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ABSTRACT

Recent work in the field of above-knee prosthetics at M.I.T.
has resulted in the development of a controllable, passive prosthesis.
The prosthesis employs a magnetic particle brake to provide a
resistive torque about the knee axis to damp the prosthesis motion.
A portable controller has been designed and constructed for use
with this prosthesis to assist new amputees during early walking
training. A microprocessor with a stored program was selected
as a basis for the controller. This enables modification of the
controller's function by simply changing the control program.
The present control program is designed to allow a recent amputee
to make a gradual and comfortable transition from a rigid to an
articulated prosthesis. Damping profiles are used as input to
the controller to provide the desired prosthesis characteristics.
Preliminary testing with an experienced amputee has shown
that the system is capable of a wide range of operating characteristics.
Plans have been made to further evaluate the system in a hospital
environment.
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CHAPTER I INTRODUCTION

The loss of a lower limb is a severe experience for any individ-
ual from both a physical and emotional standpoint. In the case of an
above-knee (A/K) amputee, the ramifications are particularly great. In
addition to dealing with an altered body image, the amputee is faced
with the problem of reduced efficiency of mobility. The amputee's reha-
bilitation program plays an important role in helping him to deal with
these and other problems.

The ultimate goal of the rehabilitation process is to enable
the amputee to return to his former role in society. During this
process, the amputee participates in exercises designed to aid his
recovery from the effects of the amputation and to strengthen his
remalning musculature to serve new functions during ambulation.

One of the devices that has shown to be of extreme usefulness

during rehabilitation is the temporary prosthesis (see Figure 1-1).
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It can serve to speed up the healing process of the stump and to
shorten the time required for rehabilitation (18). The use of a tem-
porary prosthesis is of increased importance when the amputation was
preformed because of vascular disease. It helps to reduce the
problems associated with immobility and stimulates circulation 9,
(15).

A temporary prosthesis usually consists of a plastic socket
made to fit the amputee, a knee uﬁit and a combination ankle and foot.
The knee unit commonly used is a single axis device which can be manu-
ally 1ocked. It is des.igned to be reusable and inexpensive. A
prosthesis of this form is typically employed for early ambulation
training and is retained for use by the amputee until fitted with his

permanent or definitive prosthesis.

1.1 The Problem

During early walking training with the temporary prosthesis, one
of the most crucial phases is the transition from a rigid to an artic-~
ulated prosthesis. This transition is important because it enables the
amputee to walk in a more energy efficient fashion with a cioser resem-
blance to normal walking motions. Currently, this transition is accom-
plished by simply unlocking the knee joint and allowing the prosthesis
to operate in a pendulum or free-swinging mode. Because of the insta-
bility associated with this transition, many elderly amputees never
progress to the use of an articulated prosthesis. In other cases, the

amputee's first experience with an articulated prosthesis may occur
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when he receives his permanent prosthesis.

1.2 Approach

The goal of this project was to develop a means of allowing
an amputee to make a gradual and confident transition from a rigid
to an articulated prosthesis. The approach taken follows along the
line of previous research at M.I.T. in the field of above knee pros-
thetics (3), (4), (5), (6), (8).

Rather than attempt to build a specific prosthesis to perform
a desired training function, a versatile prosthesis with a suitable
controller was developed. The use of a separate controller provides
a means to implement many possible operating characteristics. This
cnables investigation of many functions without a commitment to a
specific hardware design. However, unlike previous work, the prosthesis
and controlier were designed for portable use outside of.the M.I.T.
Human Mobility Laboratory. The system shown in Figure 1-2 was devel-
oped with the goal of assisting new amputeés during the early training
process.

This system should enable a smooth transition to an articulated
prosthesis during the training process. It should also be of benefit
to the prescription process for the amputee's permanent leg. The
system presents the opportunity for the amputee to evaluate many knee

control schemes before receiving a permanent prosthesis.
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Figure 1-2 Prosthesis-Controller System
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Figure 1-2 Prosthesis—-Controller System
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1.3 Purpose and Scope of this Thesis

This thesis describes the development and initial evaluation
of the prosthesis controller. Chapter II provides a brief intro-
duction to terminology used in describing the walking cycle and an
overview of commercially available A/K prosthesis control units. This
chapter also includes a summary of the training program for new amputecs.
The function of the controller and the prosthesis used for its evalu-
atlon are described in Chapter III. Chapter IV discusses the micro-
processor system employed in the controller and the programs developed

for its use. An initial evaluation of the system appears in Chapter V.
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CHAPTER II BACKGROUND

2.1 The Walking Cycle

Walking is a cylical process we learn at an early age to use as a
method of locomotion. 1Its complexity can be easily understated. Indi-
viduals can alter the basic walking cycle for use over various terrains
and conditions at a wide range of speeds. For many individuals this
process is also used as an expression of personality and style.

For purposes of discussion and analysis, the basic walking or
galt cycle has often been conceptually divided into two phases defined
by distinct events during the cycle. For a normal individual, the motion
the legs undergo is symmetric and is 180 degrees out of phase relative
to one another. Therefore, the cycle of only one leg need be con-
sldered. Events dur@ng the cycle are usually expressed in terms of
the percentage of the total cycle of one leg (see Figure 2-1). Stance

phase is defined as the time the leg is. in contact with the ground.
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This comprises approximately 60 percent of the walking cycle. The
remaining 40 percent consists of swing phase, when the leg follows
through in a forward motion.

Several events have been chosen to define subdivisions within the
phases. Starting arbitrarily with heel contact of the right leg as in
Figure 2-1, the leg is fully extended. Heel contact signifies the begin-
ning of stance phase. As weight is transferred from the other foot,
the ankle flexes until full foot contact is achieved. During this
transfer, the knee flexes slightly, then extends to minimize vertical
movement of the body's center of gravity. From this point the knee
quickly begins to flex and the heel leaves the ground as the hip and
ankle provide power to move the body forward. As the knee continues
to flex, the right toe leaves the ground and swing phase begins.

During swing phase, the knee flexes until maximum heel rise or
flexion is reached. From this point, extension of the hip and gravi-
tational forces act to reverse the velocity of the leg as it extends
forward to another heel contact.

During most of the walking cycle the knee acts as an energy ab-
sorbing or dissipating device (2). Some positive power is used during
stance phase to maintain the height of the body's center of gravity
and to initiate flexion into swing phase. The remainder of the required

power for the cycle is supplied by torques about the hip and ankle.

2.2 The Above Knee Prosthesis

The goal of an above knee prosthesis is to serve the same functions



lo

as the normal leg it replaces. Considerable research and effort have
been directed toward the development of the "ideal" prosthesis, but
only limited success has been achieved. This is primarily because a
passive device has been used to replace both the knee and ankle
functions.

A conventional prosthesis, illustrated in Figure 2-2, consists of
a basic structure capable of supporting the amputee's weight, an inter-
face to his stump and units to replace the function of the ankle and
knee. A quadrilateral socket 1s usually employed to attach the pros-
thesis to the stump. Total contact suction and/or a pelvic belt are
used as a method of suspension depending on the amputee's preference
and stump length.

The majority of above knee amputees use a SACH (Solid Ankle
Cushioned Heel) foot and ankle unit as shown in Figure 2-2. It cushions
the impact upon heel contact and provides a resistance to dorsiflexion
near the end of stance phase. It is a simple design and is preferred
by younger, more active amputees. A single axis foot may be used for
older amputees who desire greater stability.

There are a number of control units available to help the amputee
control the prosthesis during stance and swing phase. Following the
guidelines established by the Veteran's Administration (17), control
units may be classified into one of three categories:

1. Free swinging

2. Swing phase control

3. Swing and stance phase control

Most of these units have been optimized for normal level walking.

4



17

!
b4
3
(72
=
o
-
Q
pe
(72

KNEE AXIS

KNEE UNIT

SACH FOOT

Figure 2-2 A Typical A/K Prosthesis
(From Donath (4) )



18

A free swinging prosthesis provides no resistance to motion
except the residual friction present in the knee joint. A prosthesis
of this type behaves like a pendulum. Stability during stance phase
is provided by a means of a hyperextension stop, as illustrated in
Figure 2-3. By positioning the load line ahead of the axis, a moment

exists which keeps the prosthesis from buckling during stance.

Swing phase control units provide a resistive torque any time there
~ is relative motion about the knee axis. The term "swing phase".is
somewhat of a misnomer because these units also offer resistance

during the part of stance phase from heel off to toe off. However,

its primary function is to damp motion during swing phase. The

damping may be provided by rubbing surfaces or pneumatic or hydraulic
dashpots. Rubbing friction can be used to make the resistance constant
or proportional to the angular position. Turbulent fluid damping
creates a resistance proportional to the angular velocity squared so
the prosthesis is responsive to changes in walking speed. A hyper-
extension stop is usually provided for stance phase control.

The most complex units furnish both swing and stance control.
Increased resistance during weight bearing or a polycentric linkage,
which changes the instantaneous center of rotation, are used to create
enhanced stability during stance. Swing phase control is usually
provided by one of the methods described earlier.

In addition to the function of damping the motion o% the prosthesis,
many control units are fitted with an extension bias spring. This

spring acts to store energy during swing phase as the leg approaches
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maximum heel rise. This energy is then released so the prosthesis will
extend quickly.

Selection of a particular device is based on many factors. The
amputee's age, level of activity and stump length are considered as
well as the control unit characteristics such as reliability, weight
and simplicity. In addition to the components chosen, the prosthesis
alignment can also be used to affect its stability. It is possible to
trade off stability during stance against the ease of initiating
buckling for flexion by adjusting the load line relative to the knee
axis. For a more complete description of prosthetic devices and the
prescription process, see references (7), (17) and (19).

Despite the number of alternatives available for the construction
of A/K prostheses, the final products'have tended to fall short of
expectations. An above knee-amputee requires 20 to 60 percent more
energy for level walking than his normal counterpart (1), (16). Also,
an amputee's gait is markedly different from that of a normal person.
The stance control schemes employed requires the amputee to 'vault"
over his proéthesis during stance to help keep his center of gravity

over the prosthesis.

2.3 Early Walking Training of Above Knee Amputees

The use of a temporary prosthesis for early training of amputees
has been shown to be beneficial from several standpoints. The tem-

porary socket helps to shrink the stump and promote healing. Psy-

chologically, it reassures the patient that he will be able to regain
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much of the independence and mobility he had prior to his amputation.
By observing the patient's use of his temporary prosthesis, insight
can be gained into his needs for prescriptioﬁ of his permanent
prosthesis.

