, )FoGa
ANDI R3ZX, FFF
CI R2, 31800
JER MOVEUT

CI R2, 2066

JER MOVEHZ
CI R2, 23088

JEQ  MOVrsw

AT7.11

START OF USER MEMORY

LOAD FIRST INSTRUCTION

NOS. TO SELECT ADC CHANNEL

CONSTANTS FOR OQUTFUT ON DAC

READ INSTRUCTIONM
SAVE
SEFARATE OF CODE

SEF ARATE INSTRLUCTION

IS IT MOVE VERTICAL®

15

IT MOVE HNRIZONTAL?

15 1T MOVE IN SWING?



VIERTHREL

BB45S

fAd4é
wyqz

be4b

eBay

Bysn

oBé1
8042

neas3

B0&q
BuaS

Bass

0a&7
endLn

sy
51 "]
aez
8u72
8873
vB74

Bo75

4] X g
eer7z

woze
©vaze

FBS4
Fasy
FoLA
Fasc
FOLE
Faeoe
FBé62
FB&q
resé
FuéeB
Fasa
Fasc
FB4E
Feze
Farzz
FB74
F87é
Fa7e
FB7A
FB7cC
F87E
Foaa
Feg2
FBa4
FB8é
Faan
FBBA
3-1:1
FEBE
r89a@
FBY2
Fovq

Fees-

FBen
F8%a
FB7C
FBYE
FBaB
fF8a2
FBA4

FBAS
FBAH
F8AA
Feac
FHAE
FBED
Fer2
F8Eq
FBGé4

TYXRIKA

8282
4608
1482
BA&D
F9AA
arel
SeoY
1482
L E-3:)
Fyaz
B282
&DBB
1682
B4se
Foa0
0282
7808
14082
84649
F946
8282
=13 5]<]
1482
8940
F92A
8282
080
1682
8460
Fyae~
vz282
ADPO
1682
8440
FeSh
w282
ERBO
14Ce
944648
F964

6728
EFFA
B580
EFFC
11FD
ci2e
EFFE
6183
C149

VELSATRAN CONTROL FROGLAM

CI

INE
E

NDELAY C1

JNE
E

NJUMFP (1

JNE
E

NWH CI

JNE

NUV CI

¢  JRE

NSTOP CI

JNE
B

NCON CI

JINE

NOFEN CI

INE

L I .

2,3.p 7B 2449 LH.bB,43

R2, 460D

NDCLAY
EDELAY
R2, »5ubd

HIUMP
EJUMF

R2, Y6pus

NUH
CURISTH

k2, Y7800

NV
BURISTV

R2, )BEBB

NSTOF
eSTOP

R2, y7800

NCON
CCONTIN

R2, }ABEB

NOPEN
LOPEN

R2, Yeoan

START
ECLOSE

CDNVRT SETO eCOnNV

CHK INY

JLT
MOV

MoV

LSTATUS

CHK
PADCDAT, R4

R3, R4
R4, RS

15 IT

15 17T

1S 17

15 IT

IS5 IT

1S IT

IS 1T

15 17

snes s CONVERT KOUTINE. .. eas . ¥

START

SEE IF DATA READY

21/41/00

A DCLAY?

A JUMP?

I ALE by

TURN WRIST HOR?

TURN WRIST VER?

A STOP?

CONTINUE?

.1

GRIF OPEN?

GRIP CLOSE?

CONVERSION

ACTUAL FOSITION IN R4

ERKOR,

ACT-CHMD

SAVE ERROR

A7.12



VLRTHREE

PoBo
upel

ppa2
ape3

eeBq
Bvess

epBs
f087

egss
aesy

2070
eyl

oae2
8u93

veyq
Bays
6Bvé
0ayr

ueese
e8yy

o108
g1p1
a1e2

B183
e1eq

p1es
2194
o187
Alan
8189

eila
111

8112
2113
8114
8115
8114

V)
F8EB

FBEA
FBKC
FOEE
foce
Fac2
F8C4
Fecs
Fecyg
FBCA
Fecc
FecE
FBDD
Fap2
FBD4
FaDs
Faps
FODA
Fapg
FBDE
FBE®
F8E2

FBE4
FBES
FeeE8
FBEA
FBEC
FBEE
FBFa

FBF2
FBF4Q
FBFé
FBFB
FeFA
F8FC
FBFE

Fyea
Fy@2
Fep4
F90é
Fees
F?eA
Feuc

F9BE
FY10

TXMIRA

8745
az28s
pa2e
11€F
ex8q
Blee
1183
CAB?
EFFB
18ED
22849
FEB@
1563
CABB
EFFe
10E7
Ca84
EFF8
10E4
CACGS
EFFB
1BAA

B4ER
EFFé&
©qED
EFF8
a28A
gape
18DA

84Ed
EFFé&
csee
EFFB
820A
eas2
18D3

B4EB
EFFé
capb
EFFB
B2eA
EFBE
1@cc

2283
=3e]=1]

| VERGATRAN CONTROL FROGHAM

2,3.8 78.244 BB 6143

el1sel1/e@ FAGE 6083

ABS KO FIND MODULUS OF ERKOK
Ccl RS, YuB20 SEE IF NEARLY IN POSITION
JLT LAB3 1F NEARLY THCRE JUMP
CI R4, 1808 SEE If ERR, > MAX +VE VALUE
JLT LAE1
MOV  R7, @DAC2(R1Y) OUTPUT MAX +VE VEL,
JMP  CONVRT START CONVERSION AGAIN
LAEL CI R4, JFEGO SEE JF ERR.{ MAX -VE VALUE
JGT LAP2
MOV  R8, PDAC2( K18} OUTPUT MAX -VE VEL,
JHMP  CONVRT START CONVERSIDN AGAIN - -
LAR2 MOV R4, CDAC2{R10) OUTFUT ACTUAL VELOCITY
JHP  CONVRT START CONVERSIDN AGAIN
LAEB3 MOV Ré&, BDAC2(R1B) OUTFPUT ZERO VELOCITY
JHF  START NEXT INSTRUCTION
3
X,0400..MOVE VERTICAL RDUTINE....... ¥
MOVEVUT CLR EGAIN
CLR EMUXADR CHANNEL ONE
LI Rig, 0 LOAD DISPLACEMENT VECTOR
JMP  CONVRT GO TO CONVERT

¥ievoess MOVE HORIZONTAL ROUTINE. .uua..s X

MOVEHZ CLR

MOV R9, BMUXADR

PGAIN

CHANNEL TWO

LI k18,2 LOAD DISPLACEMENT VECTOR
" IMF  CONVRT JUMP TO CONVERT
X
x
¥..v00s. MOVE IN SWING ROUTINE...,...X ’
MOVESW CLR @GAIN
MOV K11, PMUXADR
LI  Ki®, YEFGE
IJMP  CONVKT JUMP TO CONVCRT
4
. -

"X, 4 72 CONTINUE ROUTINE. s o000 %

CONTIN CI

R3, )e068

IF SO CONT.UNTIL STOFPED

A7.13
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VLhTHARLE
VLKLATRAN CONTROL PLDGRAM

Bl117
2118

v119

B128
6121
8122
2123
8124
83125

a12s8
w127
plze

a129
P13
9131
e132

B133
Y134

8135
9134
6137
p138

2139
al4e
k14y

a142
143

03144
B3143

Bi1456
8147

0148
8149
8159
a1351

a152
8153

2154
#1555

F?12
Fg14
F916
Fe18
F?1h
FeicC
F?1E
Fy2e
Fg22
Fe24
F9o2é
Fezg

F?2A
FyzC
F9ZE
F938

F232
F934
Fo3é
F938
F?3A
Fe3C
FP3E
F?48
F?42
F744

F?46
F948
F?4A
F24C
F94E

Foo8

Feo4
F9&é
Fe5o8

F25A
F?5C
F9SE
Fyé8
f962

F9&4
Foes

T1XMIRA

1692
8569
Feze
e2B3
gael
1304
bse3
ABC2
86491
C443
8468
Fa2e

2FAQ
F974a
Bi&0
[2]=3: 1)

8243
8FFF
146R2
8223
Fboga
8na13
Bs41
ABC1
8358
F838

4
azec

218
1E@2
24469
FR4E

828C
p160
ice2
8440
FR&E

@2ac
21p8
10eq
8448
FP4E

eaxeg
8160

2.3.8 78,244 vl:ep:43 nisol/ve PAGT ueiq
JNE NEB
b CerEGIN CONTINUE UNTIL STOPFED
NEE 183 ¢ R3, Yevwl 15 IT LAST CYCLE?
JER STOP IF SD STOF
DEC R3 COURY DOWN NOD OF CYCLES
A R2, R3
DECT R} RESET INST. POINTER
MOV R3, %K1 REFLACE MODIYFJIED INST.
E PEEGIN

X

Kesaoanrvesos STOP ROUTINE, ciesnao¥

STOP XOP @®ST, 14 YOUR PROGRAM IS COMFLETE
"B )80

¥

Kevsarensos s JUMF ROUTINE ssussansss X )

Jump ANDI R3, )FFF

JNE JHMPF

AL R3, )FGOB
IMPF SLA K3, 1

DECT R1

A R1,R3

E @START

*

MAKE -VE FOR JUMFP EACK

POINT 7O JMP INST.% ADD JHP

Keeesoavanses WRIST VERTICAL & HORIZONTAL ROUTINE. vavvrvso X

WRISTV LI k12, Y109 EASE ADD CRU
sz 2 SEND SIGNAL
B BRTD

3

WRISTH LI R12, Y100 FASE ADD CRU
se0 2
B BRTD

X

¥.eesas00:GRIPPER OPEN & CLOSE ROUTINE:esrsar v ¥

X

OFEN LI R12, 21688
SEQ 4 SEND SIGNAL
B eRTD

b 4

CLDSE LY R12, Y108

S e i

————



VERTHREE

B158
#8159
0140
B141

e162
B1463
8164

@165
8166
8167
el1s8

‘FysB
FQLA
Fost

FYLE
Fe79
F9y72
F974
F27é&
Fe78

F974A
F?7C
Fe7D
F97E
F97F
F988
Fge1
Fy82
F783
F?84
F9835
F7Bé
Fe87
Feea
Fe8¢
F?8A
F7BE
Fe8cC

F9ep '

FPBE
F98F
F?78
F991
Fo92
F293
F9%4
F995
F9%9&
Fo97
F798
Fo99
F29A
F99B
F¢eC
F??D
FY9E
F?9F
F?ABD
F?Al
F?A2Z

TXMIKRA 2.3.8 70.2449 @0:88:143 #1/81/68 FAGE bHGS
VERSATRAN CONTROL FROGRAM "

1E84
@958
FP&E

22B6
72209
0686
16FE
0448
Fe38B

BD8A

4D

AU B S B WU
H 1 N O A2 N

th e
13

b
m

1
=

aF
20
4D
4F
aE
49

562 4 SEND SIGNAL

B eRYD
X
¥.vusoess e REAL TIME DELAY(O, 2 SEC Shuvvrrire s X
x

RTD LI R4, )78688 AF ROX EQU B.2 SEC’S

OEC DEC Ré

JNE DEC

K ESTARY
x
*.................MESSRGES.---..-..-.;......* -
sT DATA YaD@A : ’

TEXT ‘ YOUR FPROGRAM IS COMPLETE, RETURN TO MONITOR’

A7.15



VERTHREE
VLRASATRAN CONTROL PAROGRAM

H16%

8178
2171

8172

8173
B174
@175

B17&
0177

aize
0179
e188a

@181
0182
8163
8184
0185
a186
8187

=B ¥:l:]

e189
eive
8191
e192

2193
8194
@195
8194
v1e7
a198
e1e9
2260
e2e1

F?A3
F2A4
FRAD
F9AS
FPAB

F?AA
F?AC
F?AE
rYEB
FyE2
F9E4
F?E6
FyE8
FerCA
FYBC
FOEE
FocCo
F9L2
F?CA4
FPCé
FsCB

FAq@
FAdB
FAq2
FA4q
Fadb
Frag
FA4A
FA4C
FAQE
FASB
FAS2

FASS
FASB
FASA
FAWC
FASE
FALB

FFaA
FFAA
FFAC

FFAE

TXMIRA

5q
aF
52
BDBA
BHBY

e2eC
p108
BaED
FFBA
1E@B
10e3
8388
©Pe3
cees
FFBC
0202
0oe3
33C2
1BFF
B448
Fass

£648
128B
e589
e2ec
e1e@
0282
fB?F
33c2
1E80
1p83
eloa
0aa3
ezee
pace
e4acF
85CE
8300

@460
FAan

8340

2.3.9

DATA BDBA, )EE28

78,244 ©B.08:43

plse1/08

% seeees TIME DELAY KOUTINE...vso s ¥
prLAY LI R12, Y1e@
CLR EIFFBA CLEAR REG @ OF T.5.R.
S8z @ INT MODE
SED 3 EN&ELE 9981 INT3
LINI 3 ENAELE 9968 INT3
MOV R3, @ FFBC FUT NO OF BRT SEC’S IN FFBC
L1 k2,3 COUNT ONE
LOCR K2, 15 LOAD TIMER
SELF  JHP SELF WAIT FOR INT3
B PSTART
%X
®.ovesess TIMER SERVICE ROUTINECT.S.R¥%uusssd ¥
ADRG YFA4LE WP=FF&8, FC=FA4B
s 4T A
TSR ¢ K@, K1 15 THE DELAY FINISHED?
JER@ NODLAY DELAY IS FINISHED
INC RB COUNT FOR NO. GRT SEC’S REGD

LI R12,)1090
LI  R2, JFESF
LDCR K2, 15
SEZ ©

SE0 3

LINMI 3

RTUWF

NODLAY CLR R@

CLR K15 CLEAR STATUS IN OLD WP
INCT R14 RESET FC 7D NEXT FLACE
RTUWP

¥ .

