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Abstract

The Mobile Autonomous Robot Research System (MARRS-1)
was created as the first of a series of autonomous vehicle
prototypes for the Air Force Institute of Technology. The
major accomplishment in developing MAKRS-1 is the
integration of Optical Shaft Encoder (OSE) data with
Ultrasonic Sonar range and direction information to produce
accurate environmental maps that are relative to the robot.
The OSE and Sonar subsystems make up the most important part
of MARRS-1's Navigation Computer. With these two subsystems

and rinimal additional software, mapping and obstacle

avoidance become a reality. The thesis includes schematics,
parts list, and software listings for the MARRS-1 Navigation
Computer. Additionally, ¢the mapping and navigation
algorithmsare shown implemented in the BASIC language Qith
numerous example graphics maps created by the integrated

MARRS-1 robot. Issues involved in solving mobile robotics

problems are discussed. 9/:; tne 4'1 -W@ a/-u-wé_ M&/,://
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CREATING A MOBILE AUTONOMOUS ROBOT RESEARCH SYSTEM (MARRS)

I. Introduction

. Background
- A Nuclear, Biological, Chemical (NBC) contaminated

environment presents a severe hazard for airvcraft ground
maintenance crews. A mobile autonomous robot capable of
performing simple aircraft mainterance tasks could protect
many lives from NBC exposure while allowing the Air Force to
maintain its combat readiness.

In order for a mobile autonomous rnbot to function
properly on a flight: line, the robot must perform -the
following %asks: |

1) Avoid obstacles (both static and dynamic);

2) Locate the appropriate airc:aft[

3) Perform fueling and/or maintenance,

4) Return to previous work ctation.

Early AFIT efforts in mobile robotics were hampered by

a lack of suitable hardware and software support (1:59-66).
The acquisition of a Heathkit Hero-1 robot, laser barcode
reader, and additional sonar sensors by 1Lt Randall J. Owen
Ii for his thesis (2:1-3) was a great move forward for AFIT

in mobile rokbotics. Before any autonomous vehicle can fuel

i.s first aircraft there are however, several problems which

I-1
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must be overcome. These problems may seem crivial but in
fact are the limiting factors in mobile robotics today.
Many of these problems are found in the Hero-1l as well as
other robot systems:
1) Lack of robot software,

Y 2) Combined error effects in the robot,
- 3) Reduced robot efficiency due to the dedication

of resources for error compensation,
4) Understanding and reducing the amount of

performance data.

Objective

This thesis is a follow-on effort to Lt Owen's ‘cheslis:

é: "Environmen:i.al Mapping by a Hexo-1 Robot Using Sonar and a
Laser Barcode Scanner". The main objective of this thesis

is to continue the development towards an autonomous fobot
capable'of moving from one location to ‘another while

avoiding obstacles. However, the thesis effort is divided

into the following sub-objectives: I

1) Identify and eliminate design deficiencies in

the AFIT HERO robot.

l) Establish a software development capability
for the AFIT HERO robot.

2) Establish a 1library of robot programming

software and algorithms.

I-2
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3} Create and conduct tests that will identify
system errors and provide figures of merit on
robot performance.

4) Establish an AFIT mobile robotics laboratory.

Wwhy MARRS-1

The HERO-1 robot has many design deficiencies (chapter

IIT) that make it difficult to cqntinue its use as a

research robot beyond what has been done by Lt. Owen. The

two greatest deficiencies of the HERO-1 are the front wheel

design and the lack of online and offline software
development qapabilities. The ability ¢to rapidly develop

and debug software was seen as one of the most important

Gz‘ improvements needed in the AFIT mobile robotics research

eavironment. HERO-1 robot programmers are required %o write

% programs in machine language, assemble the code by ﬁand,
ﬁ{ ther. enter the c~hde as hexadecimal numbers from a keypad on
Qz the robrt, Programs once loaded on the robot may then be
. saved, for iater use, on audio cassette at 360 bkaud. A
better approach to mobile robot programming is necessary.

] Although the HERO-1 is well endowed with sensors (a
ij , single three deyree beamwidth ultrasonic sonar range
finder, a 256 level light intensity sensor, a 256 level
sound volume sensor, an ultrasonic motion detector, and

wheel odometer) ,its abundant selection of sensors is

thwarted by its lack of useful and user friendly software.

I-3

TR TR e e e T
[ Wi A S

............ PR T I TP P L P S R SRR U A AR ISP SN TR P )

T T N R T A et e T A T T e e e N T e e . g .
S PENC E N RS P Y P NP SSOE SN A 1 S U PRI (UL O SN Y Pt T St TN N B I, SO

- 2



To make things worse, the HERO-1 robot operates in an open
loop (no active feedback) mode. A quality mobile research
robot was needed but could not be found commercially. Two
options were available:

1) Build a mobile robot from scratch.