Because of its transitory nature, a temporary prosthesis is
usually constructed of relatively inexpensive and reusable parts.

A typical temporary prosthesis is shown in Figure 1-1. The knee unit
employed is usually a free swinging device with a padded hyperextension
stop for stability during stance. A manual lock is provided so the
prosthesis may be used in a rigid or 'peg leg" fashion. A typical
temporary knee unit made by U.S. Manufacturing is pictured in Figure 2-4.
This model can be preset to lock the prosthesis at full extension

when the wearer rises from a sitting position.

The patient is measured for a temporary prosthesis as soon as his
physician and the prosthetist feel that the initial swelling of his
stump has subsided. Usually the patient will begin training with his
prosthesis within two to three weeks of his amputation, depending on
the patient's condition. During the first few.days of physical therapy,
emphasis 1is placed on applying weight to the prosthesis. Therapy
consists of weight shifting exercises and moving around within parallel
bars. The third to fifth day is the beginning of gait training. The
amputee practices walking with the knee locked using parallel bars or
"in some cases with the aid of crutches or a walker.

On the third to seventh day, the transition to an articulated

prosthesis is made. This is usually brought about by simply unlocking
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the knee joint. The amputee repeats previous exercises except this
time the knee is free swinging. The unlocked prosthesis introduces
new problems. Because of its lack of damping, the heel tends to rise
excessively during flexion and the prosthesis stops abruptly when it
reaches the end of its travel during extension. Also, once buckling
is started for the initiation of swing phase, the prosthesis yields
very quickly. Because of these problems, many geriatric patients
never progress to this point with a temporary prosthesis.

Training with the free swinging prosthesis continues until the
patient is discharged, usually about two weeks after his first training
session. When released, younger and more aétive patients can typically
walk with a single crutch or cane. Training is continued on an out-
patient basis, two or three times a week. For geriatric patients, dis-
charge may be postponed until receiving training with their permanent
prosthesis.

Approximately three to six weeks after training starts, the amputee
will be measured for a permanent prosthesis. Ihe time for measurement
is determined by the condition of the stump and the amputee's progress
during rehabilitation. At this time, the amputee's physician, pros-
thetist and physical therapist will confer on a prescription for a
permanent prosthesis. An additional delay on the order of one to two
weeks may occur before the amputee receives his permanent prosthesis.
Training with the definitive prosthesis occurs on either an in- or out-
patient basis depending on the amputee's age and condition.

Most amputees are prescribed with a prosthesis that provides
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some form of damping. In light of this, the present ;raining program
seems to require an unnatural progression. The amputée starts with

a locked prosthesis, makes the transition to a freejéwinging one, then
receives a damped, permanent prosthesis. The majdf training emphasis
océurs vhile the amputee uses the free swinging prosthesis. The amputee
is faced with the challenge of controlling a temporary prosthesis that
is usually less stable than the permanent one he will receive. The

patient's reaction to this challenge is typically one of frustration.
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CHAPTER III PROSTHESIS~CONTROLLER SYSTEM

The purpose of this work was to develop a system that would enable
a new amputee to make a gradual and confident transition from a rigid
training prosthesis to an articulated permanent prosthesis. Following
the approach taken in earlier work at M.I.T. in above knee prosthetics,
a separate prosthesis and a portable controller were developed for this
purpose.

A conceptual block diagram of the system is shown in Figure 3-1.
The amputee;s input to the system is a torque about the knee axis
produced by movement of the hip and stump. The desired output is a
comfortable and cosmetic gait which will allow the amputee to walk
in an energy efficient manner. The function of the controller and
prosthesis is to generate a resistive torque about the knee axis based
on the dynamic state of the prosthesis.

The next section describes the physical and operating character-

iIstics of the priusthesis. The remainder of the chapter discusses
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the controller and the algorithm used for control of the prosthesis.

3.1 Prosthesis

The prosthesis developed is similar to a previous prosthesis sim-
ulator design in that it employs a magnetic particle brake (MPB) as
a source of resistive torque. The resistive torque produced is approx-
imately proportional to the input current to the brake. The earlier
prosthesis had limited possibilities for portable operation because
oi its high power requirement. However, the torque the MPB supplies
is independent of its rotational velocity, therefore, a smaller torque
capacity brake can be used if a larger torque amplification ratio is
available to produce a resistive torque at the knee axis.

The original design developed by Lampe (8) empldys a two stage
reduction with a pulley and cable arrangement in the first stage
and a chain drive in the second. The overall "gear ratio'" between
rotation at the knee and rotation of the brake is 1 to 7.5.

The later prosthesis takes advantage of a low friction recircu-
lating ball nut and screw for torque amplification. Figure 3-2 shows
a diagram of the mechanism used. The ball nut and screw serve to trans-
form the torque at the brake shaft into a force directed along the
axis of the screw. This force acts on the end of a cantilever to
produce a torque about the knee axis. A pair of preloaded ball nuts
help to eliminate backlash in the screw. The resultant efféctive'
"gear ratio", as defined earlier, is 1 to 40. A stop on the screw
shaft allows a small amount of hyperextension for stability during

stance phase.
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The magnetic particle brake chosen for the prosthesis is capable
of a maximum torque of 10 in-1b. Full torque output requires a current
of 110 milliamps. This results in an effective torque of 4C0 in-1b
at the knee axis.

The prosthesis weighs 3 1lbs 3 oz and has an overall length of
16 inches. When complete with a suction socket, SACH foot and shoe,’
it weighs 8 1bs 6 oz. The top plate provides a standard interface
to sockets used by the M.I.T. Knee Project and to temporary sockets
used for training.

The prosthesis has been instrumented to provide angular position
information using a low-noise conductive plastic potentiometer mounted
in line with the knee axis. The possibility of measuring knee torques
exists by using the cantilever employed in the transmission as a trans-
ducer. Either displacement of the free end or strain in the beam
could be measured to provide an indication of torque.

The conceptual design of the prosthesis was done by Prof. Woodie
Flowers. Henry Cone, an undergraduate student in mechanical engine-
ering, was responsible for component selection and physical design.

It was developed as part of an ongoing program to provide amputees
with a controlled prosthesis that is responsive to the individual

needs of the user.

3.2 Controller Function

The purpose of the controller is to enable the prosthesis to

operate with a large range of characteristics. The goals for the
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design of the controller were:

- 1t should be suitable for portable operation,

- a wide range of control parameters should be available so that
the prosthesis operating characteristics can be varied from
free swinging to heavily damped,

- adjustment of the control parameters should be simple and
easily accomplished.

To achieve these goals, a microprocessor system with a stored
program was chosen as the basis for the controller. A detailed
description of both the components and program used in the controller
are discussed in Chapter IV. The remainder of this section explains the
controller's function and its use.

The controller's function can be characterized by the control
scheme it uses to generate the value for the resistive torque of the
prosthesis. The control law used for swing phase control is of the form:

T = b(6, sgn 6) éz
where 6 is the relative angular displacement at the axis of the pros-
thesis. Figurei3—3 explains the convention used in defining 6. The
damping profile, b(6, sgn 6), is a functicn of the angle and the sign
of the angular velocity so that different profiles may be used during
flexion and extension.

Velocity squared damping was chosen so that the prosthesis
would be responsive to changes in gait speed or cadence. Arguments
have been made that this form should be used for ideal gait respon-

siveness (10), (11). Also, this form simulates the damping provided
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Figure 3-3 Diagram of the Prosthesis Angle
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by pneumatic or hydraulic control units (13), (14).

The control unit is designed so that a damping profile may be
developed empirically to suit an individual's needs. A series of 10
slide potentiometers (pots) is used to "draw" the damping profile
desired. The pots form a graphical display of the profile used by
the controller as shown in Figure 3-4. Separate inputs are available
for the flexicn and extension profiles. The display is arranged so
that the damping used during a cycle proceeds from left to right.

When the reset button is depressed, the controller reads the values
of the slide pots and creates an internal profile. For angles between
those represented by the pots, linear interpolation is used. The
result is a pilece-wise linear table of 32 values each for both flexion
and extension.

The "maximum angle'" referred to by the display is an internally
set value that determines the largest angle used in the definition
of the damping profile (e.g. if maximum angle = 8 , the slide pots
represent the damping values at 20° intervals). In the event the
prosthesis angle should exceed that value, the damping for the max-
imum angle is used.

The gain adjustment is used to multiply the entire daﬁping table
by a constant factor. -This enables the maximum resolution of the
slide pots to be used in defining a wide range of normalized profiles.

If more accurate adjustment of the dawping profile pots is re-
quired, two alternative methods are available for determining the

profile. An interface box (see Figure 3-5) can be used with a voltmeter
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to position the profile pots and to set the gain value. This box also
provides a means of recording analog data for :he prosthesis position
and velocity as well as the control signal generated. The control unit
also has a serial input/output port that may be used with a data ter-
minal to furnish hardcopy cutput of the gain and profile settings.,

A hand-held pushbutton may be utilized to provide the amputee with
voluntary control of the prosthesis. While the button is depressed,
the prosthesis is locked at its current position. A "lock" command
from the pushbutton overrides the control unit output.

The prosthesis-controller system is designed to be completely
portable. A small umbilical is used to transfer information between
the prosthesis and the controller. Figure 3-6 shcws an amputee

wearing both the prosthesis and control unit.



Side View

Front View

Figure 3-6 Amputee Wearing the Prosthesis-Controller System
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CHAPTER IV CONTROLLER DESIGN

Past and present research at M.I.T. has proven the digital computer
to be a valuable tool in the development of control schemes for above-
knee prostheses. The flexability of a stored-program digital controller,
with a suitable interface, frees the investigator of many of the intri-
cacles associated with an analog controller. Through the use of semi-
permanent memory, a large variety of control algorithms may be inves-
tigated by simply changing the the controller program.

In the design of any digital controller, trade-offs must be made
between hardware (electronic components and modules) and software
(programming). These trade-offs will directly affect the controller's
size, speed, power consumption and versatility. In this work, the
approach taken was to demonstrate a concept rather than construct a
sophisticated electronics design. Therefore, the trade-offs were made in
favor of simplified hardware, at the expense of more complicated soft-

ware. The net result of this approach was a controller with less than
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optimal size, weight and power consumption that may be used for a large
number of applicatioms.

The remain&er of this chapter discusses both the hardware and soft-
ware design of the controller. In the first section the microprocessor
system and the interface electronics are described. The later section

explains the program developed to implement the control function.