XeeoetsaseeasnansssTaS, R MEMORY SPACE. s vvrasnnnrrase ¥
ADRG YFFAA WP=FFB8A, FC=FFAA
B PTSR

X

Moo svenoersrenosaaatsarsentsssrasrsnnsnntasassnssnarecsssss¥
IDLE
END

174 SEC’S IN UNITS OF 21,33mic

LOAD TIMER

RESET REG 8

A7.16

FAGE BuHs

Rt SRR

2

)
vy
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g
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VERTHREE TXMIRA 2.3:/0 78,239 pE:80:43 e1/81/00
VERSATRAN CONTROL FROGRAM

ADCDAT EFFE PEGIN FB20 CHK FBAA CLOSE
CONTIN F$PE CONY  EFFA CONVRT FBAS DAC
DAC2 EFF® . DAC3 _DEFE DEC F972 DELAY
GAIN EFFé JMPF  F93C JUMP  F932 LABL
LAE2 FBDB LAR3 FeDE MEMEQU FREB MOVEHZ
MOVESW F900 MOVEVT FBE& MUXADR EFF8 NER
NCON Fa92 HDELAY FB&D NIUMP  FB&A NODLAY
- NOPEN F89C NSTOP  F8ea- NWH FB74 - NWY
OFEN F95A ] oees R1 = eeet R1D
R11 oeeR R12 oeec R13 eeeD R14
R1S 2eBF R2 ven2 R3 o083 R4
RS 28BS Ré P26 R7 0o07 X
RY BPB7 RTD FP6E SELF F9Ca SFACE
ST F97A START  F838 STATUS EFFC sTOP
TSR Faap URISTH F950 URISTV F94s

-

Bepe® ERRORS

A7.17

FPAGE DPB7

F564
EFF2 -
FoRA
FBCC
FBF2
F918
FASA o
FB7E- ~ -~ -

P2RA
BOCE -
CELE]
GBos
Fooe
"Fe2a




TXXKEF

ADCDAT
FEGIN
CHK
CLOSE
CONTIN
CONV
CONVRT
DAC1
DAC2
pACS,
DEC
DELAY
GAIN
INFF
JUNP
LAEL
LAEZ2
LAES
MEMEGU
MOVEHZ
MOVESWY
HOVEVT
MUY ADR
NEB
NCON
NDELAY
NIUMP
NODLAY
NOFEN
N5TOP
HWH
NV
OFEN
Ka

K1

RiB
R11
R12
R14
R1S

R2

R3

R4

R3
Ré&
R7
RE

R?
RTD
SELF
SPACE
ST

2815
eers
BB7S
2} &)
¥wilé
va21
674
esl17
©p1B
[2]+h &4
6182

o211

ea12
8135
p132
eeB7
60791
eey3
223
p1@2
vy
eser
eace
e119
Bas3
epq8
8851
B194
BUSS
esso
Bacq
eesy
8151

8141
ai17e
6814
8167

e

.

wBz7
@11
ep7és
8848
pBs2
Ee74
BeBsé

ee8s

@143
0847
0897

" @133
8RS58
P8B4
vess
P82

@25
©B42
o443
204p
6698
8117
BBS1
8044
PE4Y
P185
©B64
ves8
e852
BB5S
BR4S
2184
2025
BBBS
9828
2141
8196
0195
2034
vesa
v189
B35
8134
@877
8879
wB32
gu31
PB30
pa27
8143
8179

az2n

2.3,2 78.244

8125

150

beaY?

8182

8183

ei1ss
9334
opey
eiie
8145

ea3s

6837
Q135
“arB
vese
BE?3
eaBs
BBy
8183
@147

By B11 49
BEF2 ©G1BE
Be?l @993
elee
g11e
2194
@123 ©124
e8Pl  ©e9?3
B1S1 B155
BB36 BB3?
oY BBA3
8p78 B116
B137 @174
BE7? wvesl
Bugl
8161 W©1462
8153 8157

vl/81/60

8183

81356
Bav?

0171

8841

08ss

B11?

bas7

8112

0137
e1e4q

a187

6843
2122

8121

871

A7.18

FAGE #uB1
2184
8111
Bp4AsS Bo4B
B177 8178
8122 08124

8851
eiesg ‘

8132



-

TXXREF

START 8B4
STATUS Beis
sTOP 2128
TSR e1e4
WRISTH 9145
WRISTV 8141

2.3.0 78,234

Bos7
as75
8859y
8281
0853
6asé

THERE ARE BPS8 SYMEDLS

E0:€1:4%

@p?4 0138 81464

2120 "

AT7.19

81/61/068

2168

FAGE Qge2




INT1 TXMIRA 2.3.8 78.2499 90:93:41 91/81/60 FPAGE B0e1l

eea1 IDT * INT1

Beo2 *FROGRAM TD MOVE 3 AXES

geas XUSING INTERRUPTS

oBeg ¥TIME DELAY

gees x .

ae0s *

88897 FEeoa AORG »)FB0Q

eP@8 FARe - SPACE ESS 32

peey x

2918 EFFE ADCDAT EGU JEFFE .

ve11 EFFC STATUS EQU >EFFC

aa12 “EFF2 DAC1 EQU XEFF2

pa13 EFF@ DAC2 ERU JEFF®

2014 DEFE DAC3  EGU JYDEFE

paLS EFFB MUXADR ERU JEFF8

Pe14 EFFA CONV EQU YEFFA

0217 EFF6 GAIN EGU JEFFS

ea18 X

0919 FE29 B2EQ LUPI SPACE
FB22 Fees )

2020 X¥CONSTANTS FOR VELOCITIES

@021 FB24 8203 LI  R3, 180 MAX +VE VALUE
FB24 @108

BO22 FB28 C8B3 MOV K3, 2)FDOC
F82a FDeC

ee23 Fezc @283 LI K3, )FEBA MAX —VE VALUE
FB2E FEED

@024 FB30 C803 MOV R3, @)FDOE
FB32 FDOE .

< 08297 °F833 9283 LI R3,
FA3s euea
" @@24 FB838 CBO3 MOV R3, @)FD1B ZERD VEOCITY

FB3A FD1@

8027 %

ee2g XINPUT POSITIONS

8029 FBIC 2FAB XOP BMESS1, 14 HOW MANY POS*S?
FA3E F949

@e3@ FB84W 2E42 NULL1 XOF R2,9 NO OF FOSITIONS IN R2

2631 FB4A2 F84@ DATA NULL1

8A32 F844 FB4AD DATA NULL1

2033 FO4é 0208 LI k8, )FD2@ BASE ADD FOR TAB, DF DELAYS
FB4B FD28

8834 FB4a G291 LI R1, FEBD BASE ADD FOR FOS TAELE
FB4C FEUB

9835 FEAE C8A2 MOV R2, B)FD12 SAVE NO OF POSITIONS
F850 FD12

@834 FBS2 2FAB MES  XOP CMESSZ, 14 POSITION OF AX1S ONE
F859 F97B

8037 FB54 2671 NULLZ XOP *R1+,9 READ FOS INTO ADDRESS IN R1,

20838 FB%8 FB8Y4 DATA MNULLZ2 INCREMENT R1 BY TwO

®U39 FBSA FBSA DATA NULL2

ev4d FBYC 2FAB xXOP @emESS3, 149 POSITION OF AXIS TWO
FBLE F991

8241 F8340 2E71 NULLI XOF *R1+,9




INT12

aua2
Br43
rbag

euas
2044
eR47
eeaq8

8049
eaLue
aes1
ez

aes3

RS9

8855

88s5s

aas?

ees

eas?

2040

ees1

88462
8043

Besq

88865

60864
pe&7
[=]=1-1:]
BB&9

ae7e
pe71
ep72

ep73

earz4
00735
eu7é
BBez7
aa78
uB7 9

FBs&2
FRéq
Febé
Faan
FO&A
FasC
FBAE
FB78a
Fgr2
FB874
Fazé
Fg78
FB7A
Fazc
FE7E
FeGa
FBB2
FBae4q
FBBs
Feesa
Fe8A
F88C
F8BE
Feve
FB92
FB?4
'F896
Fev8
F8va

F8%C
FB%E
FB8aB
FBAZ2
F8A4
F8As
FBAB
FBAA
F8AC
FEBAE
FBEB
FEE2
F8B4
FBRS&
FBE8
FBLA
F8LEC
FBEE

Faece
Fec2
FBCS
Fecs

TxmIFA 2.3, 70,2494 Ui 3:4) E1/01/700 FAGE &b

FO&B
FB6@
2FAD
F9n7
2E71
FBbLA
FB&A
2FAD
FoED
2E78
F870
Faze
esa2
“¥282
eeoe
14E8
B4ce
B4E8
FDBB
B4E®D
FDB2
BaED
Foeq
B4E@
FDBS
84EQ
FpBB
BaES
FDBA

8288
Fp28
2204
FPED
8205
‘FDB6
‘tD74
CD74
£n74
e28c
@180
1EED
1003
0300
8803
boo0
5003
33C0

1EBB
1083
a3en
eua3

DATA NULL3
DATA NULL3
XO0r CeHMEGSA, 14 FOSITION OF AXIS THREE

NULL4 XOP %R1+,9
DATA NULL4
DATA NULLA
NULLS XOP BMESSS, 14 TIMES GO ROUND DELAY LODOP

XOF *RB+, 9

DATA NULLS

DATA RULLS

DEC R2 DEC ND OF FOS'S LEFT
CcI K2, 8

JNE HMES
CLR K% REG. FOR MEM FOR DELAYS
v CLR ®))FDe8 MEM, FOR ACTUAL FOD5’S

CLR @)FDB2 .

CLR B)YDB4 ‘

CLR @)FDesd MEM., FOR RER’D FDS'S
CLR @)FbBs8
CLR @E)YD8A

x
LI K8, D28 MEM. FOR START OF DELAYS
LI R4, JFEGD MEM. FOR START OF POSITIONS
LY RS, )FDBS MEM. FOR REQ'D FOSITIONS
MOV ¥R4+, XRS5+ MOVE REG‘D FOS FROM FEBB
MOV ¥R4+, XRS5+ ONWARDS TD FD84, FDBB, FDBA
MDV  XR4+, XRS5+
LI R12, X188 EASE ADDRESS
SBZ 8 INTERRUPT MWODE
L2320 B ¢ ENABLE INTERRUPT ON 9981
LIMI 3 ENAFLE INTERRUFT ON 970B
LI kB, 3 CDhNT=1 CLOCK MODE
LDCK KB, 15 START COUNT

¥RETURN TO START IF NO DELAY

x

STARY SEFZ © INTERRUPT EVERY 38 MS
SE0 3
tL.IMI 3

A7.21



INTL TXMIKA 2.3.08 78.244 BB103;41 ®1/81/80 FAGE bHU3
8088 FBCB 9208 LI RO, }36BF
FBCA 3LBF \
Y81 FBCC 3300 LDCR ko, 15
9802 FECE C1A9 MOV @)FDBS, Ré SAVE REG’D POS
FEDB FDEB
pB83 FBDZ 41AD S5  @XDB2, K& CHECK 10 SEE IF IN FOS
FBD4 FDB2
BEB4 FED6 0744 AES Ré ARSOLUTE ERROR
BOBS FBDR 6284 CI k&, )28 ALLOW FOR SLIGHT ERKOR
FODA BB28
®BBs FODC 1181 JLT NEX . IF NEARLY THERE NEXT AXIS
®uB87 FODE 1811 IMP  SELF OTHERWISE AWAIT INTERRUFT
PEBE FOE@ CPAB NEX MOV  @>FDBS, R2 REFEAT FOR ALL OTHER AXES
FBE2 FDRé
©BBY FOE4 &BAD S  R)FDEO, k2
) FBES FDBB
B8 FBER 8742 ABS K2
9091 FBEA 8282 — ——— CI A2, »28 - - - -
© . FBEC @828
¥@92 FBEE 1101 JLT  NEX2
BBY3 FEFE 18086 IMP  SELF
B894 FBF2 Cl1EB NEX2 MOV GIFDBA, R7
FBF4 FDBA ‘
BU9S FOFS 61ED §  ©)FDBA, K7
FBF8 FDBq
0894 FBFA D747 AES R7
8u97 FBFC 8287 CI  R7,)28
FBFE 0028
088 F9oe 1101 JLT DEL IF NEARLY THERE NEXT INST,
eE9% F922 18FF SELF  JHMP SELF ELSE AWAIT INTERRUPT
p180 XCHECK TO SEE IF LAST POSITION
8181 F994 B620 DEL DEC @)FD12 DEC NO OF FDS‘S LEFT
F986 FD12 )
0102 F988 C1AB MOV  @)FD1Z, Ré SAVE
FP8A FD12
®103 FPUC 6285 €1 K& 8 SEE IF LAST FOSITION
FOUE BOBY
9184 F910 1312 JER STOP IF LAST THEN STOP ROUTINE
@185 F932 €278 MOV  XRB+, R OTHERWISE NEXT DELAY
6106 F?14 18FF SELF2 JMP SELF2 AWAIT INTERRUPT
e1e7 *RETURN TD CONT FROM INTERRUPT IF THERE IS A DELAY
@188 F916 1EB@ CONT SEZ @ INTERRUFT EVERY 38nS
B1U9 F918 1083 SED 3
6118 F?1A 8300 LIMI 3
F9IC Bon3
8111 FP1E B206 LI k@, yI08F
F920 3euf
9112 F922 33CO LDCR RO, 15
P11Z F924 @289 CI  K9,8 SEE IF DELAY FIN,
F926 pouE
0114 F928 1405 INE SELF3 IF NOT AWAIT INTERRUPT
¥115 F924 B2BS LI RS, }FDBS LOCATION FOR CMD
F¥2C FDB&
co74 MDV  ¥R4+, ¥RS+ MOVE CMD TO JFDU&, )FDOS8, )FDBA

8116 FPZE

A7.22
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1HY1

6117
el118
@119
81zd
@121

0124
0125

Fe3p
Fo32
F934

F?3é
Fyan
F?3A
F93cC
F93E
FeAQ
F94a2
F94a4
Fe4%
Foaé4
F947
F248
F#ay
F?4A
F?4B
Feac
Feap
FP4E
F94F
F95@
Fes1
F?52
F953
Fe5q
F95SS
Fo548

F235A
F?SE

FoSC

F95D
F9IE
F?SF
F940
Feé1
Foa2
F763
Feé4
F965
F96é
F9s8

U128 F949

*

TXMIRA ’ 2 3.8 78,244 buib3 q1 e1/01/00 f AGE BBd4

co?74
cp’4
1uFF

8388
bepe
2FAB
Fe44
gasp
opsa

L]
=

e6DaA

v

MOV #RA4+, #RG+
MOV %Rh4+, *RS4

SELF3 JHMP SCLF3 AWAIT INTERRUPT

¥STOP RUOUTINE

STOP LIMI @ , DISENAFRLE ALL INTERRUFTS
XOF CMEES, 14 FROGRAM FINISHED
B (LB ]:]:] RETURN 710 MONITOR
IDLE

MESS TEXT ¢ PROGRAM FINISHED RETURN TO MONITOR’

DATA 0DBA
BYTE B
MESS1 TEXT “ND OF FOSITIONS’