4.1 Hardware Design

From the beginning of the hardware design, the decision was made
to rely on available electronic modules rather than attempt to build a
system frcm basic components. This approach implies that compromises
will be made, but it was hoped that a minimum amount of time would be
spent debugging the hardware. Once the concept had been demonstrated,
this preliminary system would help to define requirements for a second
generation design. A block diagram of the complete system is illustrated
in Figure 4-1,
4.1.1 Microprocessor System

The Motorolé 6800 microprocessor was selected for the controller
because of the availability of a developmedt system through the M.I.T.
Sensory Aids Development and Evaluation Center. Personnel at the Center
have produced several successful intelligent devices utilizing the 6800.

The 6800 microprocessor system used in the controller resides on
a single 6.5 by 4.5 inch card made by Wintek Corporation. The basic
card provides a minimal system that can be expanded to meet the needs

of a particular application. A block diagram of the system used in the
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controller is shown in Figure 4-2.

The minimum configuration contains a 6800 central processing unit
(CPU) and the necessary clock‘and address decoding circuitry, as well
as address and data lines. Provisiong exist for the addition of memory,
both permanent and volatile, and interfaces to simplify serial and
parallel input and output. For the most part, the use of the Wintek
module makes the hardware details of the microprocessor system invisible
to the user and enables him to concentrate on interface electronics and
programming. |

The Motorola 6800 is an 8 bit microprocessor with an instruction set
well suited to modular, arithmetic prog?amming using subroutines. The
CPU contains two general purpose accumulators for arithmetic and logical
operations. An index register is available for simplified table
processing and a stack pointer allows multiple subroutine calls and
last—in—firsf—out storage on the stack.

The control program is stored in an 1024 byte erasable programmable
read only memory (EPROM). The Wintek card is supplied with a socket to
facilitate easy removal and insertion of EPROMs for different controi
programs. Random access memory (RAM) is used for temporary storage while
the CPU is in operation. The card has provisions for four 128 byte RAMs.
Pfesently only two RAMs are used.

Two peripheral interface adapters (Motorola, model 6820) are employed
for parallel input and output. Each PIA has two 8 bit ports which can be
individually programmed, bit by bit, to serve as either an input or output

line. The PIA appears to the CPU as a memory location which simplifies
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input/output operations. Serial input/output is established with the
CPU using an aéynchronous communications adapter (ACIA, Motorola, model
6850). This device translates a parallel received byte into timed high
and low signals for data transmission and vice versa. It provides both
input and output functions and it also appears as memory to the CPU.

A separate interface circuit is furnished so the CPU can communicate
with a data terminal using the RS-232C standard at a data rate of 110
characters per second. A memory map for the complete system appears

in Appendix A.

4.1.2 Data Conversion Circuitry‘

An interface must be provided between the PIAs and the analog inputs
and outputs. A block diagram of the modules used for this purpose is
shown in Figure 4-3.

Starting at the input end, a 16 channel single-ended analog multi-
plexer (Burr Brown, model 16S) is used to select an input channel. The
multiplexer output goes into a sample and hold amplifier (Burr Brown,
model SHC 80) which presents a high impedence to the input signals and
holds the input value during a data conversion. An 8 bit bipolar analog
to digital converter (Burr Brown, model AﬁC 82) performs the data conver-
sion. Over its input range of ts volts, it can resolve to within ¥ 1 bit
or ¥ 0.38%. When under microprocessor control, this system can change
channels and complete a data conversion within 32 microseconds.

A digital to analog converter (Analog Devices,model 7520) provides
an analog output for the controller. It converts an 8 bit input from the

microprocessor into a voltage output between 0 and 5 volts with a single
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bit resolution §f 19.5 mV or 0.39%Z.
4.1.3 Analog Input Signal Conditioning

The function of the analog input electonics is to buffer the inputs
and take advantage of the dynamic range of the A/D converter. A psuedo-
differentiator is used to derive velocity information from the angular
position signal. A break frequency of 1000 Hz was chosen to minimize
gain and phase lag error. A precision potentiometer acts as an angular
position transducer to produce a low noise signal. A schematic of the
input electronics is given is Appendix B.
4.1.4 Controller Power Supply

The modules selected for the microprocessor system and data conver-
sion circuitry require five different supply voltages (-15,-12,+5,+12,
+15) at different current levels. (For a future controller, a careful
hardware design should eliminate the need for some of these voltages.)
This combination of voltages and currents is not easily supplied by
series connected batteries, so a single +5 volt supply was chosen from
which the other voltages can be derived. A DC to DC converter (Analog
Devices, model 940) is used to generate T 15 volts. The other voltages
required are derived using series-pass regulators.

The DC to DC converter operates using the 5 volt supply to create
a 20 KHz alternating current. A small transformer is used to step up
the voltage which is then rectified and filtered to produce T 15 volts.
Because of its operation, it requires 165 milliamps (mA) at no load
resulting in a power consumption of 0.825 watts.

Figu;e 4-4 illustrates the relative magnitudes of the various

currents required for the individual components used in the design'
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of the controller. All of the figures shown are referenced to the 5
volt supply and include the inefficiency of the series-pass regulators.

The controller consumes 1.3 amps of current at the nominal 5 volt
supply. However, the controller will operate on a supply voltage
between 4.75 and 5.5 volts. Over this range, the controller behaves
like a resistive load (i.e. a lower input voltage results in a propor-
tionally lower current drain). An 8% difference exists between the
current consumed at the maximum and minimum supply voltages. Therefore,
to reduce power consumption, the supply voltage should be as close to
4.75 volts as possible.

For portable operation, either lithium or nickle—cadmiuﬁ batteries
may be.used. Six primary lithium D cells (Power Conversion Inc., model
550) connected in thrée series pairs, can bg used for 19 hours of
continuous operation. Five rechargeable nickle-cadmium D cells connected
in series (Eveready, model CH 4) will provide power for about 3 hours of
portable operation. At maximum charge rate, 14 hours is required to
restore the batteries to fuil charge. In either case, the batteries are
used unregulated because their useable voltage falls within the recom-
mended range for the system components. In the event the con;roller
is to be used as a stationary device, provisions exist to al.ow operation
with an external power supply.

4.1.5 Current Driver for the Magnetic Particle Brake
The brake used in the prosthesis develops a resistive torque

proportional to its input current up to a given saturation current.
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This device can be modeled as an inductive load with a distributed
resistance of 170 ohms. Its electrical time constant is on the order of
20 msec. A second time lag exists between the current input and the
output torque.

‘The ideal way to drive an inductive load is with a current source
but this implies an unlimited voltage is available to instantaneous.y
change the current in the inductor. For portable operation, a limited
voltage supply must be used instead. A voltage switching amplifier
drives the brake to provide the necessary power gain for the output
signal from the controller. ‘

A switching amplifier avoids the power dissipation associated
with operating the final driver stage transistor in its linear range.

It operates by supplying maximum voltage for a part of a fixed period.
The ratio of "on" time to the total period determines the average

output. The final drive transistor is either in saturation or cutoff
mode, both of which dissipate minimum power within the transistor.

If the switching period is much smaller than the time constant of the
system to be driven, the load effectively filters the pulsed signal to
the average value. However, the response time is the same as it would be
for a step input with a magnitude equivalent tc the averaged input.

The switching amplifier used waa designed and built by Ted Fischer,
a technical instructor in mechanical engineering. A schematic for the
amplifier is given in Appendix C. Its switching frequency is 1600 Hz.
power for both the amplifier and the brake is supplied by four 9 volt

alkaline transistor radio batteries. The supply voltage is maintained
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at 24 volts using a series-pass regulator. Experiments have shown that
the four batteries provide enough energy to power the prosthesis for 65
hours of normal level walking.
4.1.6 Packaging

The controller unit contains the microprocessor system, interface
circuitry and the current driver stage and their respective power
supplies. Figure 4-5 pictures the controller with the cover removed
and the components labeled. The unit is 13.5 by 5.5 by 4.0 inches and
weighs 5 1lbs 6 oz with the leather case. The controller was designed
to be carried at the hip with its weight supported by a shoulder strap
and a waist belt, as shown in Figure 3-6.

To operate the controller, a 9 pin connector, which serves as a
key, is inserted into the power selection outlet. Different keys

enable the choice of internal or external power.

4.2 Control Program

The program currently in the controller serves two functions. It
enables the microprocessor to act as a real-time digital controller or
as a monitor to record and adjust the controller settings. The function
the controller assumes depends on the state of externally accessable
sense lines. The connection of an interface device alters the state of
the sense lines to make the controller perform the desired function.

Figures 4-6 A and B consist of a flow chart of the program in the

controller. A listing of the actual program appears in Appendix D.
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Whenever possible, subroutines were used to simplify the programming
task. Two's compliment format was chosen for numeric representation.
This allows for a range of integer values from -128 to 127. When
required, modified floating point arithmetic was used to increase the
range of numbers available during computations. As shown in Figure 4-6
A and B, the program can be divided into three sections: initialization,
control loop and monitor function. These portions will be discussed
separately.
4,2.1 1Initialization

Whenever the reset button is depressed, a complete system reset
takes place. This is used for a reset from a power up condition or
to input new control parameters. After the interface have been initial-
ized, the slide pot values are read in to create two damping profiles.
Two 32 position tables are developed by linearly interpolating between
the slide pot settings. The damping coefficients are then modified
using a stored table to correct for non-linearities in the torque
amplification mechanism used in the prosthesis. The stored table used
for correction was computed offline using a minicomputer system.

The damping profiles created are used until the reset button is
depressed again. Moving the slide pots while operating in control
mode has no effect. While initialization occurs, the prosthesis is

rigidly locked. This process requires approximately 80 msec.
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4.2,2 Control Loop

After initialization and determination of the control parameters,
the main program loop is entered. The first step in this loop is to
check the state of the sense lines for a command to enter the monitor
mode. Otherwise, the program continues in the control loop. The value
of the angular velocity is then read in and is squared using a floating
point multiply routine. The position value is obtained and is used in
conjunction with the sign of the velocity to determine the proper
damping coefficient. The initial torque signal is computed using
this coefficient. The value for the gain is then determined and is
multiplied by the initial torque signal to generate the final control
signal. This allows the overall controller gain to be adjusted while
the controller is in operation. The final result is then scaled to the
input range of the D/A converter and is sent out to the current driver
for the brake. The program continues in this loop until there is a
master reset of a command to enter the monitor mode.

The execution time for the complete control loop is 3 to 4 msec,
corresponding to an update rate of 250 to 330 Hz. The loop time is not
constant because the execution time of the multiply routine varies for
different input levels.

4.2.3 Monitor Mode

The monitor program provides access to fhe control parameters with
a data terminal. If connected to a keyboard device, commands exist
for printing the values of tue slide pots and examining and changing

the contents of memory. The commands can be used to document
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experiment or assist in diagnosing controller problems. In the event
a terminal is not available, the program may also be used with the
interface box shown in Figure 3-5 to assist in adjusting the control

parameters.
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CHAPTER V EVALUATION, CONCLUSTIONS AND RECOMMENDATIONS

5.1 System Evaluation

Before attempting to evaluate the prosthesis-controller system in
a clinical environment, a series of tests were performed to explore the
capabilities of the system. The purpose of these tests was to compare
the performance of the system to that of a temporary prosthesis as shown
in Figure 1-1.

To determine a base-line performance for both the temporary and the
prototype prosthesis, a simple test was conducted to estimate the residual
damping present when operating in a free-swinging mode. For this test, the
mounting plate that would normally be connected to a socket was attached
to a surface to enable the prosthesis to behave like a pendulum. A SACH
foot was attached to simulate the n« rmal weight distribution. After
determining a rest position, the prosthesis was displaced and allowed to
return to a new rest position. The results of these tests are illustrated
in Figure 5-1. The response of both systems can be characterized as

that of a second order system. In the case of the conventional
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training prosthesis, the response shown ig very lightly damped and it
returns to its previous rest position. 1In contrast, the prototype pros-
thesis, with a zero current input to the magnetic particle brake, has only
a single overshoot in its response and does not return to its rest posi-
tion. This implies that some form of stick-slip friction is present,
probably due to the residual friction in the brake reflected through the
transmission.

AmputeeQinteractive tests were performed with the assistance of an
experienced amputee who has also been involved in the evaluation of other
M.I.T. above-knee simulator systems. The subject was Stephen Cormell, a
twenty-two year old amputee. At the age of twelve, Steve experienced
an amputation due to trauma below the knee of his left leg. Because
of infection he was later re-amputated above the knee. His permanent
prosthesis employs a Dupaco pneumatic control unit, a SACH foot and a
quadrilateral total-contact suction socket.

Steve works as a grocery clerk and occasionally does part-time
carpentry work. He is very active and participates in a number of sports.
He weighs 135 pounds and is five feet, seven inches tali. Steve is a
willing and accommodating test subject.

During all of the tests conducted,the subject was asked to walk
with the prosthesis for a short period of time to familiarize himself
with its characteristics. After that period, the subject was instructed
to walk at what he felt was a comfortable pace while data was recorded.
Angular postion and velocity information were transmitted from the

prosthesis using a long umbilical cord.
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To serve as a basis for comparision, a temporary prosthesis was
constructed using a United Manufacturing temporary knee unit. After the
inditial adjustment period,; data was recorded. Two typical cycles of the
position and velocity signals are shown in Figure 5-2. The noise present
on the velocity trace is due to the analog differentiator used to create
the velocity from the position signal. These traces show many of the
characteristics normally associated with an undamped prosthesis. The
maximum heel rise is 96 degrees and velocities of 10 rad/sec are reached
during flexion. The velocity changes abruptly at the end of extension
as the prosthesis impacts against the hyperextension stop. During this
test the subject stated that the temporary prosthesis seemed to require
that he walk quickly. His cadence during this trial was 99 steps per
minute.

In an attempt to duplicate the dynamics of the temporary prosthesis,
the subject was asked to walk with the prototype prosthesis without the
use of the controller. The resultant data is shown in Figure 5-3. During
these experiments, the maximum heel rise was approximately 87 degrees with
peak velocities as high as 8.5 rad/sec during extension. Once again, the
velocity decreases sharply at the end of extension. The subject's pace
during this trial was 88 steps per minute.

For the third trial, damping proportional to the angular velocity
squared was provided for the prototype prosthesis using the controller.
The subject was asked to walk while the proportionality conatant was
adjusted to what he felt was a comfortable setting. Data was then

recorded and two representative cycles appear in Figure 5-4.
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Figure 5-2 Knee Fosition and Velocity Data

Temporary Prosthesis
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The subject chose a proportinality constant of 0.54 in-1bs per sec2 per
rad2 for the damping and walked at a pace of 94 steps per minute. His
reaction to this test was favorable because he said it felt similar to
his permanent prosthesis. The velocity trace for this test differs from
the previous ones in that the velocity during extension has begun to
decrease before the prosthesis hits the hyperextension stop.

To investigate the full capabilities of the controller (i.e. using
a profile for the damping rather than a constant) a series of four more
tests were conductad. The objective during these tests was to adjust
the damping profile to reduce the amount of heel rise and to minimize the
velocity at the end of extension so an impact would not occur. The
damping profile was modified empirically on the basis of the previous test.
In the light of these goals, the third trial proved to be most successful.
The results are shown in Figure 5-5. The maximum heel rise was approx-
imately 84 degrees and the velocity approaches zero at the end of exten-
sion. However, the subject was somewhat ﬁnhappy with the feel of the
prosthesis. He said it was difficult to flex and that it required a
great deal of effort to make it fully extend before heel contact.

In addition to these tests, the controller and the prosthesis have
been tested outside the controlled laboratory environment. On one
occassion, the same subject walked approximately three fourths of a mile
across the M.I.T. campus. This trip was made through long corridors and
included stairs and ramps with a short distance outdoors. Several stops

were made along the was to readjust the controller parameters.
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5-2 Conclusions

The results of the.preliminary tests iﬁdicated that the controller
and prosthesis can be used to simulate a wide range of prosthesis charac-
teristics for a trainiﬁg application. The system has the additional benefit
of providing the subject with a means to voluntarily lock the prosthesis
on command. Having proved itself successful during the initial trials,
arrangements were made to evaluate the system in a hospital environment
using recent amputees. Tests were to be conducted during the patient's
training session in parallel with the normal training procedure. However,
no new amputees were available for experiments during the time provided
for this work. Plans have been made to evaluate the system at a later
date in the clinical environment.

One of the important factors missing from the preliminary evaluation
is a judgement as to how the controller has affected the amputee's over-
all gait pattern. Hopefully, experiments undertaken in the clinical
environment will provide an opportunity for a qualitative judgement by
doctors and physical therapists regarding the system's usefulness.

At the present time the microprocessor is operating well below its
capacity. Experiments with a previous simulator system have shown that
a 60 Hz update rate is sufficient to maintain a continuous response of the
prosthesis. The current control program operates at five times that
speed, therefore a much more complex control scheme could be used by
simply changing the control program. As research progresses in the
definition of control schemes for a future multi-mode prosthesis, it
should be possiblé to utilize a microprocessor in the implementation of

those functions.
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5.3 Recommendations

Several suggestions can be made that would improve the capabilities
of the prosthesis-controller system. The possibility of measuring the
torque about the knee axis should be pursued so that a more complete
investigation may be made into the prostbesis dynamics and to enable
closed loop control of the knee torque. Also, the present switching
amplifier could be modified to take advantage of the full voltage avail-
able for changing the current in the ﬁagnetic particle brake. An improved
version could sense the current through the brake and use a simple
"on-of f" control until the current is within a pre-specified tolerance
band. At this point, the present switching scheme could be used to main-
tain the current within the tolerance band.

A number of possiblities exist for other uses of the controller in
addition to its role as a training device. During its development and
testing it often seemed that the function of the controller was limited
only by the surface area of its container available for mounting
connectors. However, one must be careful not to attempt functions that
may be more appropriately studied with the use of a stationary computer.

Many of the applications within the realm of possiblity involve
the use of the serial input/output port. This port, in conjunction with
a portable cassette recorder, offers an excellent opportunity for devel-
opment of a portable data aquisition system. If data compression or
averaging techniques are used, the controller alone could serve as a
storage device for cummulative totals of gait parameters and prosthesis

usage or for isolated events during its operation. The serial port
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also could be used to establish communication with a larger computer
system so that direct data transfer and modification of the controller
parameters may take place.

Because of its portable nature, the controller is also well-
suited to investigation of control laws to make the prosthesis more
responsive to changes in cadence. Tests conducted both inside and
outside the laboratory setting have suggested that a longer distance may
be required to reach a "steady-state' cadence.

Regardless of the ultimate path taken, the microprocessor should
prove itself valuable for the control of a future generation of above-

knee prostheses.
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APPENDIX A MICROPROCESSOR SYSTEM MEMORY MAP

Hexidecimal
Address

0000~-007F
ED80-EDFF
EEO8
EE09
EE10
EE1l
EE12
EE13
EE20
EE21
EE22
EE23

FCOO-FFFF

Device

Random Access Memory
Random Access Memory
ACIA Control/Status Register
ACIA Data Register

PIA-1 Output Register A
PIA-1 Output Register B
PIA-1 Control Register A
PIA-1 Control Register B
PIA-2 Output Register A
PIA-2 Output Register B
PIA-2 Control Register A
PIA-2 Control Registef B

Erasable Programmable Read
Only Memory
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APPENDIX D:

CONTROLLER PROGRAM LISTING




PFOCRAM FOR EURNING ROV

21

42

44
4%
46
47
48
4A

4F

FREINE VIE IR FULLUNING FAGEO 1o PARTIALLY ILLEGIDLE

CRONHYSVDONO R

ie
11
12
12
<@
21
22
23
48
49

c4

JUN 13, 1978 X680e~ViD  PAGE 1

.TPIS IS TYE PROGRAM TEAT RESIDES IN TKE EPROM
$IT CONSISTS OF TWO PARTS. TEE FIRST PART IS
’P PROGEAM TO MAKE TFE MICROPROC¥SSGR EREAVE
{LIKE A RFAL-TIME CONT1ROLLER. THE SECOND PART
$ACTS AS # XEYEOARD MONITOR FOR CHECKING

{"HF CONTHOULER PARAMETERS ANL CHECKING TEE
{MEMORY LCCATICNS. ,
{TFIS PRCGRAM WAS WRITTEN OVER A LONG PERIOD
{OF TIML FRCM JULY 1977 TO APRIL 1978.