INT1 TXMIRA 2.3.8 78,244 py.83. 41 @1/81/60 F AGE bhS

F978  4F
F¥73 S
F972 a9
F$73 54 '
F974 49
Fe7a qF
-F97& 4E
Fe77 53
8129 F978 @DBA DATA )BDBA
v130 Fy7A 88 FYTE @
V131 F97B =B MESS2 TEXT FPOSITION OF AXIS 1°
Fe7C  &F
Fe7D 53
‘F97E ay
F97F =4 '
Fe8@ a9 - R
F9BY  4F ) ,
- FgB2 QE - —- - - - -
Fy83 28
F984  4F :
F9es q4 i
F986 2P
F987 a1
Fees =8
F989 4% .
F9BA =3
Feas 2@
F9eC 31
9132 F98E BDOA DATA YPDBA
@133 Fo9@  ©B BYTE @
B134 F991 SB MESS3 TEXT “FOSITION OF &XIS 2¢ .
F992  4F
F993° =53
T, FP9a' 49
Fe95 °~ 54
Fe9s6 49
F997  4F
Fe98  4E
Fy99 2 .
F99A  4F
F$9B  ab
F¥9C 20
Fe9D 41
F99E S8
FY9F 4%
FeaB 53
F?al s ]
FeA2 32
2135 F?AS BDBRA DATA YBDBA
B1346 FPAS =] EYTE 8
w137 F9A7 5@ MCSS4 TEXT *FOSITION OF AXIS 3
F9AB qF
Foa9 o3
F2AA 49

A7.24



IKT1

FOAE
FyaC
F9AD
FoaE
F?AF
FYLB
FoE1
FOE2
FIE3
FoB4
FOLS
FoEs
FoR7
FOES
@138 F9LA
©139 F9EC
8140 F9ED
FOEE
FoEF
Foce
F?LC1
8141 F9C2
2142 F9CA
©s43
2144
0145 FARS
8146 FAZE
0147 FAG2
8148 FADA
‘FARS
9149 Faes
FABA
8150 FABC
FABE
8151 FAal@
FA12
©152 FA14
FAls
8153
w1Sa FA18
FALA
8155 FAIC
FALE
¥156 FA208
@157 FA22
FAZ24
B1%8 FAZ2S
FA28
8159 FA2A
8140 FA2C
FA2E
B141 FAlH
FA32
8162 FAZS

IXMIKA

eDeA
Ba
a4
a5
ac
41
59
8084
o2

FACB
FAB4
2308
215 ]21%)
e2en
BBe3
288
117D
e2u?
PBB2
B4ED
EFFé

B4EB®
EFF8
B20A
8068
1PBA
cees
EFFB
820A
Bgen2
1889
c8u9
EFFB
B2uA
EFRE
l1e849

MESSS

2.3.8 78.44 0Lo.u3 41

DATA eDBA
BYTE ©
TEXT *DELAY’

DATA )YBDBA
BYTE 8

¥INTERRUPT ROUTINE

E 3

AXIS1

AXIS2

AXIS3

AORG )FABB DRIGIN

DATA FACH NEW WP

DATA FABY NEW FC

LIMI B

LI ke, 3 NO OF AXES
LI RS, 1 ND. TO SELECT
LI- K92

CLR ©CGAIN GAIN = 1

CLR [EMUXADR CHANNEL B ON
LI R19, 8 DISPLACEMENT
JHMP  CON

MDYV KR8, EMUXADR CHANNEL 1 ON
LI R1B, 2 DISFPLACEMENT
JHuF  CONVRT

MOV R?, PMUXADR CHANNEL 2 ON

LI R1@, JEFBE DISFLACRMENT

JMP  ECONVRY

A7.25

“l/01 700

DISAELE ALL INTERRUPTS

ADC CHANNEL

NO ,TO SELECT ADC CHANNEL

ADC

FOR DAC

ADC

FOR DAC

ADC

FOR DAC

3

FAGE Llbé




INT1

B163 FA3s
F3s
A164 FA3A
FA3C

A165
8166 FAZE
FAaY
8147 FAAZ2
Fa4q
V148 FA4S
169 FA4S
FA4A
B178 FAAC
B171 FA4E
9172 FASO
8173 FAS2
P174 FAS4
FASS
8175 FASH
U176 FASA
~ FASC
¥177 FASE
8178 FALQ
FA62
FA&A
8179 FALS
2188 FALD
FAsA
181 FASC
8182 FALE
FA7@
FA72
9183 FA74
8184 FA76
Fa78
9165 FA7A
8186 FA7C
FATE
Fagy
9187 FABZ
@188 FABa
FABS
8189 FABS
¥1v6 FABA
FABC
9191 FABC
v192 FAYB
FAa92
8193 FA%4
FA%6
¥194 FATH
8195 FA%A
FAYC
8196 FASL

TXMIRA
B283  CON LI
FDue
il ] LI
FLBé&

X

8720 CONVRT SLTO
EFFhA
8548 CHK INV
EFFC
11FD JLT
cusp MOV
EFFE
ccey MoV
875 s
cesl HOV
B742 AES
8282 c1
028 -
1111 JLT
8281 CIl
@188
1184 JLT
CAAB MOV
FDBC
EFF@
1e@D IMP
8281 LAE] CI1
FESD
1504 JGT
ChaG MOV
FDBE
EFFO
1806 TP
CABl1 LAEBZ2 MoV
EFFA
1083 IMP
ChaB LAE3 may
FD1@
EFFY
85808  TEST DEC
4208 €I
Bep62
13CC JE@
B280 CI
68881
13CE JER
(o3 X215 Moy
F812
@284 CI
La] ]
15684 JINE
@280 LI
Feee
i )ag s ] LI

2.3.8 70,294 UB:03:41

h3, JFDOIB

RS, YFDBS

PCONV

BSTATUS

CHK
PADCDAT, Rl

K1, XR3+
*¥RS+, K1
R1,R2
R2

R2, 3289

LAES
K1, ¥188

LAEL '

@3FDBC, ®CDAC2(R1G)

TEST
R1, JFEB®
LAE2

@ FDBE, PDAC2(R18)

TEST

K1, CDAC2(R18)

TEST

@>)FD18, PDAC2(RIB)

RO
kB, 2

AXIS2
k@, 1

AXIS3
@812, Ré

R&, 0

CONTD
K13, FBud

K14, STAKT

d1/41/88 HAGE QUl7

MEM. FOK ACTUAL POS’S

MEM. FOR REQ'D FOS'S

START CONVERSION

CHECK DATA KREADY

ACTUAL POS IN R1

MOVE 10 MEMLODC *
ACTUAL-CMD
SAVE

ABSOLUTE ERROR
SEE IF NEARLY IN FOS.

SEE IF ERR. )} MAX + VALUE

N

OUTPUT +1.8vV

SEE IF ANY MORE AXES
SEE IF ERR.{ MAX ~VE VALUE

¢

OUTFUT-1. 8V

OUTFUT ACTUAL VELGCITY

OUTFPUT eV

DEC, COUNT FOR ND OF AXES

SERVICE AXIS TWO

SERVICE AXI1IS THREE
SAVE DEL., COUNT FROM OLD RY

IF <@ GO TO CONTD ROUTINE
WP FOK MAIN FROGRAM

FC FOR RETURN

AT7.26




o W

IH1}

0197
w19
199
w28

06201

pre2

®2e3
0284
a2u3
. /2848
“2497
az2es
e2evy
az21e
8211

) e212

FAAD
FAA2
Fang

FAAS
FAnB
FAARA
FAAC
FAAE
FALY
FAE2
FAE4

FFAAR
FFAA
FFAC
FFAE

INT1

ADCDAT
CHK
CONV
DAaC3
LAE2
MESS1
MESSS
NULL1
NULLS
R11
K15
RS

R?
SPACE
TEST

BEBE ERROKS

TAHIKA 2, 3.8 76,244 Ga:e3:41 B1/01/708° tAGL LBLG

Face
WaACF CLE R15 CLEAR STATUS
B384 ARTWP KETUKN TO MAIN FROGRAM

x
@620 CONTD DEC @)FE12 DEC. COUNT IN OLD K9, DELAY
FB12
azed LY K13, )Fpeo WF OF MAIN PROGRAM
Feua
82BE LI h14, CONT PC FOR RETURN
Fe1é
B4acr CLK R1S CLEAR STATUS
piga RTWP RETURN TO MAIN PROGRAM

X

*

x

x ,

¥TSR MEM SPACE

b 4

AORG )FFAA
84z -« ELWP @FABB GO TO FaBB FOR NEU PCRWP
FABD
ea3en RTWF
END
TXMIRA 2.3.8 78.244 6B:083:141 é1/681/00 FPAGE 8089

EFFE AXIS] FAlB AXIS2 FA22 AXIS3 FAZC
FAqz2 CON FA3é CONT FP1é CONTD FAAS
EFFA CONVRT FA3E DACL EFF2 DAC2 EFFa
DEFE DEL Fe04 GAIN EFFé LABY FA&B
FA7 & LAE3 FAZC MES Fas2 MESS F?44
F94%9 MESS2 F97E HESS3 Fo?1 MESSq F9A7
F9ED =~ — MUXADR- EFIB HNEX -— -FBEB® ——~  NEX2 FBF2- -
fFaae NULLZ2 FBS& NULL3 FBsb NULL4 FB&A
Fg7e ke Bo08 R1 panl Rr18 puea
uoaK R12 (21511 R13 eaeb R14 POBE
PeBF R2 ee82 R3 o083 R4 epes
b0as R& enes R7 eaa”s RB pees
pape SELF Fye2 SELF2 Fe14 SELF3 Fe34
Fape START Fece STATUS EFFC STOP F?36
FAB2
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¥

TXXREF 2,3, 0 768.244  ©B184:52  91/01/88  PAGE PBRl
ADLDAT ©010 2169 . )
AXIS1 0154
AXIS2 @157 e189
AXTIS3  P1e@ 2191
CHK 0187 8148
CON 8143 2155
CONT  e1e8 p202
CONTD  @7e8 2194
CONV 2014 P16
CONVKT 8146 0159 @162
DACE @012
DACZ  0e13 @178 9182 0184 9186
pACZ @014 -

DEL @il pBYS
GAIN P17 p152 , .
LAB1 @188 p177
. LABZ 9184 2181
LAB3 2185 9175 .
MES . @@3s 2654
. HWESS 8125 9122
MESS1  P128 ee2y
MESS2  B131 eB34 -
MESS3 2134 2040
MESS4  ©137 pRaa

WESSS 9148 2648
MUXADR 0815 @154 B157 @160
NEX po8a 8086
NEX2  0u94 PB92
NULLI @30 2031  BO32
NULL2 @837 9838 @39
NULL3 0241 BO42  BE43 )
NULLA  OuU4S 8046  BBAT ‘

NULLS  epaB BOSe @851

ke @873 @074 ©PEB POGL @111 @112 0149 0187 B188
2190

K1 0634 ©037 ©841 BA4S 0169 B17@ 8171 0172 8176
@18 ©184

R18 @155 @158 £161 ©178 09182 6184 0186

K12 8049

K13 @195 @201

R14 G196 B282

R15 8197 @203

K2 PP38 ©A35 0052 GOS3 BASS BERY @8R OE91 8172 .
@173 ©174 |

R3 @Bl ©022 GU23 @E24 0025 BE24 B163 0178

R4 QueA BELL ©BE7 ©BAS 114 B117 8118

RS GOLS UPAS BRA7 BULB B115 8114 ©117 @118 0144
@171

Ré& epa2 OvB3 0ps4d BB8S 6182 @163 8192 4193

k7 BOYa PEYS BBYA LLYT

Rr8 B3I PHE4Y @BAI ©1BS PISE8 @157

K9 BESS P15 @113 ©151 0146

SELF  bes? 8087 6293 Be99

SELF2 @106 2186

SELF3 @119 9114 @119
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.

r

TXXREF

. START

STATUS
STOP
TSR

" WRISTH
WRISTY

a934
2123 ¥
128
8184
2145
2141

_— -

2,3.8 78.244

BasT
0075
GLEL
p2g1
Bos3
0856

THERE ARE BRL8 SYMEOLS

e ek m - .

PB:B1:49

BE?3 0138 014649 09180

- T aar
2120 4
N .
. fe
« +
’ * .
; . =
'L .
.

eis/81/68

-
.
i
'
v dmam = tm orw e h ——— e g M -
v ~ »
b -
¥ r ’\a“u
- - B "Q'
*
FAGE DB82 [
-
- . F oy
- r >
. . -
“ . -
Ll - -
B - » & —
- - A
B
b -
- - - . .-
- -
flr L s - -
z - ] -
_——. v EPPE . . <. . T
= £ ~ . Toe - w e LY - -
.# - - :
- B . B N 2

L e

A7.29




9223

08249

8825

8924

0az27

ve28

6e29y

ea3o

ee31

ea32

8033

0834

80935

ba3s

ee37

pule

1XMIRA

Feae
FBpe

EFFE
EFFC
EFF2
EFFB
PEFE
EFF8
EFFA
EFFS
F828 B2EQ
FB22 FBbp

FB24 0203
FO26 P18
F828 C803
FB2A FDBC
FB2C 8203
FO2E FEB@
F838 C8A3
F832 FDOE
FB34 8203
FB36 ©eee
FB28 CO83
FB3A FD10

FR3C BaCceY
FB3C P4E8
f848 FDbB
Fa4q2 B4tcew
F8a4 FDB2Z
FB44 pate
FB48 FODBP4
FB4A B4Ce@
Fe4C FDBS
F84E BQEB
F85@ fFpe8
FOS2 B4EB
F8u4 FDBA

FBS4 B20A
FBE8 FDAB
F8oA e2es
FUut FD28
FBEYE B2e4
F8s4a FE@n

2.3.8 78.244 ©b:12129 B1/01/60
IDT * INT3
*¥PROGRAM TO MDVE 3 AXES
*¥USING INTERRUPTS
¥TIME DFLAY
*MOVE WRIST
¥DATA FROGRAM SEPARATE
ADRG YFEBE
SPACE FESS 32
¥
ADCDAT EQU YEFFE :
STATUS ERU YCFFC
DAC1  EGU JEFF2
DACZ ERU JEFFD . )
DAC3  ERU >DEFE -
MUXADR EQU JEFFS
CONY  EGU 3EFFA ’ .
GAIN ERU JEFFé _
x - R i ) .