KFLEX

.FEXTEN

CPANFL
SWIVAL
COUNT
SLYCNT
TFETA
OMTGA
Y

[
ANSWER
PCINTR
FLAG
DACUT
SENSLN
C(5a)
CEBY
ADINPT
MUXCTL
CRA2
CRE?
XFI
XLCW
ACIACS
ACIACR
ACIADR
STACK

+ORG
.ZERO
.ZERC
BYTE
< 3YTF
<FYTE
LRYTY
«BYTY
+PYTE
.2YR0
.ZERO
«Z¥RO
«ZFRC
.ZERC
LIQU
+ECU
+EQU
QU
FQU
+JEQU
EQU
FOU
+EQY
+EQU
+ECU
QU
.EQU
-EQU

21 JRESEPVE 32 EYTES FOR THF FLEXION TAFLE
21 333 BECAUSE 4%7+5

VPPN

¢ZFile
CET11
eEF12
2EFI2
¢EE20
QEF21
@EE22
EEE23
Y

Y+1
@LERE
¢ETR2
‘34 V1)
CEDC4

[
$CN VWITR THE SHQVW....



FROGPAM FOR

rcee

Fced
FCe<
FCoE
FCCA
- FCeI
FC2¥
fC12
FC1E
C18

iC18
FC1E
FC20
FCz2
FC28
FCZ28
§C2B

FC2E
¥CI1
TCl4
FC37
EC3A
FC3C

FCIF
¥Ce2
IC4t

FCe?
TC4aA
FC4C
TCAE

FCSL
FCED
FCe9
FCS?
FC3¢
FCEA
resc
FCOZ
Fcee

¥C
2t

86
E?
ec
E?
g€
E?
37
B?
E?

CE
8€
97
¥
¥
BD
3T

CE
BT
CE
3]

(4

erx
£S5
r3

7E
86
87
D

0
ED

FF
RE
1F
EE

4
BE
EE
gL
3

FE

7
3
EE

TD
FE
FE

42
FC

., &f
4

(43
1

47
48
40

2
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PURNING ROM Jur 13, 1978 X682¢-VID  PACE 2
.ORG orcze
c4 1DS #STACK $INTIALIZE STACK POINTER
SFIRST INTIALIZE AIL PIA'S RIGH MEANE AN OUTPUT LINE
LDA A #OFF :
10 STA A DAOUT ;A1 IS OTPUT T0 TEE D TO A
LDA A #1F
21 STA A MUXCTL ;E2 IS CHANNEL CUTPUT T0 THE MUX
LDA A #0Q4
12 STA A CRA1 {SET UE CONTROL REGISTERS
13 STA A CRE1
22 STA A CRA2
23 STA A CRE2
.
sNOW GIT DCWN TO RUSINESS AND INTIALIZE THINGS
]
e 1.0X sgeee  FINTIALIZE TRE INDEX REGISTER
LD} A #2
STA A CFENEL
4F GLR FOINTR
3 cLe SWIVAL
114 JSR SLYPOT
BE JER SLYFCT INTIATLIZE THE DAMPING TABLES
iNO¥ CALL SUERCUTINE TO CORRECT THE DAMPING TAELES
{ACCORDING TO THE VON-LINEAPITIES OF TFE TORQUE
{LEVER PRM
e LDX neeoe
AL JSR DAMFIX
21 LDX #0221
Al JSH DAVEIX
LDA A #O1
] STA A ACIACR
STEAT SEOULD BE IT FOR INITIALIZATION
{THIS IS THE M3IN PROGRAM THAT RUNS CCNTINUCUSLY
C4 MAIN LDS #STACX INTIALIZE THE STACKX POINTER
11 LDA & SENSIN CEECX PIA SENSE LINES
BMI ox $IF BIT 7 IS EIGH GO IN TO NOKMAL
;OPERATING MODE
E€ Inp DFCOPE ;IF LOW GO DECIDE WHICH MONITER MODE
(1} 4 LDA A w1 760 GET THZ V&LOCITY
STA A .CEANEL
97 JSR VALGET
{THE AMPLIFIFP FOR TEE VFLOCITY HAS AN INVERTING
;AMPLIFIFR OX ITS LAST STAGE SO T%S NFCESSARY TO
_$CPANGE TEF SIGN ON TPF VELOCITY TO GET TEE
CCRAECT SIGN ECR DETERMINING WHETEER 1T IS
ipURINT FLEXION OF EXTENSION. wHEN DOING THIS WE
iMUST BE CAREFUL FOR TEE VALUE e (-128) WHICH
STHE NEGATE COMMAND LOES NOT HANTLE PRCPERLY
{yEEN ©2 OCCURS TEZ INVERSE WILL EE 7F
CMP B wBQ {CHFCX FOR V =R0
ENE INVERT 3IF NOT INVERT 2S NOFMAL
LDA P w7?F JOTEERWISE USE ?F FOR THE INVERSE
BRA SAVYEL '
INVFRT NEG B
SAYVFL STA B OMZIGA  ;SAVE TET VELOCITY FOR FUTUXE USE
' STA Y {GET READY FOR MULTIPLY
STA S 2
45 CLR T+l
CLX Z+1 {PUT IN 2ERO EXPONENTS

FCS3 7F @ 4R
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FRCGRAM FCR BURNING RCM JUN 13, 197€ X68¢0-V1D  PAGE 3

FCe6 BD FC ¥E JSR MLTPY {USE THE MULTIPLY ROUTINE

FCE9 96 4C LCA A ANSWER

FCEP D6 4D LDA B ANSWER+1 yFUT THE ANSWER BACK
+INTO TFE MULTIPLY SPOTS

FCED 97 48 STA A Y

FCSF D7 49 STA ¥ Y+1

FC?71 7F @© 42 CLR CHANEL GO GET ANGLE ]

FC?4 ED FC &7 JSR VALGET

FC?7 BD FC AE JSR FIX #IF ITS <& MAKE IT ZERO

FC?A D7 46 STA B THETA 1SAVE FOR FUTURE REFERENCE

FC?7C 54 LSR E +DIVIDE THE ANGLE BY 4

FC?L 64 LSR B iTO GFT TEE OFFSET FOR TAEBLE

FC7E 96 47 . LLA A OMEGA +1F POSITVE USE THE KFLEX TABLE

FCae¢ 2C =2 BGF PLUS +IF NEGATIVE ADD 32 TO X TO USE

FC22 CP 21 ADL B w21 yKEXTEN TABLE

FCE4 D7 4F PLUS STA P POINTR+1 y LOAD THE OFFSET INTO
+THE POINTER

FCB€ DE 4E LDX POINTR 3PUT TAZLE POINTER IN INDEX KEGISTER

FC28 ¢ @ LDA B €,X iGET DAMPING VALURE

FC24 D7 44 STA B 2 s PUT VALUE IN PLACF FOR MULTIPLY

¥(2C 77 ¢ 4E CLR i+1 yPUT IN A ZERO EXPONENT

FCSF BIL FC re JSR MLTPY JMULTIPLY K TIMES V*%2

FC92 ED FD EZ JSR SCALE

FCSS 2¢ A8 BRA MAIN s CONTINUE IN PROGRAM TOOP

’
JTEESE ARE ALL THE SUEROUTINES

1]

$VALGET RETRIEYES VALUES FROM THE A TO D CONVERTER
$AND TASES CARE OF ALL TRE TIMING INFO

$THE CRANEL TO FE CONVERTFD SHOULD BE PLACED

$IN TE® LOCATICN CALLEL CHANEL

$THE VAIUE WIIL EE RETURNED IN ACC B

$IN THE PROPER 2°S COMPLEMENT FORM

FCS? 96 42 VALGET LDA A CHANEL GET THE CHANEL #

FCO9 8F 1@ ADD A #le +TAXE THE CONVERT LINE KIGH
FCGB 37 EFE 21 STA A MUZCTL

FCSE €2 1@ SUE A #19 iTAKE THE CONVERT LINE LOW
FCAQ 37 EE 21 STA A MUXCTL

FCA3 7C @ 42 INC CHANEL JINCREMENT THE CHANTL POINTER
FCr5 F6 ET 2¢ LDA E  ADINPT PUT THE RESULT IN ACC E
FCA9 8T CoM P +FIX UP THE CTC STUFF

FCAA 39 RTS

'
yTRIS 15 A SUEROUTINE TPAT CFECKS TO SEE IF TFE
yVALUE IN ACC B IS NFGATIVF. IF IT IS IT WILL
tMALE IT = T0 €. TEIS IS FOR USE WITH THE A TC D
yFOR SMALL VALUES TC GET RID OF NOISE

’
TCLP SN FIX TST £ ~ iSET SIGN FIT IF NECESSARY
FCAGC 2C 1 BGE HENRY
FCAE SF CLR E
FCAT 29 BENRY  RTS

’

+TRIS SUBRCUTINE 1S FOR READING 5 CONSECUTIVE SLIDE POT VALUES
s TKE STAPTING POT IS PASSED VIA THE LOCATION CHANEL

3 (NCTE SLIDE FOT #1 CORRESPONDS TO ADDEESS 2 ON THE MUX)

{TEE RESULTS ¥WILL EE STORED IN A TAILY THE STARTING

iADDRESS OF TEE TABLF SHOULD EE FOINTED TO EY THE

i INDEX REGISTFR,

sTHE SUEROUTIME WILL AUTOMATICALLY INCREMENT THE



ERCGRAM FOR

FCEC

FCE2
FCR4
ICE?
FCEA
FORC
FCEF
FCC2
FCC2
FCCS
FCC6
FCC?
FCC
FCCO
¥CCE
FCCD
FCCE
FCD@
rCr1
FCD2
FCD4
ECL6
FCD?7
ECL8
FCDE
¥CDD
FCEC
FCEZ

FCES
FCX6
FCES
FCEE
FCFD
FCFE
FCF1
FCF4
FCFE
FCE?

g6

g7
13
BL
D?
BL
ED
17?7
D6
10
47
47
4
C6
D7
1€
86
4D
2C
47
A7

1P
7C
2D
7C
2C

Fé

53
ED
D7
2e
F6
53
ED
£?

39

FC

45
¥C
FC
43
FC
FC

43

F8
44

43

FCEE S€ 4A
FCF2 81 8¢
FCFC 26 3

BURNING ROM

97?
AB

s
AR

44

2e

AE

2¢
AE

$CFANEL AND
i
SLYPOT LD&

STA
JSR
JSR
STA
MCRPOT JSR
JSR
TBA
LLA
SEA
ASP
ASR
ASR
LDA
STA
TAB
LDA
MOPVAL TST
BGE
cL®
FINE STA
INX
PEA
INC
BLT
INC
BGF
LDA

CoM
JSR
STA
BRA
ENDCPOT LDA
cov.
JSR
STA
INX
RTS
JTHIS IS AN

JUN 13,

75

1978 X6822-ViD  PAGE 4

INDEX REGISTER AFTER IT IS DONF WITE KACH POT

[}
A

WO D>

e B -

o wm ¥ o o

#-4

SLYCNT
VALGET
FIX
SWIVAL
VALGET
FIX

SWIVAL

#-g
CCUNT

SWIVAL
FINE
QQX

CGUNT

MCRVLAL
SLYCNT
ENDPOT
ADINPT

FIX

SW1VAL
MORPOT
ADINPT

FIiXx
2,x

$SET COUNTER FOR # OF POTS TO EE RFAD
JAFTER 1FE FIRST ONE

3GET THE FIRST VALUE
$CLEAN IT UP

}STORE IT FOR TEE FUTURE
$GET SECOND VALUE

$PUT TRE NEVW VALUE IN ACC 2

yPUT OLD VALUE IN ACC F

$FIND THE DIFFERENCEY IN SETTINGS
sDIVIDE EY E

3T0 DO IT SEIFT RIGHT
$PRNPOGATING THE SIGN EIT
$INTIALIZE LOOP COUMTER

$PUT THE DIFFERENCE IN ACC F

sGET THE OLD SWIVAL

}CHECK IF THE VALUE 1S HEGATIVE

f1F NOT GO AHEAD AS PLANNED

$IF IT IS NEGATIVE PUT A ZERO TBERTY
$PUT FIXED UP VALUE IN THE TAELE
}MOVE THE TABLE POINTER

$ADD TEE SIOPE TO THE INITIAL VALUE
$ADD ONE TO TEE LOOP COUNTFR

$IF NOT ICNE FILL IN MCRE POINTS
$ADD ONE T0 # OF FOTS CCNVEPTED

$PUT THE NEW VALUE IN TEE OLD VALUE SPO
T

$CHECK TO SEE IF ITS NEGATIVE
$PUT THE FINAL VALUE IN THE TAELE
$CLEAN UP TEE CTC

$CHECY FOR A NEGATIVE VALUE

{MOVE TEF TABLE POINTER

8 FIT MULTIPLY ROUTINE

$NOT TO EE CCNFUSED WITH A 2 BIT ——-=—-

;1T MULTIPLI®S TwO 8 PIT TwC’S COMPLEMENT
$NUMBERS AND ALDS THEIR EXPONTNTS

$MUCH NP THIS HAS BEEN LIFTEFD .FROM TEE 6te9@
$APPLICATIONS MANUAL AND FOR TEE MOST PART
;USES BOCTH’S ALGCRITHM AS SUGCESTED THFRE

Y = MULTIPLIER

Y+1 = MULTIPLIFR’S EXPONENT
Z = MULTIPLICAND
241 = MULTIPLICAND’S EXPONENT

$TBRE MULTIPLITR WILL BE DFMOLISHED IN THE PROCESS
$AND THE MULTIPLICAND VILL ESCAPE UNTOUCHED
’

I
MLTPY LDA
cMP
ENE

2
A

2z
#80
NCFROE

$CHECK 'IP Z=56 (-128)
$IF IT IS OVERFLOW WILL RESULT



FEOGEAM FOR

ICFE

FCFF
Fpe1
FDes
FDesS
FLA7?
¥DCA
FDEeD
FL1e
FL13
FD15
FD17
FDi8

FDit
FD1C
FL1D
FDIF
FL21
FL23

FD2S
FL27
FLZS
FDZE
FD2E

FD31
FDZ4
FD27
FD3A
FD3E

FLID
FD3F
FL41
D423
FD45
FL47
FD49
FL4B

FD4C
FL4F
FLg2
FLE4
FDZ6
£pse

FC89

FLER
Fpap

4C

97
96
SB
97
7¥
7F
7F
CE
96
a¢
16
9%

27
5D
27
96
og
2¢

o6
9t
9%
7F
76

79
m
76

9
26

c6

84
ryd
ee

27

2¢
5C

7R
79
C1
26
96
1¢

8B

g7
38

0OeSsS 89

b6

= vy
o2

BURNING ROM

4C
4D

48

ce
4C
4D

4D
4C

m.

4D

INC

STA
NOPROER 1LDA
AL
STA
CLR
CLR
CLR
LDX
GO LDA
AND
TAB
EGR

BEQ
TST
BEQ
LDA
SUB
ERA

ADDEM  ILA
ADD
CONT STA
SEIFT  CLR
ROR

ROL
ASE
ROR
DEX
ENF

L 2 3 2 J >

e

76

JUN 12, 1978 X6800-V1D  PAGE 3

$IF 2=80 MAKE IT 81 WHICH WILL
+FIX THINGS

Z

T+1 $ADD TOGETEFP THE EXPONENTS
Z+1 $SAVE THE RESULT WHFRE TEE
Y+1 +Y EXPONENT WAS

ANSWER CLEAR OUT TPE WORX SPACES
ANSWER+1 ’

FLAG

#8 $SET UP COUNTER FOR LOOP

Y $PUT THE MULTIPLIER IN ACC A
#1 $MASK OFF TO FIND LSBIT

$SAVE LSBIT IN ACC 3

FLAG $CHECY FOR 1 TO @ OR @ TO 1
$TRANSISTION

SHIFT $1F THE SAME GO TO THE SHIFT ROUTINE
iDOES THE LSEIT=@?

ALTEM jYES, ALL MULTIPLICAND TO ANSWER

ANSWER

Z $NO, SUBTRACT MULTIPLICAND

CONT 3PUT THE RESULT EACK IN ANSWER
3GO TO TEE SHIFT ROUTINE

ANSWER ADD THEFE MULTIPLICAND TO THE

2z i ANSYER

ANSWER $STORF TFE RFSULT IN ANSWER

FLAG CLEAR TRE TFST FLAG

1 #SFIFT TEFE MULTIPLIFR RIGET ONE
$BIT SAVING THF LSEIT IN THF CARRY

FLAG $PUT TEE CARRY EIT OF THE LSEIT IN FLAG

ANSWER iSH1FT TEE PRODUCT RIGHT ONI BIT

ANSWER+13WITF THE MSEIT REMAINING THE SAME
$DECREMENT THF COUNTER

GO {IF NOT TONE LOOP BACK

$TBIS PART OF THE PROGRAM SHIFTS ThE MANTISSA TO
FMAINTAIN TEF MAXIMUM 4 OF SIGNIFICANT DIGITS

$1T WON'T SHIFT A # MORF THAN EIGRT DIGITS AND PADS
iTFE RICFT END WITF @°S

LTA
MOCRE LDa
AND
BEQ
EOR
BFQ
ERA
SPIFTL INC

ASL
ROL
CMP
BNE
DONE LDA
SBA

ADL

STA
ATSALL RTS

o> ]

A
A

40 $SET UP LOOP COUNTER

ANSWER LOAD MSEYTE OF ANSGER IN ACC A

#2Co $TEST 2 MSEITS FOR TwQ ZEROS

SYIFTL 3IF TYES, GC TO SHIFT LZFT

sece $TEST 2 MSEITS FOR TwQ ONES

SHIFTL #1F YES GO TO SEIFT LEFT

DOKNE 7IF NOT, DON’T TOUCK IT YOU’RE TONE
fADD ONE TO TFE LOOP COUNTER TO KEFP
$TRACK OF THE # OF SHIFTS

ANSWER+1;SHIFT LSBYTE LEF1 AND SAVE CARRY

ANSWER SHIFT MSBYTE LEFT PUT CARRY ON RIGHT

- #8 'SEE IF THE # HAS BEEN SHIFTED & TIMES
MORE 3IF NOT CONTINUE SEARCE PROCESS
Y+1 3LOAD INTIAL TXPONENT IN ACC A
$SUBTRACT CF¥ TEE # OF SEIFTS LEFT
“8 #ADD 8 TO THE EXPONENT EECAUSE

$¥E CUT OFF THE RIGHT 8 EITS
ANSWER+1;PUT TFE PROPER EXPONENT EFACK

$TRIS IS A SUFROUITNE THAT TAXES THE PRODUCT OF K*V**2
$ANL SCALZS IT INTC THT RANGE OF @ TO 2856 TO BE CUTPUT
$TO THE D TO A CONVERTER
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PRCGRAM FOR BURNING ROM JUN 13, 1978 x68e2-V1iD  PAGE 6

FLSF
ILEC
FhG2
FL62
FDES
Fpee
FLES
FDEF
FDSD
FDCF
FD71
FD74
D77
FD79
FD7P
D7D
rpae
FI8e2
Da4

FLge€
DSe

FDSA
FISE
FDED
FDSE
FDSQ

FDO2
FD33

FIL95
FD9E
FILG8
FDOA
FD9E
FISE
FDOF
FDAL
FLt4

o€
2C
4
2e
27
o7
o8
97
86
s?
BD

D7
€6

96
co

27
2E

44
27
5C
27
20

48
2k

SA
27
20
4€
B7

8€
B?7
3¢

ED

F6
EE

F¥
EE

¥DAS €D 6
FDA?7 97 48

FDAS

epn

&

‘o

97’

AS

1¢

1¢

;IT ALSO CHEC¥S TC SEF IF TEE RESULT iS EQUAL TC ¢ OR
$NEGATIVE IN WHICE CASE A ZEFRO OUTPUT IS SENT TO

yTHE CONVERTER

SCALF  LDA A  ANSWER GET MANTISSA .