LWFI SPACE

*¥CONSTANTS FOR VELOCITIES
LI R3, 188

MAX +VE VALUE
MoV  R3, 2)FDBC
LI R3, }FEER MAX -VE VALUE
MOV K3, BIFDBE

LI k3,0

MOV K3, BFD10 ZERD VEDCITY

CLR R?
ELR R>YFDBA@

REG FOR MEM FOR DELA

CLR @e>Xrpez2
CLR e>FDe4
. CLR QDA
CLR eFDes

CLR @)FDBA

LI R1@, YFDAD
L1 k8, )FD2@a MEMLOC, FOR START OF

LI k4, FEQB MEMLOC, FOR START OF

A7.30

FAGL evel

YS

MEMLOC FOR ACTUAL FODS

MEMLOC, FOR RERUIRED FDS

HMEMLOC FOR CLOSE/DFEN JAUWS

DELAYS

FDSITIONS




INT3

apB3e

[c]o o]

fpe4q1
hpq2
ap4q3
oa44
¥e4s

Begé
eeq7
vaag

8sosB
pRal

a8s2
PBs3

8044

BALS

Foa2
FB&4
FD&S
FH68
FB4A
Fas6c
FOAE
Fe7o
FB72
FBz4
FB76
Feze
Fe7na
Faer7c
F87E
Fesa
F882

FEB4
‘F886
FBE8
F8BA
FeBc
FBBE
Fase
Fe92
Fev4
FB94
FBy8
FB9A
FBYC
FB9E
FEAD
FoA2
F8A4q
FBAG
FBAB
FEAA

20446~ FBAC

0847

odss
eus9
Baze

aez1

8872
8073

eagz4
aurs
aa7é

FBAE
F8EA
Fau2
FBE4
FBp6
F8ta
FaBA
FBEC
FBBE
FBCY
FBC2
FBCcq
FBCS

TXM1hA

2.3.8 78.244 wd 12:29 81781708 FAGE b0B2
eres LI RS, YFDué MEMLOC FOR REG’ D FOSITIONS
FDB&
azec LI K12, 2120 FOKT AREA ON CRU
8129
1EHMC srz 12 OFEN JAWS
co74 MOV ¥R44, kRS+ MOVE REG’D FOS FROM FEBB
to74 MOV  #R4+, ARS+ ONWARDS TO FDBS, FDUB, FDBA
Co74 . MOV XRa4+, ¥RS4
e2ec LI K12, )tee EASE ADDRESS
2188
1C68 SEZ B INTERRUPT MODE
1003 SED 3 ENABELE INTERRUFT ON 99061
e300 LIMI 3 ENAELE INTERKUFT ON 9v08
eua3 .
e2ee LI ke, 3 COUNT=1 CLOCK MODE
pee3 . ,
33co LOCR RO, 15 START COUNT

*RETURN TO START IF ND DELAY
* . : - - -
JE@® START SEZ B INTERRUPT EVERY 38 MS
1083 SEQ 3
2380 LIMI 3
©ae3 -
e2p@ LI B, )380F .
30uF
33ce LOCR RB, 15
c1A8 MOV @3FDBE, R6 SAVE REG'D POS
Fpes
£140 s €)FDB2, hé CHECK TD SEE If "IN FOS
Fpez
8746 AES Ré AP'SOLUTE ERROR
¥284 CI  R§, 28 ALLDW FOR SLIGHT ERROR
0028
1181 JLT NEX IF NEARLY THERE NEXT AXIS
1811 JMP  SELF DTHERWISE AWAIT INTERRUPT
TeAd NEX MOV @)FDES, R2 . REFPEAT THIS SER. FOR ALL AXES
FDBS :
4BAB S  R)FDEA, R2
FDEo?
8742° —- - AEBS R2 -
@82 CI K228
20828 ’
1181 JLT NEX2
1008 JWF  SELF
C1E@ NEX2 MOV R)FDBA, R7
FD@A
61ED@ §  @YDU4,R7
FDBQ
8747 AES  R7
v2g7 €I R7, )28
vB29
11014 JLT DEL IF NEARLY THEKE NEXT INSTRUCTI
1eFF SELF  JMP SELF OTHCRWISE AWAIT INTERAUPT

ACHECK T0O SEE IF LASY FPOSITION

A7.31



%

INT3 TXMIRA 2,.3.8 78.02149 @0:12:29 H1/81/08 FAGE 6oB3

DEL DEC (@>FD12 DECREATE NO OF FOSITIONS LEFT

MOV  @)XFD12, R& SAVE
CI Ré, @ SEE IF LAST FOSITIDN
JER STOP IF LAST THEN S10P ROUTINE
MOV kRB+, R9? OTHERWISE NEXT DELAY
¥OFEN/CLOSE JAUS
c *R1@, k1 COMPARE JAW INST WITH 3
JER OPEN IF ERUALS ONE THEN DFEN )
INCT R10 INCREASE R18 EY TUWO
LI R12, Y120 FORT AREA ON CRU
SED 12 CLOSE JAUWS
LI R12, »189 INTERRUFPT AREA ON CRU
JHP SELF2 - AWAIT INTERRUFT -
DFEN INCT R10O INCREASE EY TWD R18
LI R12, >1208 FORT AREA DN CRU
SEZ 12 OFEN JAUS

LI R12, }100

SELF2 JMP SELF2 AWALIT INTERRUPT
¥RETURN TO CONT FROM INTERRUPT IF THERE IS A DELAY
CONT SEZ @ INTERRUPT EVERY 38mS
SE0 3
LIMI 3

LI RO, Y3boF

LDCR K@, 15

€l Re. @ CHECK TO SEE IF DELAY FIN

JNE SELF3 IF NOT AWAIT INTERRUFT

LI RS, YFDBS LOCATION FOR CMD

MDYV  XR4+, XRS5+ MOVE CHD TO FDBS, JFDBB, YFDBA

MOV %R+, XRS5+
MOV xR4+, XRS5+

SELF3 JMP SCLF3 AWAIT INTERRUPT .
¥STOP ROUTINE
STOP LIMI 8 DISENAELE ALL INTERRUPTS

XOF BMESS, 14 FROGRAM FINISHED

E ® 386 RETURN TO MONITDR

IDLE -

MESS TEXT ‘PrROGRAM FINISHED RETURN TO MONITDR’
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0114
a11s
4116
a117
e118
2117
0128
8121

8122

9123

8125

2124
8127

8129
a130

Fe2A
Fe2e
re2C
F92D
F9LE
F92F
F938
F?3t
Fe32
F?33
Fe34
F935
F738
F?37
F?38
F?39
F?3A
F?3E
F93C
F93D
F93E
F?3F
F946
F741
Fea2
F?43
F?44
F245
Feas
Fea?
F748
F94A

FABB
Froo
FaB2
FAR4g
FaB6
Fagas
FABA
FABC
Faer
Falg
FA12
Fal4q
FAalsé

FAl18
Fhlh
FAlC
FALE
FAZB
FA22

TXM1RA

4D
20
46
a9
K

(o Boh
L IR LA N

(&)

@DuA
=15]

[
FAHCB
FAb4
B389
“oee
Bloe
pBa3
8268
eeal
aze?
euu2
BAaED
EFF&

BALY
EFFB8
G2eA
Buby
1686/
cues

DATA
EYTE

yBDaA
B

¥INTERRUPT ROUTINE

x
AORG
DATA
DATA
LIMI
LI
LI

LI

CLK

AXIST CLR

LI

Jmp
AXIS2 MOV

JFABB

)WACH

Wapa

5]

hB, 3

hg, 1

R?, 2

eGAIN

EHUXADR

Ri18, D

CON
R8, EMUXADR

2.3.8 78 2449 Pv;12:29 vis81/80 PAGE bBHA4

ORIGIN
NEW WP
NEW FC
DISENAELE ALL INTERRUPTS

NO OF AXES

.

ND. TO SELECT ADC CHANNEL

ND . T0 SELECT ADC CHANNEL |

GAIN = 1

CHANNEL. @ ON ADC

DISFLACEMENT FOR BRAC

CHANNEL 1 ON ADC
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INT3 TXMIKA 2.3.8 78.344 00112,29 01701760 fAGE BBOY
FA24 EFFB
B331 FA2E BIDA LT  Fie, 2 DISPLACEMENT FOR' DAC
FAZB UUB2
8132 FADA 1009 JMP  CONVRT
9133 FA2C Cee? MOV  R9, BMUXADR CHANNEL 2 ON ADC
FA2E EFFB )
B134 FA3® B2DA LI R1e, )EFBE DISFLACRMENT FOR DAC
FA32 EFBE
Y135 FA34 1004 JHP  CONVRY
V134 FA3SL 0203 LI K3, FD8B MEMLOC FUR ACTUAL POSITIONS
FAZS FDEB
@137 FA3A 6205 LI RS, FDBS MEMLOC FOR REQ’D FOS1TIOS
FA3C FDB&
B138 )
9139 FA3E 8720 SETO ECONV START CONVERSION
FA4B EFFA - .
@148 FA42 8560 INV  ESTATUS CHECK DATA READY
© ~FA48 EFFC—= ~—= - = =~ == —-— —_ -
8141 FA44 11FD JLT CHK .
@142 FA48 C240 MOV  BADCDAT, K1 ACTUAL FDS.IN R1
' FARA EFFE
8143 FA4C CCC1 MOV K1, XK3+ MOVE TO MEMLOC
23144 FAQE 60875 §  ¥RS+R1 ACTUAL-CHD
9145 FAS® COEL MOV R1,R2 SAVE
8144 FAS2 0742 AES R2 APSOLUTE ERROR
8147 FAS4 8282 cI  R2, 28 SEE IF NEARLY IN FOS
FAS6 8028
$148 FASE 1111 ILT LAE3
2149 FASA 8281 CI  R1,>180 SEE IF ERROR ) MAX + VAL
FASC 0189
8158 FASE 1184 ILT LA .
8151 FALO CAAD MDV  ©)FDEC, BDAC2(R18) QUTFUT +1.8V
Faé2 FDBC
* FA&4 EFFO
9152 FASS 108D JMP  TEST SEE IF ANY MORE AXES
8153 FASB 8281 LAB1 CI  R1, YFEBO SEE IF ERROR ¢ MAX -VE VAL
FAGA FESD
8154 FALC 1584 JGT LAB2
8155 FASE CAAB MOV ®IFDPE, BDAC2(R18) OUTPUT-1, BY
FA7@ FDOE
FA72 EFFB
P156 FA74 1804 JMP  TEST
@157 FA76 CAB1 LAE2 MOV K1, ®DAC2(R18) DUTPUT ACTUAL VELOCITY
FA78 EFF@
@158 FA7A 1883 IMP  TEST
B159 FA7C CAAR LAE3 MOV ©)FD1, BDAC2(R1B) DUTFUT BV
FA7E FD18 g
FASO EFFB
P140 FAB2 0408 TEST DEC RO DEC COUNT FOR NO OF AXES
P161 FABE 8280 Cr ko, 2
FABS BAB2
8142 FABB 13CC JER AXIS2 SERVICE AXIS TWO
91463 FABA @280 €1 k8,1
FABC Bbb2
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*

1NT3

wiéq
B14%

Blééb

@167
fls8

8149
e17e
2171
a172

‘8173

174

8175

8176
a177
8178
B179
n1sea
v181
p182
f183%
81849
81835

2184
81687

FABE
FAYH
FA%2
FAY4
FA74
FATO
FA%A
FA?C
FATE
FAAKB
FARZ
FAARY

FAhdL
FAAB
FAAA
FAAC
FAAE
FAED
FAE2
FAE4Q

FFAA
FFAaA
FFAC
FFAE

INTS -

TrMIKA

13CE
CinB
Fa12
b28é
wppyY
14858
ezep
Fooe
228K
Fanq
B4CF
83ee

842@ CONTD
Fa:12
B2BD
Fpee
82BE
FBF8
eqCF
8380

LK R IR

2.3, 76.2%19 kU 12:29 ulsvl/ow

JEQR AXIS3
MOV  @)FB12,Ré&

CI k6,0

JHE CONTD

LI K13, )Foesa

LI R14, START

CLR K15
RTWP

DEC @3FBl12
LI k13, }F8pe
LI R14, CONT

CLR R15
RTWP

XTSR MEM SFPACE

X
842p

FADB
ezes

: TXMIRA

ADCDAT EFFE

CHK
CONV
DAC3
LAE2
NEX
R1
R13
R3
R7
SELF2
STATU

FAR42
EFFA
DEFE
FA74
F8A4
aoa1
29D
2893
Baar
F8F&
S EFFC

"8 ERFORS

AORG FFAA
ELWP B)FADB

RTWP
END

2,3.0 78.244 8B-12:29 81/81/02

AXIS1 FAal8

CON FA3é&
CONVRT FA3E
DEL F8Cca8

LAB3 FAZC
NEX2 FBES

R1@ paaA
R14 Q80E
R4 8094
Fg8 geas

SELF3 F?1&
STOP Fi8

axXIs2
CONTY
DAC1
GAIN
MESS
OPEN
R11
R13
R3

R?
SFACE
TEST

FAGE Hiebs

SERVICE AXIS THREE
SAVE DEL COUNT FROM OLD RY

IF ()8 GO TO CONTD RDOUTINE
WP FOR MAIN FROGRAM

FC FOR RETURN

CLEAR STATUS
RETURN TD MAIN FROGRAM

DEC COUNT IN R? FOR DELAY
WP OF MAIN FROGRAM

FC FOR RETURN

CLEAR STATUS
RETURN TO MAIN FROGRAM

60 TO YFa®B® TD PICK UP NEW FCE

FAGE 82007
Fa22 AXIS3 FAZC
F8F8 CONTD FA&S
EFF2 DACZ EFF@
EFFé& LAkl FA&8
F?26 MUXADR EFF8
F8EA R@ [aleg=1=)
2]a15] S R12 eBac
BAOAF R2 a3g2
08a35 Ré& 28935
@089 SELF F8Cs&
Faaa START Fasq

FABZ2
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1XXREF 2,3.@ 78.244 6113115 v1/01/8u PAGE BUB1
ADCDAT  BB1@ 9142
AXISL Y127 ) :
AXTL2  B139 U162
AXIS3 8133 v144
CHK 4140 e141
GON 2134 0129
 CONT o894 8175
CONTD 9173 B167 ‘
CONY @814 9137
CONVRT @139 @132 @135
DAC1 pe12 .
PAC2 au13 o151 8155 0157 B159
DACH 8914
DEL 6er7 pe74a
GAIN 9817 8125
LAG1 8153 8158
LAB2 8157 6154
LAE3 @159 w148 )
MESS 6113 B118
MUXADR 0615 @127 ©138 0133
NEX 98464 8862
NEX2 BB 0848 .
OPEN 8690 2684
K@ 8849 0859 BES6 BES7 OUY? B1D8 @122 B16B  B161 ’
0153
R1 9083 @147 @143 6144 @145 0149 ©153 0157
Ri@ PB36 BEBI @085 ©evA B128 @131 6134 8151 8155 ’
8157 9159
R12 we4aB ¥B4S MBEs VUES B091 B3 ) .
" R13 Bie8 ©174
R14 0149 B17S
L15 v178 D174
R2 BUss BUAS 0BAS BAS7 G145 0146 B147
R3 - @821 ©E22 0823 6424 ©825 0926 8135 0143
R4 gu38 BR4T P43 6944 B1B4 01T B1BS
RS 8P39 ewa4z 06043 0P44 @1e3 0164 B10S 8196 B137
0144
Fé BESE 0059 08sR O841 BB78 @879 ©165 Blss
R7 ©a76 BB71 WE72 Ue73
1) 8837 8681 8123 8130 7
KY gB28 @081 0181 ©124 @133
SELF BG7S BEL3 BO6Y ©O7S
SELF2  ©B949 ouL?  BYY4
SELF3 @187 B1B2  ©107
SPACE  BOLS eu19
START 8853 ¥169 |
STATUS ©811 a14@ '
STOP @189 L=
TEST Bl1&B A152 B154 @158