BGE GOOLY $IF NEGATIVE DUMP ©
CLR *#
BRA DUMP
GCODY  EBFQ DUMP ;IF ANSWFR [S ¢ , DUMP @
STA A 2 i PUT PRODUCT EACK IN MLTPY
LDA A ANSWER+1
STA & Z+1
LDA A #@C
STA A CHANEL
JSR VALGET GO GET GAIN VALUE
JSR FIX
STAE Y $PUT GAIN INTO MLTPY
LDA A #-4 i LOAD IN EXP FOR GAIN
STA A Y+1 '
JER MLTPY
LDA A ANSWER 3GET FINAL ANSWER
LTA B ANSVER+1i GET EXP FCR ANSWER
SUE E  #0@E ;DIVIDE EY 2%*14 SO
$ANSWER WILL BFE @ TO 127
BEQ DUMP 7IF 2ERO EXP GO DUME
BGT RCHSHT IF EXP GT ¢ GO SHIFT RIGHT

;ANSWER HAS NEGATIVR EXP SO SHIFT LEFT AND CHECK
;FOR ZERO CASE IF SHIFTED TCO FAR.
LFTSFT LSE A

BIQ DUME  ;IF NOTHING LEFT GO DUMP @
NC
PEO DUMP  IF EXP NOW # GO DUMP
, BRA LFTSAT
;ANSWER STIIL HAS POSITIVE EXP SO SHIFT RIGHT
RGESET ASL A ;SHIFT RIGHT
EMI FFDUMP ;IF ANSYER CHANGES SIGN WE CVERFLCWED

$SO DUMP =F OUT

DEC B s DECREASE EXP
BEC DUMP iIF EXP @ GO DUMP
BRA RGESET

DUMP ASL A +MAKE INTO @ TO 256
STA A DAOUT
RTS

FFDUMP LDA »  #@FF $OVERFLOWED, DUMP MAX VALUE
STA A DAOUT
RTS

$THIS PART OF THE PROGRAM CONTAINS THE

$SUBROUTINFS USED IN THE MONITOR

?

3THE SUEROQUTINES NEFEDED AFRE

;FCR THE MOST PART COPIED FROM TEE MOTOROLA
iHINIEUG PROCRMM.

’

$BUILD ADDRFSE

;TAYES IN ENTRY FRCY XFY3DARLC T0 FORM A HEX ADDRESS
JLEAVES ADDR=SS IN INDEX REGISTER.

STHEIS TAY¥ES IN 4 NUMRERS

1 .
BEADDR  kS® TYTE $RFAD IN MSE
STA & XHI
ESE BYTE ‘READ IN LSP



PRCGRAM FCR

FDAS
FLAD
FDAF

FDPC
FDEZ
¥DES
FDE7
FDEA
FDFC
FTBE
FDC1

FLC2
FDCS
YLC6
FDC?
FLCR
FLCYO
¥DCA
¥DCC
FLCE
FLCT

DI
Fhnz
FLT4
FDD6
FpDe
TLIA
¥DEC
FLDF
FDEL
FDE4

FDE6
FDESB
FLEA

FDEC
FDED

a7
%)
39

BD
81
26
7T
81
26

39

BL
48
48
48
48
16
3]
€4
1B
39

&2
8D
en
an
8D
8r
7F
8D
7D
2F

A?
Al
26

'3
2¢

DF
CE
8D

49
18

E3

48

23

BURNING RCM

37

11

5e

4B

48

CE @ 49

STA
LDX
TS

R
$ INPUT BYTE (TWO FRAMES)

A
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X10%
XHI

}LEAVES BYTE IN ACC A

14

BYTE JSR
CMP
ENE
JMP

CRCHEK CMP
ENE
INC
RTS

NCRMAL JSR
ASL
ASL
ASL
ASL
TAB
BER
AND
ABA
RTS

$MEMORY DISPLAY

A

CHANGE BSR

CHANG1 ESR
BSR
BSR
BER
BSR
CLR
BSR

NEXONE TST
BGT

STA
CMP
ENE

CRANG2 INX
BRA

A

E B

INCH
#1B
CRCHEK
CONTRL
#eD
NOAMAL
FLAG

INHEX1

INHEX
#eF

3 PUT ADDRESS IN INDEX REGISTER

$GO GET A CHARACTER
$IF ITS AN ESC GO FACK TO CONTROL MODE

iCHECX FOR A CARRIAGE RETURN

+SET CR FLAG

+1F IT IS A CR GO BACK TO THE MEMORY
$CPANGE PROGRAM

}WE ALREATY HAVE THE CHARACTER

;LEPT JUSTIFY FIRST PART OF PYTE

{SAVE IN ACC B

7MASK OFF LEFT BITS
$ADD THEM TOGETEER
$LEAVE THE RESULT IN ACC A

AND CHANGE COMMAND

BALTR
OUTCR
OUTLF
PRADDR
OUTS
OUT2HS
FLLG
EYTE
FLAG
CHANG2

WHAT

CERANG1

7GET ADDRESS OF LCCATION

3GO TO TEE NEXT LINE

yREPRINT THE ADDRESS

$PRINT A SPACE

$PRINT WHATS AT THE APDRESS

jCLEAR FLAG FOR CR

;FIND OUT WEAT USLR WANTS NEXT
$CHECK FLAG FOR CR

760 100k AT THE NEXT ADDREES

$IF 1T 4ASN°T A CR HE WANTS

$TO CHANGE THE CURRENT ADDRESS
{STOKE AT THE ADDRLSS WHAT HY TYPEL IN
$CHECK TO SEE IF TRE MEMORY CHANGED
#1F IT DIDN’T CEANGE PRINT A ?

$AND RETURN TC TRE CONTROL PORGRAM

$MOVE TEE INDEX REGISTER TO POINT
?AT THE NEXT M=ZMCRY LCCATICN

'

;SUBROUTINE FOR PRINTING ADDRESSES,
E;HE ADDRESS SEOULD :F LEFT IN THE
]

NDEX REGISI1ER

’
PRADDR STX
LDX

BSR
LEX

Y

QUT2E
#Y+1

$PUT THE CONTENTS OF THF INDEX REGISTEPR
+ IN MEMORY

$NO¥ TRY TO PRINT WilAT WAS IN TEE
+INDEX REGISTER
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fDF9 €D 1E BESR QUT2H
g?g% gg 48 LDX Y {RESTORE TRE INDEX REGISTER

FLFE
FDFF
FFee
FFO1
Fee2?
FE@4
TEE
FE28
FEOA

FERC
Frotr
FIic
Fa11
FE12
FE14
FE17?
FE18

FE19
FE1B
FE1D
FE1F
FE21

TE22
FE24
FE26

44
44

44
g4
8B
€1
23
es

37
i6
57
57
24
E7
33
39

A6
er
AE
ed
39

er
86
2e

€6
ar
7t

a6
2¢

66

& 2¢

3@
39

EE

F9
EE

El
k1

5
20
B4

3F
E?
FF

11

RTS
{THESE ROUTINES PRINT TRE RIGKT AND LEFT HALVES
$0F A SINGLE BYTE OUT

OUTAL LSR A $PRINT OUT THF ¢ MSB
LSR A $BY RIGHT JUSTIFYING IT IN ACC A
LSR A
LS? &
OUTHR  AND A #@F $MASX OUT LFFT 4 BITS
ACD A #3C $ADD 3¢ TO CONVERT EEX TO ASCII
CMP A #39 ;IF ITS A # < 9 PRINT IT
BLS QUTCE
ADD A wO7 ;OTHERWISE ADC 7 TO GET PROPER

$ASCIT FOR # - F

-o we

$THIS PRINTS OUT A PROPERLY PACKED ASCII CHARACTER
JLEET IN ACC A

OUTCA  PSF B $SAVE ACC B

OUTCP1 LDA B ACIACS FCHECK IF TRANSMIT READY
ASR B 3 ITS BIT 6
ASR E
BCC OUTCE1 IF NOT LOOP AND WAIT
STA A ACIALR ;OUTPUT THF CHRARACTER
§g£ B FRESTORE ACC E

-e we

{TE1S PRINTS OUT 2 CHARACTERS OR ONE BITE OF DATA
$ INPUT ADPRESS IS IN THE INDEX REGISTER

outa2n LDA A @€,X 3GO GET THE DI2TA
BSR OUTHL  #PRINT LEFT HALF
IDA A 0,X
ggg OUTHR $PRINT RIGET

’
$TEIS PRINTS ONE EYTE AND A SPACE
{INPUT ADDRESS IS IN THE INDEX REGISTER

OUT2ES PSR QUT2H
oUTS LLA A #20 $LOAD ASCII FCR SPACE IN ACC A
BRA OUTZEH s INCLUDES A RTS

;THIS PRINTS A ? FOR TUMB MISTAKES

WHAT LDA A #3F $LOAD IN A 7
BSR - OUTCH
c1 JMP CCNTRL
OUTCR LDA A  #@€D $LOAD IN ASCII FO7 CR

BRA CUTCH

OUTLF LDA A #CA $LOAD IN ASCII FOR LF
BRA OUTCH ' :

;SUEROUTINZS FOR INPUTTING CHARACTERS
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FEZ?
FESA
PECE
FE3D
FE4C
FE42
FE44
FE46

FE49
FE45S

FE4T
FE4F
Fis1
FEE3
FESS
FE&7
FEE9
FES:
FEET

FEEE
FESE@
FEE2
FEES
FLee
FEEA

FEED
FE70
FE?2
FE?74
FE76
FE7e
FE7A
FE?R
FE?D
FE80
FEBY
Fige
FEES
b 3-T
FECE
FES1
FFO3
FES®
FE97
FESS
FESE
FEQC
FESE

EE

F
EX
7F
7F
F1
FE

EC
e

DD
39

41
LS

FE

£ 24
24
. 21
Ee
41

22

13
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7 INPUT 1 CHARACTER IN ACC A

INCH LDA
ASR
BCC
LDA
AND
CMP
BEC
JMP

o> O e o o

ACTACS

INCH
ACIADR
#7F
#7F
INCE
CUTCH

$CRECK TRE RECEIVE EIT

+LOOP TIL EFADY

+GET CEAPACTER

{RESET PARITY BIT

i IGNORE RUEOUTS

» IF RUEOUT LOOP RACK

+¥CHO CHARACTFR INCLUDES RTS

)
iTRIS IS FOR INPUTTING A HEX NUMPER
+ [T LEAVES THY HEX NUMBER IN ACC A

"INFEX  BSR

INHEX1 CMP

BMI
CcMP
PLE
CMP
EMI
CMP
EGT
SUB
IN1IRG  RTS
i SUEROUTINE

i APPEAR ON TPE rROMNT OF

PCGTPRT LDA A
STA
LDX
JSR
LDA
LDX

PFLEX  JSPR
STX
LDA
£DD
STA
LDX
DEC
ENE
JSF
JSR
DX
JSR
LLX
IDA
PEXTEN JSR
STX
LDA
SUB
STA
LDX
DEC
ENE
JMP
» SUEROUTINE
+FACTOSS,

A

o

A

INCH
#30

C1
#39
IN1EG
41
C1
#46
C1
e

+GO GET AN INPUT CEARACTER

YCHECY FOR SPRCIAL CFARACTER,

yI.E. NOT HEX

+IF YES BETURN TO CONTROL PROGRAM

+SEE IF ITS A NUMBER

+IF YES , CQUIT

iCHECX FCR CTHER NON-HEX, I.E. < A

+1F¥ YES GO EACK TO THE CONTROL PROGRAM
+CHECK IF > F

+1F YES GO BACK TO THE CONTROL PROGRAM
+CEANGE ASCIT TO HZX

FOR PRINTING OUT THE POT VALUES AS THEY

A

e >

#02
CHANEL
#geee
SLYPOT
#05
#2eee

QUr2RS
Y

Y+1
#28
Yo
Y

PFLEX
ouUTS
OUTS
#0221
SLYPOT
#0041
#25

* OUT2HS

Y
Y+1
§e8
Y+l
1

" PEXTEN

CONTRL

THE EOX
+START VITH FLFYXIOMN TABLE

yREAD IN THE € VALUES

+SET UP IOOP TO PRINT 5 VZLUES

# INTIALIZY INDEX REGISTFi# TO TEE
BEGINNING OF THE FLEXION TAELE

sPRINT OUT THE DAMPING FACTOR

+MOVE INLCEX REG. SO WE CAN ADLD 8 TC IT
sGET THE LS EYTE

JRESET TEE INDEX REGISTER
‘PUT TEE NEXT S VALUES IN TEF TARLE

iSUBTRACT 8 FCR THIS TABLY

T0 ADD TORCU” LEVER ARM CORKECTION
FACTO®PS ARE €
SVITE AN IMFLITD PXPCNENT OF -7.