THEKRE AKE #0484 SYKWEOLS

A7,.36




DATA

"
[

eval
pee2
8003
eunq
905
epné

apd7

\

BoLE
e
ee1d
86011

es12
813
- ga1q
pB1S

PO1&
[T g
o018
es1y
9828
2821

po22
6023

" ee2a

8825
eaz2é
ev27
ev2s

epz9
a3
V831
BB32

be33
on34
“e3s
88346

@3z
Ba38
Wp3e
epse
i1

pape

2680
enn2
geea
BuR4
epes
2bBA
eeec
BRaE
ee1o
pR12
ee14
8B14
pE18
Be1A
ee1C
881E
ve20
en22
€024
2824
@p28
8B2A
682c
BO2E
ee3e
ug32
ap34
6034
2038
2834
@e3c
BO3E
2040
e@q2
eedq
epas
6848
BB4A
0sac
OB4E
esse
aea2
#Bsa
uess
2esB
eBsA
8esc
pPBSE
BBse

TXMIKA

e2ED
FBEB
2FAB
a1ic’
2£41
epas’
opBB’
2FAD
o892’
2E42
Bgp12*
o812
cee1
FO16
#288
ED2d
820A
FDAR
02921
FC28
cen2
ED12
2FAD
e6AB’
2E71
B8p3e’
Bu3e’
2FAG
pace’
2€71
8e3A°
8a3A’
2FAB
poDE
2E71
BB499*
0044’
2FAB
BOAEF’
2E78
844’
BBA4A*
2F4AB
£8F8’
2E7A
upSq’
pR54’
pLeE2
8282

IDT ’DATA’
¥PROGRAM TO INPUT DATA
*CALLED DATA ON JAN3 DISC

2,3.8 78 244 BB114:157

NULL®

NULL1

MES

NULL2

NULL3

NULLY

HULLS

HULLS

RORG
LUFPI
xop
xap
DATA
DATA
Xop
x0P
DATA
DATA
MoV
LI
LI
LI
Moy
XoP
XOP

DATA
DATA

JFoee
PMESS?, 14

K1, 9
NULLY
NULL®
eMESSY, 14

R2, 9
NULLL
NULL1
R1,CXFD1é

RB,)FDZBF
R19, }FDAG
K1, YFC2@
R2,E)FD12
CMESS2, 14
¥R1+, 9

HULL2
NuLL2

XOP  GMESST, 14

XDP
DATA
DATA
Xop

XOP
DATA
DATA
Xor

Xop
DATA
DATA
xopP

XaF
DATA
DATA
DEC
CI

¥R1+, 9
NULL3
NULL3
eMESS4, 14

¥R1+, 9
NULLY
NULLSG
@MESSS, 14

xRB+, 9
NULLS
NULLS
PMESSS, 14

*R1B+, 7
NULLS
NULLS
R2

k2,8

vl/81/00 PAGE AuB1

3]

ND OF TIMES CONT SEQUENCE

INPUT VALUE INTO R1

ND OF POS IN SERUENCE g .
i

-

- i

NO OF TIMES CONT SEQUENCE .o

- t
- -

EASE ADD FOR TAELE OF DELAYS
FASE ADD FOR WRIST OFEN/CLOSE

EASE ADD FOR TAELE OF FOS )

SAVE NO OF FOSITIONS - . - P

FOSITION OF AXIS ONE .

-

T FOSITION OF AXIS TWO

POSITION OF AXIS THREE

TIMES GO ROUND DELAY LOOP

VALUES TO OPEN/CLOSE WRIST

DEC.ND OF PDS REMAINING

A7.37 -




e

DATA TXMIKA
¥B62 DEOE
’ 2042 0044 16E3
BBA3 BBES VAL
BLsS BROD
" upaq vesA B34
‘ 8045 @BsC S8 MESS
y pesdD 52
, BAsE  4F
T Bas&F 47
va7e 52
pe71 a1
PB72 4D
8873 28
co- ve7a  4s
o 9975 49
P876 4E
T ear7  av
7. emrs =3 )
. 8879 4B .
. - @@7A 45 g
'Y, ‘ee7B . 44 b
" pere 20 .
8B7D 52 -
BEZE 45
. . 887F 54
©P88 S5
’ pesy 52
) PE82  4E
P83 29
2884 =8
eEES  4F
epss 20
®@B? 4D
@nss  4F
- - epB® 4E
' eo8A 49
208B 54
. ePEC  4F
ee8D 52
©B44 BOBE BDBA
' Bb47 ep9B @B
¥Ba4B 9892 BOBA MESS1
BOAY BBEP4  A4E
PB9S  AaF
6095 28
ee97  oF
pevs 44
pasy 2o
6894 S0
8O%E  4F
pesc 53
gusD 49
PUSE 54
_BBYF 49

2,3.8 78,293 00118157 21/01/¢8 FAGE G0E2
IJNE MES IF NOT FIN. INPUT DATA

B )80 ELSE RETURN TO THE MONITOR
1DLE

TEXT ‘PROGRAM FINISHED RETURN D MONITOR’

.

DATA Jeben

BYTE @

DATA BDBA

TEXT “NO OF FDSITIONS’

A7.38



DATA

. 00AB
. oeal

. eea2
8BSE B0A4
VeSS BOAS
veS2 BeAB
, ©BuS3 BDAA
' @DAB

- PBAC

| aBAD
| 4BAE
- “-. @BAF
|

-~ r

peRad
_ 1. 'eest
. .., eeB2
. POE3
-, ooB4
;o 2oES
BBEs

@987

. . ; ©eEB
* . 'eeB?

(o . . WBBA
. PPEB
89354 BPEC
PUSS BOBE
P854 BBCE
- 9057 88C2
. - @ecs
" - peca

) P8CS

- oBCs

L ~88C7
) . eece
. 28CY

] BUCA

. BOCE
PeCC

Beco

@nCE

POCF

ee08

peD1

o002

8203

eBS58 @BDA
859 0dDs
2us@ ©ODB
eVs1 2ODA
BHDEB

fepg

2] 5]l ]

eBDE

BUOF

ltu'

TXMIRA

qF
qt
s3
apea
oo
BORA
5@
aF .
53 .7
49
s -
q9
qF
qE
20
qQF . -
/6 - -

MESS2

29 . A

q1 .
58 - -
49
53
20
31 ...

@DeA -
Y]

#DBA MESS3

aF

53

9%’

54

* 49 S

P

4E
20
aF
a4
20
a1
58
a9
53
28
32
8DBA
@8

bDeA MESSH

aF
53
49
54

49

2,3.80 78.249 ¢:116:37

DATA )BDBA
EYTE @
DATA )eDBA

TEXT FOSITION DF AXIS 1°

DATA )epea =
EYTE B
DATA >@DBA

TEXT “POSITION OF AXIS 2

DATA 36D8A
EYTE @
DATA JE@DBA

TEXT “FOSITION OF AX;S 3

vl/81/08

FAGE ©1183



DATA -~ TXMIRA
OPE®  &F
@BE1l  4E
peE2 2@
@BE3  4F .
" seEa  as
BOES 20
BRES 41
PRE7 S8
 pees 49
. BBE? 53 )
eeEA 20
" PBEB 33 -
_ 8p62 BPEC DDBA
' gB43 OREE PO
PO&4 PBEF 49 MESSS
. peFe _ &S )
7 soF1 -aCc
" BBF2 4%

, eeF3 59 )
©@PsS POF4 @DBA
PR44 BEFE @O
2047 DOFE BDBA MESSé
BB4B BBFA 49

@OFB  &4E
‘- gerc @
©_ epFD T3
-'" @FE 5S4
- _@BFF 28 LT
‘. piee 31
B161 28
e182 44
e1B3 ' 4F
o184 _ 52
- ‘@105 it 28 .
"< " pies 4F
@107 SO
' @108 43
9109 4E
p1eA 20
P10E 26
elec 2@
818D 32
B10E 28
. ®1eF  4b
p118  4aF
g111 52
p112 28
8113 43
8114 qC
0115 4F
P116 53
8117 45
@049 ©118 ©DPA
BY7e 811A B

DATA
BYTE
TEXT

DATA
BYTE
DATA
TEXT

2.3.8 78,2438 vl116157

Y8DBA - Lo T
8 .
FDELAY. . o VT T

Y8DeA
ﬂ'
y80BA -

INPUT 1 FOR OFEN & 2 FOR

B1/u1/80

DATA JBDBA
EYTE B

PAGE ©ueq

CLOSE’



DATA TXMIRA 2.3.8 78,244 e@v16:57 ei1s/e1/e9 PAGE ©285

¢e71 @11C BDBA MESS? DATA YBDRA .
@872 B11E 4B TEXT ‘HOW MANY TIMES 15 THE SERUENCE REFEATED?*
B811F 4F ) .
2128 57 . ’ ° - ~-
. 2121 28 ! .. . - £ . - -
2122 4D - ’ .o
., 9123 431 '
St 8124 QE, e - - Ve -

. - " - - .
. © "
: PN - } b1 599 . . . o ) .. .- )
v ! . - - -
N e12&6 . 2@ . . i
- - . , .
= . - . .
2127, &4 -
| ¢ - v - - -
+ , 8128 99 - - - . .
[ - , . ) . .
N - . ..
2129 4D | . R ' o " .-
* - - - x * ~ - . - -
\ - . ) i - )
. N 8124 45 - . . ‘ R -
= - - - 4, - - - - *a”
. "le1ze 53 - - Lut LT DL o : ~ .
B : -~k - ‘ s -4 N # st m o mEPee s o o wd 2 - £ - . .-
p12c 28 . - D
B P 3 PO - o < T, Y
- - - - - 59 e gl -
LT LA g12D 99 -~ . .. . [ . ‘N:'z. P J__._f‘ ST T e Lt
[ i . - - B I I S ST K ) ;
v avs v 74 BA2E 0 G317 L0 L P - LT, : ) Lo-. Lo
T 53 ; - -tk M p ey .1:-:..-.: 2. e me mane = PR .
l @12F - 2B +« "% ¢ A <~ N LR L -, )
> 3 e - .:-':' - ‘.‘,‘-: < PR - L et M . P .
* s
L N BIBB, ] S . Teo. - .. ~ - . " N . em . .
. . . . -a} ) . i X . )
- - -~ - - - - )
LY ;¢ 8131- 48 P LT o i . .
.a PR 4 .

-, T B132, 4s s L. . - .
o e133 2
9138 53 ) : -

-, 7 e13s  as . . ) ) )
.. 138 m1 - ) I
T ¢ p137 S5 : ’ - R
~, " . @138 .4% ’ . - . . ‘ -
T ez 4 . ‘ .-
’ . . @13A a3 -, . ) ..
T T e Tas - ' o
T L e1sc 20 - : . R ] )
~ . _.ewn =2 ) T T ) -
., . BIIE:, 43 ,_ _ . . . - T .
- TN eI3F BB Lt oL . - i
.~ eiag a5t -is -
. P141 A1 Joa ) - :
@142 =4 ,
9143 &5
» p144 44

8145  3F . _

0073 @145 GD2A DATA )BD@A )
9874 0148 09BO DATA 30020

88753 " END

A7.41




DATA

@epd ERRORS

HMES
MESS3
MESSY
NULL A
Ko
R12
R2
Ré

.

'

TXMIKA 2.3, 78,249 08116157
eezc ¢ MESS eesC ¢ MESS1  BB92
gece f MESS4 B8DB = 4 MESSS BBEF
B11C _ ‘ NULL1  @e12 ¢ NULL2 @838
8844 £ NULLS ©84aA * NULL& @854
PBRY R1 vee1 K18 eBBA
aaec R33 eead R14 UBBE
eep2 RI 6003 R4 eBeq
288é R7 Bue7 _ RB 8988
2.3, 8 79,244 80117126

ee42

op11
8028
eu24
veze

T es32

'

TXXKEF -
MES . .0828
'MESS ' @845

" messt:  eess
"Mzssi,-aasz
. mess3 | eass . -
. MESSA BR4sB
" mEsSS T ewsa
' MESS& ° BO&T
_ MESSY | @671
S NULLY @812
NULL2 ~ ©B21
NULLZ 0025
NULLA ' @B2?
“NULLS  ee32
NULLS 9835
NULL? ©9@8
SR
rRie- .
R2 . "
Re . °

esa3s .
avarz
913
wa22
8R2é
8030
6034
pB3g
ouay
eess
0017
eni2
oe14

. THERE ARE ©@28 SYMEOLS
a

- e e

[

ga14
enz3
ea27
8831
enis
6039
eBle
au15
83z
enle
o833

.-

PV ] - .

-
- .

8818 6821 0825 0829

ais/61/p9

-
e =
Py

oy - -
a .

P T

[

- - .
Araa w -t ¥
L -

'
- r

e2p4e 8e41

AT7.42

-

FAGE 90024

Bl/B3/708
¢ MESS2 80A8
- v MESSé boFe -
¢ HNULLZ ’ @o3A |
4 NULL? o008
ki1 8888
R15 eapF
RS 8885
R? 2v0?
- FAGE P82l



INT4

BuHl
vuyl
BUBs
(435101
BYoS
BHus
ovau7
aeus
suay
BH10
80811
eB12
Bul13
va14
(:]:} 31
=15 X-3

FBUO
F8BB

8B17 -

go1is
‘0819

,

882
(7120 |

822
aaz%
w824
vezs
882s
0027
026
0029
By3a
Bve31
8632
@033
8034

pea3s
k36

aelz

©»e3s

1

Faze
FB822
FB24
Fa2é
Fy249
F82A
Fez2c
F82E
Fo2a
F832
FB34
FHZ4
F838
F83A

FB3C
Fg3E
Fe4e
FB42
FB44
Fu44
FB4s
FBAA
F84c
F84E
Fase
Fgs2
Fas4

FHss
F858
FBSA
Fauc
rose

TXMIKA

EFFE
EFFC
EFF2
EFFB
DEFE
EFF8
EFFa
EFF&

B62EB
F88oe

B263
aie@
CBu3
FDBCc
B2e3
FEBH
csa3
FDBE
0263
a860
ceas
FD1@

©4Ce
PaED
FDBO
P4AED
FDU2
QaEY
FOO4
BAED
FODé
B4E@
FDBB
HAED
FouA

IDT

2,3.4 78,244 uui1u1127 B1/41/08 FALE wedl

FINTS’

*PLOGRAM TO MOVE 3 AXES
¥USING INTERRUFTE

¥TIME DCLAY

x
AORG >FBoD
SFACE ESS 32
¥
ADCDAT EQU JEFFE
STATUS ERU YEFFC
DACYI  ERU JEFF2
DACZ  EQU EFFB
DAC3 EGU JDEFE
MUXADR ERU JEFFS
CONV  EQU JEFFA
GAIN [BU JEFF4
X
LWPI SPACE
XCONSTANTS FOR VELOCITIES
LI R3, 3180
MOV R3, R)FDBC
LI R3, )FEBB
MOV R3, @)FDOE
LI R3.8
MOV K3, @)FD18
4
CLR RY
CLR BYFDOY
CLR D2
CLR @>Fpo4q
CLR @)FDB6
" 7 cLr e)Fpes
CLK @ FDBA
%
LI  RE, )FD20
LI K&, }FC29
LI K3, >FDDO

‘

MAX +VE VALUE

MAX ~VE VALUE

ZEROD VEOCITY

REGISTER FOR MEM FOR DELAYS
MEMLOC FOR ACTUAL FOS

MEMLOC, FOR RERUIRED FPOS

MEM, FOR START OF DELAYS

MEM. FOR START OF POSITIONS

MEM FDOR STAKT OF WHIST YAUW




INT4

©B39 FBE2
Fes4

", epap F8sé
X Fesn
., @831 FBSA
ot FB4C
PB42 FBLE
FO72

@053 FB72
©849 FB74
2045 FB74

' . @Bas& FE7B
FB7A
- @RA7 FBIC
PB4B8 FBJE
8049 FBE0
. . FBO2
e2se Fesq
. - Fess
. Bes1 Fess

eus54 FBSA
@PS5 FEBC

_ @ess FBEE
. F899
+  @es7 F8y2
.. Feva
2858 FB96

" @859 FAgB
. - FB9A
" ‘Bose Fegc

. Y. -FB9E
~ @841 FBAD
042 FBA2

. FBAd

. DB&3 FBAS
PR44 FBAD
BAAS FBAA
FBAC

00646 FOAE
FBED

@867 FBBZ
8048 FOEA
FeBs

PBA9 FBES
8078 FBEA
Pe71 FEEC
FOEE

8872 FOCO
Fecz

9873 FaC4
0074 FBCA
Fece

! .

TXMIRA 2,3.8 78,244 00101127  B1/01/€0 PAGE BUB2

o204 LI  R1@, )FDAR MEM FOR START OF GRIFFER

FDAB . .

B20B . LI K11, )FE0E MEM FOR START OF WRIST SWING ' y

FEBB . . .

8281 - LI R1,1 VAL FOR USE IN COMP FOR WRIST - TEZ

eee1 - L . o ) = - ‘ TEEA

0265 LI RS, FDBS MEMLOC FOR RER’D POS

FDRS

co74 MOV  ¥RA+, ¥RS+ MOVE REG’D FOS FROM FE@0 .

£o74 . MOV  ¥R4+, 3RS+ ONWARDS TO FDB&, FDES, FDBA -

CD74 . MOV  XR4+, 2KS+ o

ezec LI  R12, 120 EASE ADDRESS T i

p108 " . Ll e = T c, .

1E6D - sSBZ B - _ INTERRUPT MODE .- e P

10e3 T oseD 3. .+. ENAELE INTERRUPT ON 9981 . .-

8300 = LINI 3 - .« + - ENABLE INTERKUFT ON 9780 ) . ’

epes E", Vo vy ;.‘i’,i'.‘-. :r, .- i,_:;' _‘:‘,:. < - * T e T LT .

p2e8 ‘. 't RB,3,. T COUNT=1 CLOCK MODE"~ . - =~ °

eces ST -, -

33C0 _ LDCR RB, 15 START COUNT .
*RETURN TO START 1F NO DELAY )

T g TTY T TS T st m o o mr et .

1EB@ START SBZ @ INTERRUPT EVERY 38 MS L

1083 ss0 3 )

e300 LINI 3 ) ) i

2603 o S

2280 . LI RO, Y308F - - . -

30BF - . . -

33c0 LDCR RB,15 -« .

ciag MOV B3FDES, k& SAVE REG’D FOS )

Foea . .

1@ ° S  ®@)FDBZ, K& - CHECK TO SEE IF IN POS

Foe2 - . . )

p7as - AES  R6 . ., ABSOLUTE ERROR

0284 CI Ré,>28 ) ALLOW FOR SLIGHT ERROR

2828 i

1101 JLT NEX IF NEARLY THERE NEXT AXIS :

1011 , JMP SELF DTHERWISE AWAIT INTERRUPT

CeAB NEX MOV @)FD@&, k2 REPEAT FOR ALL DTHER AXES

FDOS

£2AD S  e)Des, K2

FD22 .

8742 AES R2

0282 CI  R2, )28 .

ve28

1101 JLT NEX2

1908 IMP  SELF

CIED NEX2 MOV @)FDBA, R7

FDBA ;

61EQ - S  C)FDR4,R7

FDe4

8747 ABS &7

8287 CI  K7,)28

|p28




INT4 TXMIRA 2.3, 78,244 BR:01127  ©1/81/08 FAGE @223
" Bw73 FBCA 1101 JLT DEL IF NEARLY THERE NEXT INST .
" e@76 FBCC 1BFF SELF _ JMP SELF OTHERWISE AWAIT INTERRUPT - -
- per7 ., SCHECK TO SEE IF LAST POSITION ‘
9078 FBCE B420 DEL . DEC @XFDI2 . ' DECREASE NO OF POS LEFT -
.+ . FBD@ FD12 B . o S - ESRTI .
@279 FSD2 C1A0 MOV @)FD12,R& save .
2 " - . Feoq FD1Z - -
@g8e F8D& ©286 €I  Ré,® SEE 1F LAST POSITION -
or . FEDB 2000 . o . - .7
. eesy FEDA’132F .0 JEG STOP ' " _IF_LAST THEN STOP ROUTINE "
" - @82 FEOC €278 : MOV ¥RB+,R? - ' OTHERWISE NEXT DELAY  ° -
. oesd - . ¥OPEN/CLOSE GRIFFER | A . . . o g
. 8084 FEDE aasnﬂ.. © . € *R18,R1 * ' SEE IF OPEN OR CLOSE i
wess FBE@ 1365. . _ JE@ OPEN - IF EGUAL‘TD ONE_JMP TO OPEN oY
- ®PB& FBE2 BSCA™ . INCT R10 . _ -7_"INCREASE R1@ BY TWD - -
"' 9087 FBE4 820C LI T R12,0120 - CRU EASE ADDRESS. * ' . . . .
- ¥ .- FpE& B120° .1 . T R s I P CR
'+ @088 FEES 1DOC SEBO 12 7' cLeseamws . T ST
-, eesy ‘FoEa 1004 P oyaw-- - - -
...} eB9@ FBEC ¢SCA ' OFEN _ INCT R1@ - PR ,
" . @@91 FBEE ezeC LI R12, 3128 i T
" . Fere 2120 o o
@892 FSF2 1E6C SEZ 12 " OPEN Jaws .
2093 FBF4 BES3I YAW €  ¥R3,Ri SEE WHICH YAW MOVEMENT
. "ep94 FBF6 1303 JER up —.
* @89S FEFS BSC3 INCT RS INCREASE BY TWO R3 -
'"*_aa9£ FBFA 1D@D SED 13 ) . MOVE YAW DOWN .
' Be97 FEFC 1002 IMP  SWING : L -
ov98 FBFE @5C3 UP INCT R3 S )
- @p9% F920 1EBD Sez 13 ; - YAw LP
' @188 F902 BESB SWING C  XRILR1 - SWING MOVEMENT OF WRIST
... ' @191 F924 1383 _JE@ _ANTI
' @182 F924 1DOE SE0 14 CLOCKWISE MOVE OF WRIST
- 9183 F908 B5CH INCT Ri1 T " INCREASE R11 BY TWO
© @104 F9pA @2eC - LI - R12, 120 CRU AREA FOR INTERRUPTS
. FyoC e190 )
@105 FYYE 1094 IMP  SELF2 AWALT INTERRUPT
8185 F91@ 1EBE ANTI  SEZ 14 ANTI-CLOCKWISE MOVEMENT OF WRI
9107 F912 O5CB INCT Rit
@108 F914 @20C LT  R12, 3100
F716 0100 .
@189 FP18 10FF SELF2 JMP SELF2 AWAIT INTERRUPT
‘0110 XRETURN TO CONT FROM INTERRUPT IF THERE IS A DELAY
@111 F91A 1EB9 CONT SBZ B INTERRUPT EVERY 38nS
@112 F91C 1DE3 seD 3
6113 F9IE 9300 LINI 3
F920 0003
8114 F922 0200 LI  Re, >3@eF
F929 388F
8115 F924 33CO LDCR KB, 15 .
@114 FP20 0289 CI R?, 8 CHECK TO SEE IF DELAY FIN.
F?2A OEPB
P117 F92C 1485 INE SELF3 IF NOT AWAIT INTERRUPT
9118 F92E 0205 LT RS, F0@4 LOCATION FOR CHD

!

AT7.45 '



INTA

8119
' p178
“ @171
8122
p123
" m124

. 0125

TXMIKRA

1

F738 FDRS
F932 CD74
F$34 CD74
F734 CD74

F?38 10FF SELFI JHP

2,.3,8 78.244 w1 @127

nov
Moy
MOV

xR4+, ¥RS+
¥R4+, ¥RT+
K4+, XRS5+
SELF3 -

*STOP ROUTINE ° -

F93A 9380 STOP
F?3C €000
F?3E 2FAB

LIMI 8

XO0P RMESS, 14

e1/21/p0 FAGE 0004

MOVE CMD TQ XFDBS&, dFDeB, )FDBA

-
-a

" AVAIT INTERRUPT ~ | - -

L I P .- .

DISENAELE ALL INTERRUPTS

- 2

. k]

FROGRAM FINISHED

"t F94B F948B -
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. F749 ooee
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~ -
- +

B e>ee KRETURN TO MONITOR
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TEXT *PROGRAM FINISHED RETURN TO MONITOR’ v

e a -

e

DATA }BDBA
BYTE B
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<is v FAB, 47, -t
2
.. Feap 41 - -
v reag a&p
 FeaF- 20 .
- Troze  as
) Fs1 49
" Fes2  4E
.. Fgs3 a9 '
: Fg54 53 .
'’ F955 48
" F9S6 A4S
=, F9s7 44
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F969 S2
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8135 FE28 FCOB

ADRG )FBZ2P9
DATA )FCep

ORIGIN
NEW WP
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Feso ‘ - o . - T
e20E LI K14, START - PC FOR RETURN . ;
FBBA ) ' - -

.. CLR fas , CLEAR STATUS - - :

RTWP : RETURN TO MAIN PROGRAM  ~ R :

p 3

. @189 FEC4 P628 CONTD DEC @)FB12
.- FEC8 FB12
., @199 FECA 020D ~ .
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FROGRAM DATA_INFUT (x4{DLCEUGY X 3IME6 CH DISCH )

CONST
MAX_ND=S)
#haX_FOSITIONS=28)
TYFE '
REC1=RECORD
MAME_AX1S1t FACKED ARRAYC1.,1020F CHAK)
AXIS_ “IYFEIPACKED ARRAY [1..18J0F CHAR)
MAX_ TRAVEL: THTEGER; .
MAX_ TUEL1 INTEGEK)
FEEDBACK:PACKED "ARKAY [£1..181 OF CHAR}
FDSIT)IFACKED ARRAY [1,.18] OF CHAR)
ENDj
REC2=RECOKD
STOREI ARRAYL1,'. 2B10F INTEGER)
ERD)
JOT=ARRAYL 1, . MAX_NDJDF RECI)
TOT2=ARRAYL 1..MAX_NOIOF KEC2}
VAR
POINTIARRAYCL 1., 2BIOF INTEGER;
TOTALITOT)
TOTALZ2: TOT2)
NO_OF _EDITS, X, NO_OF _FDS, HUM, AX1S, COUNT, NO_OF _ AXES: INTEGER}
LJNS,]NSTS.INST,NO DF INSERTS, NO_DF_ REMDUtS.NOS,LNDS INTEGER}
REMDUE.ALT.INSERT.EDIT:CHAR)
ALTER:1 ARRAYE Y. . SI0F INTEGER;
hEM: ARRAYL L, . SIDF INTEGER;
INS)ARRAYL L, . SI0OF INTEGER;

BEGIN(¥DETAILS OF AXESX)

1

¥

COUNT: =8;
KESETC(INFUT 3} ,
REURITE(OUTFUT N1
WRITELNC QUTFUT, * HOW MANY AXES ARE THERE? N
READLH( INFUT, NO_OF_AXES )y
WHILE COUNT { NO_OF_AXES DO
FEGIN
COUNT1=COUNT+1)
WRITELN( DUTPUT, 1 UHAT 1S THE MNAME OF THE AXIS? )
READLN( INFUT, TOTALLCOUNT J. HAME_AX1S);
END)
COUNT: =By
WHILE COUNT ¢ NO_OF_AXES DO
EEGIN (3TYFE OF AXISX)
COUNT: =COUNT+1)
. WRITELN(OUTFUT,” TYFE Df AXIS FOR ¢, TOTALLCOUNT 1, NAME_AXIS )
READLNC INFUT, TOTALLCOUNTY, AXIS_TYFE )
END}-
COUNT1 =8}
WHILE COUNT ¢ NO_OF_AXES DO
HEGIN
COUNT 1 =COUNT+1}
WRITELN( WHAT IS THE MAX VELOCITY FOR ¢, TOTALLCOUNT 1, NAME_AXIS ¥;

READLN{ INPUT, TOTALLCOUNT D, MAX_VEL ) - .- - - - -——
END;

COUNT1=8;
WHILE CUUNT ¢ HO_OF_AXES DO
LEGINI »FECDE ACKY¥ )
COUNT 1 =COUNT+1}
URITELN(* WHAT IS THE FEEDEACK FOR ¢, TOTALLCOUNTI, HAME_AXIS )
READLNC INFPUT, TOTALTCOUNT 1, FEEDEACK )3
ERD; ( »FEECDE ACKX% )
COUNT1=8y
< WHILE COUNT ¢ ND_DF_AXES 00
PEGIN(¥1¥)
COUNT s =COUNT+1;
VURITELN(* HDW MANY PDSITIONS HAS ?, TOTALLCOUNT J. NAKE _AX1S);
KREADLNC INFUT, TOTALLCOUHT I, FOSIT);
END;(*1%)
COUNT: =83
WHILE COUNT ¢ ND_OF_AXES DO
[EGIN{ »2%) - - -