TCOKED IN A TAELZ CALLED FIXTAR



PROGRAM FOR PURNING ROM

+¥HEN PNTERING THE ROUTINE TRE INDEX REGISTER SEOULD
iCONTAIN THE FIRST ADDRESS OF THE DAMPING TABLE TO

FeAl
FEA2
TEAS

FEA?
FFA9
FEAD
FEAD
FEAF

FEEL
FEB3
FEES
FER?
FEEA
FERC
FEEE
FeCe
FRC2
FFCS
FZC?
FECS

oCY
FTCC
FECD
FECF
FEI1
FEDS
FEL6
FEDB
FELP
FECE
FLED
FEE3
FEES

FEE6
FEE?

FEEQ
FEEA
FZER

48

i J

44
44
84

4F

. FF 3k

46
F9
43
1F
45

4F

48
e 49
4
46

4A

FC Fe
4C

28

iPE FIXFL.

+FEFORT PUTTING
DIMEXZ2 ASR A
INC B
BNE
STQRE  LDX
STA A
DEC
BEQ
INC
INC
BNE
INC
ERA
QUITS RTS
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yMOVE X TO FIRST ADDRESS TO EE FIXED

DAMFIX  INX
STX POINTR  ;KEEP DAMPING TABLE ADLRESS IN FOINTR
LDX #FIXTAR FKEEP FIX TAELE ADDRESS IN THETA,
STEETA + 1
STX THETA
LDA A  #-27  ;SET UP EXP FOR MLTPY
STA A 241
LDA A  #1F SET UP COUNTER FOR LOOP
. STA A SLYCNT ;DO 1F OR 21 MULTIPLIES
SENTFR MAIN LOCP
DAMFX1  LDX POTNTR ;CET UNFIXED DAMPING COEEF
LDA A €,X
STA A Y
CLR 141
STY PCINTR
LDX THETA
LDA A @,X .
STF A 1 PUT FIX FACTOR IN MLTPY SPOT
JSR MLTPY
LDA A ANSYER
IDA B ANSKER+1
REQ STORE

ANSWTR BACL, MAXE SURF IT HAS THE PROPFR EXP

DAMFX2

POINTR $GET PROPER ADDRESS 10 PUT CORRECTED
2,X iDAMPING COEFF BACK IN

SLYCNT

QUITS

PCINTR+1

TEETA+1

DAMFX1 FCHFCX FOR OVEPFLOW DURING TNC

THETA

DAMEX1

iTHIS IS A4 SUFROUTINE TO DECIDE WHICH OF THE

#CONTROL MODES TO BRANCF TO DEPENDING ON TEE

iPIA SENSE LINFS

3 1XXX XXXX CAUSES 1EX PRCGRAM TO GO INTO ITS NORMAL MODE
3 €11X XXXX ACCEPT INPUT FROM KEYRCARD DEVICE

» @¢1X XXXX CHECY THE SLIDE POT VAIUES WITH AN ANALOG

» .

*

¥8LTMETER. BITS ARE THE ADDRESS ON TEE MUX

BE CAECKED

+ACC A ALRSADY CONTAINS THE 7 SENSE LINES
+BIT @ IS IGNORED

DECODE ASL »
EM1

LSR A
ISh 2
AND A

y100K AT BIT €

CONTRL JIF EICH GO INTO XEYEOARD MODE
iOTHEPWISE PUT BITS BACX IN PLACF
+TO GET MUX CHANNEL FOR POT 10
+TO BE CEECKED

(133 #MASK OFF 4 MSB



FECGRAM FOR

FEED
FRTF
FEF2
FEFE
FEF6
FEFQ

FEFC
FEYE
Free
FFe2
FFCE
FFe2
FFCR
FFeE

F11

FFl4
FP17?
FF1A
FrL1C
FF1F
f£raz2
EFF2
FF26
FF28
FF2)
FFaDp
FF2F
FF31
FF24
Fr3€
Fr2e
SFIB

FFIE
FF3F
ir4e@
FF41
F¥42
FF43
FF44

F¥45 ¢

FF4€
FF4? 35
FF48 &
FF40
TF4p
ST4E
FF4C
FP4D
IF4E

X4
bD
BD
58
F?
7E

86
&

D

BL
7E
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42 DECCLC1 STA A CHANEL PUT IN PLACE FOR A/D SUBROUTINE
FC 97 JSR VALGET .
FC AR JSR FIX
ASI B JMULTIPLY FY 2
EF 1@ STA B DAOUT ?DUMP TF¥E RESULT ON TEE D/A
FC IF JMP MAIN JRETURN TO MAIN PROGRAM FOR MORE
'ORDERS
i SUPROUTINE FOR CHECKING TEF GAIN SETTING
iGAIN PCT 1S CHANNEL 12 OR @C ON TKE MUX
C - GAINCY LDA A w#eC _ 3GO GET VALUE FOR GAIN SETTING
42 STA A CHANFL
FC 57. JER VALGET
FC AB JSR FIX
4% STA F SWIVAL
0 43 LDX #Sk1IVAL
FE 16 JSR outat
FC 2 JMp MEIN
;THIS 1S TEE CONTROL PROGRAM THAT LECODES THE
s INPUIT COMMANTS
ED C4 COMTEL LDS #STACK ;SET THE STACK PCINTER 10
#ITS INTIAL VALUE TO CANCEL
$ALL SUBROUTINE CALLS THAT
$HAVE BEEN STACKED U?P
FE 27 JSR OUTCR i PRINT A CR
FE 32 JSI OUTLF +PRINT A LINE FEED
4@ IDA A #42 'PRINT A C
FZ C JSF QUTCE
FE &7 JSK INCH $GET A COMMAND
TAE sSAVE THE COMMAND IN ACD
FE 24 JSR 0UTS fPRINT A SPACE
49 CMP B #°M iMEMORY CHANGE OP
3 BNE Al
FD DO JMP CHANGE GO FLY A KITE
50 Al CMP B #°P sPRINT THE POT VALUES
3 BNF A2
FE SE JMP POTPRT
&7 A2 CMP B #°C
) ENE AD
FE FC JMP GAINCK .
FC CF AZ JMP MAIN
3i FIXTrE .EQU .
3t +ORG FIXTAB

.JYTE 7A,75,7¢2,60,69,67,64,62,6@,5F

.PITE 5D,5C,5P,5B,5A,5A,5A,5A,5A,5R,58
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FF4F
FFEQ
FFS1
FFS2
FFES
FFS4
FFES
FF3€
IFE7
FF&8
FF&9
FF3A
FFEB
FFreC

FFF!“
FFFA
FF7C
FFF¥

SO

FTHAT’S

-BYTE

<ORG

<LBYTE
DEYTE
.DEYTE
+.LCBYTE
kL1 SHE
+END
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5¢,5p,5E,60,61,67,65,67,69,6C

AFFFE
pFCcee
ercae
ercee
ercee
WROTE.

12
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FEea ACIACR FEGS ACIACS EEZ29 ACIADR FD25 ADDEM
FE2¢ ACINPT 4C ANSWER FDSLC ATSALL FF2L Al
YF34 A2 FF32 43 FDAS TFADDR FDEQ FYTE

42 CEANEXL FDD@ CHANGE FDD2 CHANG1 FDEC CHANG2
FDZ29 CONT Fri1 CONYEL 44 COUNT EF12 CRAL
EF22 CRA2 FE13 CRE1 EF23 CRE2 FDPA CRCHEK
FE2C C1 FEA1 DAMFIX FER1 DAMFX1 FECB DAMFX2
EEl1c DAOUTS FEES DECCDE FEED DECOD1 FDEE& DONE
FDOA DUMP FCED ENDPQT FDOF FFDUMP FCD4 FINE
FCAB ¥IX FF3E FIXTAZ 5@ FLAG FEFC GAINCK
FD13 GO FD6S GOODY FCAF EENRY FE2?7 INCH
FE4Q INFEX FR4B INKEX1 FCS9 INVERT FESD IN1HG

21 KEXTEN @ KFLEX FDSA LFTSHT FCZF MAIN
SCF8 MLTPY FD3F MORF FCEC MORPOT FCL¢ MORVAL
FE21 MUXCTL FDT1 NFEXCKE FDC1 NOFROB FDC2 NORMAL
¥C42 0X 47 OMEGS FEAC OUTCH FEGD OUTICH1
FE2F OUTCR FDFE CUTHL FE@2 OUTHR FE32 OUTLF
Fiz4 QUTS FF1e OUTZR ¥E22 OUTZ2HS FEB8T PEXTEN
FEED PTLEX ¥Cr4 PLUS 4E POINTR FESE POTPRT
§TEE FRADDR FFES QUITS FD92 KGHSFT FCEA SAVVEL
FDSE SCALY 1519 STUNSIN §D2F SHIFT FD43 SHIFTL

4% SLYCNT FCie SLYPOT EDC4 STACK FECF STORF

43 SWIVAL 46 THETA FC9? VALGET FE28 WHAT

4€ XHI 49 YLOW 48 Y 44 27

ERRORS: @