22 CUUNT:=LE 24T+

33 WRITELNCC WHHAT 15 THE MAYX VALUE FDR FOS ‘,101&L[CUUHTJ.NhHE_ﬁIIS)J
349 READLHC TNFUT, TOTALLCOUNT D MAX_TRAVEL );
a3y, END; (9232 )
as BEGIH( ®INFUT FOSITIONSH )
35 WAITELN(* HOW MANY PUSITIDHS AKE THERE? ¥
3 READLH( INFUT, ND_OF _FOS )
ar FOR NUM,=1 TO ND_OF_F0S DO
20 EEGIN(X1%)
-1 COUNT 3 =B}
a9 WHILE COUNT ¢ NO_OF_AXES DD
40 BEGINC ¥2¥ )
48 COUNT1=COUNT+1) ..
41 URITELNC FOSITION FOR *, TOTALCCOUNTY. NAME_AXIS )
42 KEADLNC INPUT, TOTALZLCOUNT 1, SYORETNUHI ) -
43 ENDj( %2%)
43 WRITELNt “ NEXT INSTRUCTION NUMEER’ ))
44 &EADLN(PDIN1INUMJ):
q5 END;(¥1%)
a5 ENDs< ¥INFUT FPOSITVIONS¥)

4% EEGIN(#PRINT L1ST%}

45 URITELN; -
46 URITELN)

47. FOR COUNT:=1 TO NO_DF_AXES [$]0)

48 KEGIN( ¥1%)

48 WRITELH( TOTALLCCOUNT 3, HAME_AXIS )}

49 " WRITELM;

50 ~ WRITELN(” THE TYPE DF AXIS IS s, TOTALLCOUNT ). AXIS_TYFE)}
=1 " WRITELN}

52 WKITELNS * THE MAX VALUE FOR POSITION 1S/, TOTALL COUNT ). KAX_TRAVEL )}
53 UKITELN;

o4 URITELNC” THE MAX VELOCITY IS 4, TOTALLCOUNT 3. MAX_VEL )}

s UKRITELN)

;Z WRITELN(” THE METHOD OF FEEDEACK IS +, TOTALLCOUNT 3. FEEDEACK Yy i
57 URITELN; T

58 WRITELNC(’ NO OF FOSITIONS ON THE AXIS ¢, TOTALLCOUNT 1, FOSIT )
59 WRITELN;

60 WRITELN}

&1 ERD;(31%)

&1 URITEC* INSTRUCTION HO 1)

&2 COUNT: =D;
L3 UHILE COUNT ¢ NO_OF_AXES DO

é4 EEGINC*HEADINGSk ) -
&4 COUNT; =COUNT+1;

[ 31 WRITEF(TOVALLCOUNT ], NAME_AXIS Y

1.3 END)C *HEADINGSX )

&b BRIVCC T OINTICK' 1)

&7 URITELN;

&8 FOR NUM;=1 TO NO_OF_#0S DO

L9 EEGINC ¥2% )

469 COUNT: =8,

78 URITECHUM ),

71 WHILE COUNT ¢ ND_DF_AXES DO

72 EEGINC %3%)

72 COUNT: =COUNT+1}

73 WAITEC(” ¢, TOTAL2L COUNT 1. STORECNUMI )
74 END; ( x3%)

74 WRITEC” *,FOINTCNUM2 )

75 URITELN

75 END)( %x2x%x )

74

7&

76 END;(3FRINT LISTx)

7& WRITELNC’ DOES THE SEQUENCE RERUIRE EDITING INFUT Y FOR YES & N FOR KD )
77 READLNCINFUT,EDIT )

78 CASE EDIT OF

79 ‘Y I BEGINCYEDIT®)

79 WKITELMN(“DOES THE VALUES FOR THE FPOSITIONS KERUIRE ALTERING' )3
8o WRITELN(-INFUT Y FOR YES & N FOR NO‘ );

81 READLN(ALT X3

82 CASE ALT OF

a3 YY’ tBHEGINC AINSTX)

83 HOS: =83

a4 WRITELN(” HOU MANY INSTRUCTIONS REGUIRE ALTERING?' )}

865 READLN(NO_OF_EDITS )}




(318
87
BB
ey
ey
ve
¥0
71
92
73
91
e4
95
76
e7
78
44
79

10d
161
181
181
16l
162
182
143
1p9
185
165
108
167
108
109
1@
11
111
1312
112
113
114
115
115
1146
117
118
119
128
128
128
m
1
122
123
1249
124
125
126
127
128
129
129
128
13
131
132
133
134
134
1335
1346
137
138
139
ise
140

LR1ITLLAO? WIHICH ThLIKUCTIONS RELUIAL ALTLERILGL?T 2}
WHILE KOS <nNO_OF_EDITS DO R
EEGIH (1%
1051 =NDS+1)
READLN{ ALTERLHDS] )
END}C¥1IN)
LNDS; =N0S)
NDS; =B}
WHILE NOS ¢ LNDS DO
LEGIN(*2%)
HOS. -~ HOE+1) - - - - - - .-
WRITELN(ALTERLNOSD, * I1HFUT THE CORRECT VALUES’ )y

HUM1 =R0S) N
COUNT1=B; .
WHILE COUNT ¢ ND_DF_AXES DD
EEGINCRIX)
COUNT=COUNT+1) . -
WRITELNC(*FOSITION FOR ¢, TOTALLCOUNT 1. NAME_AXIS )}

READLN( TOTAL2ICOUNT J. STORELHUMD )y .
EHD; (332 )
ENDyC*2Z2)
END; (HTIHNSTX )
s N* s URITELNC” HD ALTERATIONS TO VALULS FEQUIKRFD' 1
END; ( *CASEX )
WKITELHC® AKE ANY INSTRUCTIONS TO RE RCHOVEDT? 1)
KEADLH(RENMOVE )3 .
CASE REMOVE OF
rY sHEGIN( »REMOVEX )
URITELNC* HOW MANY INSTRUCTIONS TO &E REMOVED?" )
READLN({NO_OF _REMDVES )
NDS:1=8}
WRITELNC- WHICH INSTRUCTIONS RERUIRE REMDVING?' h
WHILE NOS ¢ NO_OF_KEMOVES DD
KEGIHNC( *REXOVEY }
HOS: =HOS+1)
RCADLN(REMINDS] ) -
END; { ¥REMDVEX )
LNOS) =HNODS;
HOS: =8;
WHILE NDOS ¢ LNOS DO
FPEGIN{ ¥CHX) o Oow1C&¢) .
NOS:1=NOS+1}
INSTi=KEMINOS 2}
INSTI=INST-1}
WHRITELK(* COLRECT POINTER FOR INST NOD *, INST )
KEADLNC FOINTCINSTI )
END; ¢ ¥CHX )
END; { *REMOVEX )
sNf sWRITELNCY NO LINES TO EE REMOVED' )
END; ( *CASE 2%)
WRITELN(” ANY INSTRUCTIONS TO EE INSERTED’ 3
READLN{ INSERT 13
CASE INSERT DF -
sy’ yREGIN( XINSERTX )
NOS; =08}
WRITELNC S HOW MANY INSTRUCTIONS TO RE INSERTED? )
READLN( NO_OF_INSERTS); -
WRITELNC“WHICH INST ARE TO HAVE VALUES AFTER THEH?' );
WHILE HOS ¢ NO_OF_INSERTS DO - —
EEGIN( XINSX)
HDS1=NH0S+1}
READLH( INSLNOS]);
END; ( %THNSX)
LNDS: =HOS;
NOS =8;

WHILE NOS ( LNOS DD - T T B
BEGIN( *INSER¥)Y
NOS; =HDS+1;
NUM: =INSLNOS])
WRITELN( NEW POINTER FOR *, INSCNDSJ);
READLHN( POINTCHUM] 33
URITELN(* INSERT 1HSTR WHICH’, FOINTLCHUMY, ¢ POINTS TOD' ¥
INSTS:=ND_OF_FDS;
EEGIN(»]1X)
COUNT: =k




il
142
143
143
144
1495
146
144
144
147
147
147
148
148
148
1499
14%
1te
151
152
152
153
159
154
155
154
157
157
158
159
148
140
1461
162
162
163
1463
144
144

-
L5

PHGTS = INSTGY Y . -
LOILL CLUKY ¢ NO_OF _AYLS DO
fCGINy 2 INHE)
CULNT = COURT+1) ,
WRITCLH{*FOS FOR 7, TOTALLECOUNT ], RAKE_AXIS )
READLNC TOTALDLCOUNT ], GTOREL INETE D))
END, (1Kt )
ERD;C(n1%)
LINSi=INETS)
END) ¢ # INSCR¥%)
END; ¢ # INSCART¥)
‘Nt WRITELNG“NO INSERTS Ny
END;({ ¥CASEZR)
ENDI(3FDITH)

= ‘N’ JURITELN( ' YOUR FROGFAW IS CORRECT’ )

W

END,{ #CASE* )
HRITEC? INSTRUCTION ND g J ]
COUNT 1 =8;
WHILE COUNT { NO_OF_AXES DO
BEGIN(YHEADINGS® )
COUNT: =COUNT+1)
WRITE(TOTALLCOUNT} NAME_AXIS Y
END; { *HEADINGSX )
WRITE(*FOINTER" )}
WARITELN)
FOR NHUMi;=1 TO LINS DD
FEGIH{ sFRINT NEW LISTx)
COUNT:=8)
WKITE(HNUMY,
UHILE COUNT ¢ NO_OF_AXES DO
[EEGINC¥ 1%} . s e e - .
- - COUNT =COURT+1) " - -— .
URITEC( ¢, TOTALZ2LCOUNT J. STOREL RUM1 )y
END;{ ¥1%)

- WRITE(? ¢, FOINTCHUMD )3

END.,

WRITELN
ENDj { ¥FRINT NEW LISTX)
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APPENDIX 8 ' .
SECTION 1

INTRODUCTION

-

} 1.1 GENERAL
The Texas Instruments TM 990/101M is a self-contained microcomputer on a singl:
printed-circuit board. The board's component side is shown in Figure 1-1, which alss
highlights major features and components. Figure 1-2 shows board dimensions. Thi:
microcomputer board contalns features found on computer systems of much larger size
including a central processing unit (CPU) with hardware multiply and divide
» programmable serial and parallel I/0 lines, external interrupts, and a debug-monito:
. to assist the programmer in program development and execution. Other features include:

- *

*®

-

TM§ 9900 microprocessor based system: the microprocessor with the minicom-
puter instruetion set - software compatible with other members of the 99(
family. '

1K x 16 bits of TMS 4045 random-access memory (RAM) expandable on-board tc
2K x 16 bits.

1K x 16 bits of TMS 2708 erasable programmable read-only memory (EPROM), ex-
pandible on-board to 2K x 16 bits. Simple jumper modifications enable sub-
stitution of the larger TMS 2716 EPROM's (16K bits each) for the smaller
TMS 2708's (8K bits each). Four TMS 2716's permit EPROM expansion to 4K x 1€
bits.

NOTE
Three board c¢onfigurations are available. The characteristies
of each configuration are explzined in paragraph 1.3.

Buffered address, data, and control lines for off-board memory and I/0 ex-
pansion; full DMA capabilities are provided by the buffer controllers.

-~ 3 MHz crystal-controlled clock.
1
1

'One 16-bit parallel I/0 port, each bit is individually programmable.

Modified EIA RS-232-C serial I/0 interface, capable of communication to botl!
EIA-compatible terminals and popular modems (data sets).

A local serial I/0 port, with interfaces for an EIA terminal and either &
Teletype (TTY) or a twisted-pair balanced-line multidrop system {(interface
choices are detailed in paragraph 1.3).

Three programmable interval timers.

17 prioritized interrupts, including RESET and LOAD functions. Interrupt §

is level triggered (active LOW) and edge-triggered (either polarity) anc
latched on-board.

A directly addressable five-position DIP switch and an addressable light
emitting diode (LED) for custom system applications.

PROM memory decoder permits easy reassignment of memory map configuration;
see Figure 1-3 for memory map of the standard board.
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1.2 MANUAL ORGANIZATION .
Section 1 covers board specifications and characteristies. A glossary in paragraph 1.

explains terms used throughout the manual.

section 2 explains how to install, power-up, and operate the TM 990/101 microcompute
with the addition of a data terminal, power supplies, and appropriate connectors.

Section 3 explains how to communicate with the TM 990/101M using the TIBUG monitor
This versatile monitor, complete with supervisor calls and operator communicatioc
commands, facilitates the development and execution of software.
Section 4 describes the instruction set of the TM 990/101M, giving examples of eac
class of instructions and providing some explanation of the TMS §900 architecture.

Section 5 explains basic programming procedures for the microcomputer, giving a
explanation of the programming environment and hardware-dependent features. Numerou
program examples are included for utilizing the various facilities of the TM 990/101M

Section 6 is a basic theory of operation, explaining the hardware design configuratio
and circuitry. This section provides explanations of the bus structure, the contro
logic, and the various subsystems which make up the mierocomputer.

Section 7 describes various optlons available for the microcomputer, both thos
supplied on-board and those which Texas Instruments offers for off-board expansion o
the system. : '

Section 8 features various hardware applications which can be built using the T
990/101M.

1.3 PRODUCT INDEX

The TM 990/101M microcomputer is available in three different configurations, whic
are specified by a "dash number" appended to the product name; e.g., TM 990/101M-1
These configurations are listed in Table 1-1. A memory map is shown in Figure 1-3.

v

Table 1-1. TM 990/101M Configurations

Main Serial Por
Option (EIA
™ 990/101M EPROM Terminal
Dash No. Socketed Program RAM I/F Stand)
-1 2 TMS 2708 TIBUG Monitor L TMS Lou5 ! TTY
(1K x 16) (1X x 16)
-2 2 TMS 2716 Blank y TMS 1ou5 Multidrop
(2K x 16) (1X x 16)
-3 4 TMS 2716 Blank 8 TMS hLous TTY
(4K x 16) (2K x 16)
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MAIN EPROM*® _\
0000

0800 N J7FF
| [75 ———————— OFFF
: EXPANSION 7]
EPROM
EXPANSION
RAM ~
Foa)fsﬁi ________
£800 - FIFF
A

FFFF
_/ T™ 990/101M
MAIN RAM

*EPROM’s programmed with TIBUG monitor

Figure 1-3. Main And Expansion EPROM and RAM

l1.R BOARD CHARACTERISTICS

Figure 1-1 shows the major portions and components of the microcomputer. The syster
- bus connector is P11, which is a 100-pin (50 each side) PC board edge connector spaces
on 0.125} inch centers. Connector P2 is the main serial port and P3 is the R3-232-¢
auxiliary serial port. Both connectors are standard 25-position female jacks used i
R5-232-C communications. The parallel I/0 port is PC board edge connector P4, whicl
has 40 pins (20 each side) spaced on 0.1-inch centers.

Figure 1-2 shows the PC board silkscreen markings which detail the various component:
on the board; also included are the board dimensions and tolerances.

1.5 GENERAL SPECIFICATIONS

+5 Vv +12 V -12 ¥V
Power Consumption TYP MAX TYP MAX TYP MAX
TH 990/101M-1 1.8 2.6 G.30 0.50 0.25 0.40
T 990/101M-2 i.8 2.8 0.30 0.50 0.25 0.40

Clock Rate: 3 MHgz

faud Rates (set by TIBUG): 110, 300, 600, 1200, 2400, 4800, 9600, 19200
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Memory Size: The microcomputer is shipped with:
RAM: Four TMS 4045 (1K x 4 bits each)
EPROM: Two TMS 2708 (1K x 8 bits each), preprogrammed with TIBUG.

Total capacity is:

RAM: Eight TMS 4045's (1K x 4 bits each)
EPROM: Four TMS 2708's {1K x 8 bits each)
or -

- Four TMS 2716's (2K x 8 bits each)
Board Dimensions: See Figure 1-2

Parallel I/0 Port (P4): One 16-bit port, uses TMS 9901 programmable systems interface

Serial I/0 Port (P2 and P3): Two asynchronous ports:
Main port (P2) has two interfaces: RS-232-C answer mode and either a TTY or a
balanced-line differential multidrop interface.

Auxiliary port (P3)‘meets RS-232-C specification interface, capable
* of either originate or answer mode.

Both serial ports use TMS 9902 asynchronous communication controllers, but th
Auxiliary Port will readily accept the TM3 3903 synchronoas comzmunicat.on
controller. Simply plug in the TMS 9903 for synchronous systems.

1.6 REFERENCE DOCUMENTS
The following documents provide supplementary information for the TM 990/101M user!
manual.

TMS 9900 Miecroprocessor Data Manual

TMS 9901 Programmable Systems Interface Data Manual

TMS 9902 Asynchronous Communication Controller Data Manual

TMS 9903 Synchronous Communication Controller Data Manuval

TMS 990 Computer, TMS 9900 Microprocessor Assembly Language Programmer?
. Guide (P/N 943441-9701)
' TM 990/30%1 Microterminal

TM 990/401 TIBUG Monitor Listing

TM 990/402 Line-by-Line Assembler User's Guide

TM 990/402L Line-~by-Line Assembler Listing

TM 990/502 Cable Assembly (RS-232-C)

TM 990/503 Cable Assembly (TI Terminal T43 or 745)

TM G90/504 Cable Assembly (Teletype)

TM 990/506 Cable Assembly (Modem cable for /101 board)

TM 990/510 Card Chassis

TM 990/511 Extender Board User's Guide

TM 990/512 Prototyping Board User's Guide .

;
¢ 08008 POCO

1.7 GLOSSARY
The following are definitions of terms used with the TM 990/101M. Applicable areas i:
. this manual are in parentheses.

Absolute Address: The actual memory address in quantity of bytes. Memory addressing i:
usually represented in hexadecimal from 000015 to FFFFig for the TM 990/101M.

Alphanumeric Character: Letters, numbers, and associated symbols.

ASCIT Code: A seven-bit code used to represent alphanumeric characters and contro
(Appendix C).
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Assembler: Program that translates assembly language source statements into object
ode
[ o] -

Assembly Language: Mnemoniecs which can be interpreted by an assembler and translated

. into an object program (paragraph 4.6).

pit: The smallest part of a word; it has a value of either a 1 or 0.

preakpoint: Memory address where a program is intentionally halted. This is a program
debugging tool. ’

Byte: Eight bits or half a word.

Carry: A carry occurs when the most-significant bit 1s carried out in an arithmetic
operation (i.e., result cannot be contained in only 16 bits), (paragraph 4.3.3.4).

Central Processing Unit (CPU): The "heart" of the computer: responsibilities include
instruction access and interpretation, arithmetic functions, I/0 memory access. The
THMS 9900 is the CPU of the TM 990/101M.

Chad: Dot-like paper particles resulting from the punching of paper tape.

Command Scanner: A given set of instructions in the TIBUG monitor which takes the
user'’s input from the terminal and searches a table for the proper code to execute,

. Context Switch: Change in progrém execution environment, includes new program counter

(PC) value and new workspace area.

" CRU (Communications Register Unit): The TMS 9900's general purpose, command-driven

input/output interface. The CRU provides up to 4096 directly addressable input and
ocutput bits {paragraph 41.8). ’

Effective Address:-Memory address value resulting from interpretation of an

. instruction operand, required for execution of that instruction.

' EPROM: See Read Only Memory.

Hexadecimal: Numerical notation in the base 16 (Appendix D).

Izzediate Addressing: An immediate or absolute value (16-bits) is part of the
1nstruction (second word of instruction).

Indexed Addressing: The effective address is the sum of the contents of an index
register and an absolute (or symbolic) address (paragraph 4.5.3.5).

inff;e%t Addressing: The effective address is the contents of a register (paragraph
-5.3.2).

EEEEEEEEE’ Context switeh in which new workspace pointer (WP) and program counter {PC)
;a}:es are obtained from one of 16 interrupt traps in memory addresses 00004, to
03246 (paragraph 4.9).

Eig:.The input/output lines are the signals which connect an external device to the
€&ls lines of the TMS 9990.

A8.7




Least Significant Bit (LSB): Bit having the smallest value (samllest power of base 2);

represented by the right-most bit.

Link. The process by which two or more object code modules are combined into one, wit
‘eross-referenced label address locations being resolved.

1

'Load: Transfer control to operating system using the equivalent of a BLWP instructi
to vectors in upper memory (FFFCyg and FFFEqg). See Reset.

Loader: Program that places one or more absolute or relocatable object programs int
memory {Appendix G). '

Machine Language: Binary code that can be interpreted by the CPU (Table Y4-4).

Monitor: A program that assists in the real-time aspects of program execution such a
operator command interpretation and supervisor call execution. Sometimes calle
supervisor (Section 3).

Most Significant Bit (MSB): Bit having the most value; the left-most bit representin
the highest power of base 2, This bit is often used to show sign with a 1 indicatin

", negative and a 0 indicating positive.

épject Program: The hexadecimal interoretations of source code outpu® by an assemtler
program. This is the code executed when loaded into memory.

One's Complement: Binary representation of a number in which the negative of the
number is the complement or inverse of the positive number (all ones become zeroes,
vice versa). The MSB is one for negative numbers and zero for positive. Twuc
representations exist for zero: all ones or all zeroes.

Op Code: Binary operation code interpreted by the CPU to execute the instructior
(paragraph 4.5.1). .

Overflow: An overflow occurs when the result of an arithmetie operation cannot b
represented in two's complement (i.e., in 15 bits plus sign bit), {(paragraph 4.3.3.5)
i

Paritx: Means for checking validity of a series of bits, usually a byie. 0dd parit
means an odd number of one bits; even parity means an even number of one bits.
parity bit is set to make all bytes conform to the selected parity. If the parity i
not as anticipated, an error flag can be set by software. The parity jump instructio
can be used to determine parity (paragraph 4.3.3.6).

PC Board: (Printed Circuit Board) a copper-coated fiberglass or phenclic board o
which areas of copper are selectively etched away, leaving conductor paths forming
circuit. Various other processes such as soldermasking and silkscreen markings ar
added to higher quality PC boards. O

Program Counter {P?Z): Hardware registes that points to the next instruction to b
executed or next word to be interpreted (paragraph 4.3.1).

PROM: See Read Only Memory.

Ran?om Access Memory (RAM): Memory that can be written to as well as read from (vs
ROM) .

Read Only Memory (ROM): Memory that can only be read from {can't change contents)

Some can be programmed (PROM) using a PROM burner. Some PROM's can be erased (EPROM's
by exposure to ultravioclet light.




Reset: Transfer control to operating system using the equivalent of a BLWP instr‘uctlo
to vectors in lower memory (000015 and 00021g)- See Load.

}

Source Program: Programs written in mnemonics that can be translated into machine
Jjanguage (by an assembler).

 Status Register {(ST): Hardware register that reflects the outcome of a previou
'{nstruction and the current interrupt mask (paragraph 4.3.3).

T
4

. Supervisor: See Monitor

. fytilities: A unique set of instructions used by differnt parts of the program t
B , perform the same function. In the case of TIBUG, the utilities are the I/0 XOP'

(paragraph 3.3).

WOrd: Sixteen bits or two bytes.

Workspace Register Area: Sixteen words, designated registers 0 to 15, located in RAl

for use by the executing program (paragraph 4.4).
{

Workspace Pointer (WP): Hardware register that contains the memory address cf th
eglnning (register 0) of. the workspace area (paragraph 14.3.2).

\
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e APPENDIX 9 L

SPECIFICATION - MODEL S00 P

STANDARD EQUIPMENT
POWER SUPPLY

SIZE
Mechanical Unit
Conwol Console

WEIGHT '
Mechanical Unit
Controt Console

ARM MOVEMENT
Vertical Trave!
Horizontal Travel

B Swing Arc

WRIST MOVEMENT
Rotation
Sweep

GRIPPER

. ARM SPEED
) Verticat axis
’ Horizontal axis
panE Swing axis

415v L 10%, 3ph , with Earth and Neutral wires,
50Hz, 6 SkVA. .

LENGTH WIDTH HEIGHT
1188mm (47 in) 711mm (28 in) 1854mm (73 1n)
750mm (29 ) 532mm {21 in) 1170mm {46 in)

-

740kg {1630 Ib) f .
100kg{ 2201b)

760mm (30 1n]

*760mm {20 in}

240°

Up 10 180°, 2 position at 90°%/sec maximum

*Up 1o 180%, 2 position at 90° /sec maximuny

*None as part of standard equipment

910mm (36 in}/sec -
910mm {36 in}/sec
90% /sec

- REPEATABILITY {Approach from one direction only)

At maximum reach

Better than & T 3 (1- 0.125 In} in Swing axis
Better than = 2rmm (= 0,080 in} in Vertical and
Herizontal axes

v LOAD CAPABILITY (Typicat figures only; these will vary with . N
details of each application, Figures are for
- gripper plus component(s} being handled)

PROGRAMME
Number of arm positions

Number of steps in sequence

INTERLOCKS
Number of incoming
and outgoing circuits

GRIPPER & WRIST CONTROLS
i

COOLING

TEMPERATURE
Ambient temperature range

HYDRAULIC FLUID

"ALTERNATIVES AVAILABLE
Power Supply

Horizontal travel of arm

Virnist sweep movement

Gnpper

Coohng
Hydraulic power unit

Latesal movement of mechanical unit

*At rated speed 23kg (50 Ib}
*At reduced speed 55kg {120 1b)

30 {Positions may be visited more than once per
programme)
100 {A short sequence may be repeated several times
around programme drum} .

12 to1al

Two circuits {one —on, one —off) are available
as standard

*Air

0° to 45°C for mechsnical unit

Mobil DTE Light {Mineral Qil)

220V, 380V, 500V+ 10%, 3ph,,
with Earth and Neutral wires, 50 or 60 Hz,
6.5kVA

1060mm {42 in) with reduction in load capability to:
At rated speed 1B6kg (35 Ib]
At reduced speed 36kg (80 Ibs}

Servo control sweep axis {in liev of one
standard servo axis) with up to 290° are

Standard hydraulic mechanism with special
jaws: vacuum, mechanicat, electro—magnetic
or other gripper type to spetial design
Water

Separate from column

2 posttion system, or servo system [in lieu
of one standard servo axis)




_Data d
v Y \
v A, Dimensions
Vechanical unit Console

L Nesdght 73 in (186 cm) 46 in (117 cm)
' Depth (with zrm extended) 2 in (202 ow) 20 in ( 51 em}
-1 Width _ 27 in ( 69 cm) 29.5 in ( 75 em)
o Height 1200 1b (593 kg) 0 1b (135 kg)

| % B. Power requirements (into mechenizal unii)

. {les . B15V'2 10% 3 phase and neutral 50z at 11A.  Other voltages in the
: range 220 to S00V are zvailable.

y;

N k]
1

C. Movements

! Arm Horizontal 30 in (77 cm)
| . (A 42 in (107 cn) reach arm can he
supplied to order)

T g
P

Arm Velocity with 20 1b (9.1 ¥z) load {Sce Note)
Horizontal and vertical 26 in/sec (92 em/sec)
Swing 90°/sec

Vertical 20 in (77 em)
e Swing 2ko°®
Wrizt rotate 0 up to 180° ),
- Sweep 0 up to 180° )
Grippe? close Dupendent upon type

. r—s

T Jozds up Lo 100 1b can e handled zt reduced speeds by the arm and
Erijror aliochsent, but rot by the wrist, zlihoush this asserbly
cin be locked by its strss whils:t heavy 1sads are being manipulated.

T positiens on cach, liwmited by aijﬁ%table rechanical stops.
1
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D.

Nurdeer of ars conanail par It fons

109, riade up from a conhinzsion of:

s
)

Arm 70 discrcie points

Wrist 2 (in toth rotale and sweep)  (ON-OFF)
Cripper 2 (G-OFF)
Interlock 12

Repeatabiliiy of arm command positions

Better than 0.125 in (0.32 cm) in suing
Better then 0.080 in (0.2 cm) in horizontel and vertical

-

Operating temperature ranse

0°C (32°F) 1o 45°C (113°F) .ambient

Free 2ir flowr reoulired

1000 £t3/min (28 /min)

Hydraulic fluid

Type Normally: Mineral oil Mobll DTZ 1light —
But can use: Phosphzte estcr Iobil pyrograd 2137
(fireproof)
Reservoir capacity LY pints (25 litres)
Operating pressure 1000 1v/1r2 (70 ke/er)
JPump capacity 8 imp gal/min (25.4 liire/~in)
1

Séfety cut out operates if pressure droops below 800 lb/in2
Nermal oil operating terperature 55°C (230°F)

{Hydraulics locked until this temperalure is reached, this takes about
6 minutes from switch-on, Safety cut oul operates ‘if fluid temperature
exceeds 82°C).

I. Interlock eouipment

8 relays, 24V coil double pole change-over contacts (2LV, 0.5A supply
available for energisztion).

Centact rating 10A a2t LLOVee or 250Vde. NMaximum power swiiching capzzilas
(rion-inductive load) 21.5xVA, 15C%! azt 2CVde or TO 2t 100Vde.

/
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