2) Improve the existing HZRO-1 design.

The second option was taken resulting in a robot named
Mobile Autonomous Kobot Research System (MARRS)-1l, This
also resulted in the creation of the AFIT Mobile Robotics
laboratory which initially came more as a necessity rather
than as a conscious effort.

AFIT's mobile robotics research was being conducted in

the Electrical Engineering Department's Signal Processing
laboratory. Work space there was at a premium. A search
for lab space and a mobile robotics test range resulted in
moving the research effort to a building ne;ding
rehabilitation. Over a period of months of scrounging for
equipment, furniture, and supplies, the new mobile robotics
work area was in fact a laboratory. AFIT building
renovation plans have identified 800 square feet for

mobile robotics research,

I-4
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II. Background Issues of Mobile Robotics

Basic Requirements for a Mobile Robot

If a robot is going to move about from one location
(present position) to another (the goal), then several
important criteria must be met. The robot must know its
initial location and heading with respect to some reference
point. The location of the goal must also be specified with
respect to the reference point or to the robot's own
position. Knowledge of the location of all objects around
the robot and what the objects are may not be important.
However, the locations of obstacles are significant for path
planning. An object becomes an obstacle when it becomes
apparent that the object lies or will lie along the robot's
path towards the goal. This situation is analogous to a
human that suffers from agnosia. The person is unable to
identify what some objects are but is aware of the object's
presence and can maneuver around them. Navigation can be
accomplished in a timely manner only if ©position
information can be gathered, coupled together, interpreted,
and acted upon.

Four basic elements are. required to ctéate a robot that
can maneuver its way around objects.
1) A computer (hazdwazg) is required to process sensor

data and to provide control logic to the robot subsystems.

2) A drive system is needed for mobility. The most

common mobile robot drive systems are composed of digital

II-1
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controlled DC motors turning wheels since articulate legs
are very rare because of their complexity and expense (3:2).
Feedback must be provided from the drive system to the
computer to give vital information such.as acceleration,
velocity, distance traveled, and heading.

3) A variety of types of sensors are needed to provide
the robot with far and near range obstacle detection, object
identification, and sensory system cross-checks. These
sensors, coupled with the drive system feedback give the
computer the information necessary %to maintain an accurate
estimation of its current position and heading.

4) Computer programs (software) are needed to interpret
sensory information, plan/execute required operations, and

control robot subsystems.

Computer Hardware

Untilla few years ago autonomous vehicles were unheard
of in real life. The advent of the microcomputer has made
fact possible out of fiction. |

The two most important uses of a microcomputer in
robotics are device control and data processing. In a
dynamic environment, multipie computers may be employed to
process data and control devices.

Several prototype robots with multiple computers

operate under a master-slave principle. Generally the

motion controllers act as slaves to the sensory

I1-2
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processors/interpreters. Communication between mésters and

slaves is handled by an interrupt scheme (4:212).

Computational Element Selection

Computational elements in a robot can be anything from
a hydraulic valve to a multiuser/multiprocessor mainframe
computer. Fornow, the discussion centers on digital
microprocessors since most present day robotics projects are
so based. It should be be remembered, however, that there
are many alternatives available for fulfilling a robot's

computational needs.

Microprocessor Features of Interest
Although the folléwing list of microprocessor features
is not complete nor exhaustive in identifying a robot
designer's needs, it does point to those features needing
greatest consideration when choosing a microprocessor for an
imbedded robotics computer application. The features are:
1 Existing software support;
2 Interrupt structure:
a. Nonmaskable interrupt;
b. Maskable intefrupt;
c. Software or System interrupt;

d. Priority interrupt;

e. Buffered interrupts when masked;

3 Input/Output facilities;

I1-3
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4 Instruction set and addressing modes;
A Test and Set instruction for resource control;

Addressable memory space;

~N o wv

Hardware support chips:

a. DMA controller;

b. Memory management;

c. Numeric coprocessor for floating point
operations;

d. 1/0;

Special supervisor modes for system failsafe
monitoring;

9 Processor compatibility with supportchips/devices;

10 Minimum system and support cost; and
11 Development team familiarity with the chosen

microprocessor.

Existing software to support the chosen microprocessor
has to be the single most important factor used in the
selection process since 90% of project costs.historically
have been for software development. By procuring commercial
support software, in-house software development overhead is
decreased and more resourcés can be directed toward robot
specific software. Development team familiarity with a

given microprocessor has been an overriding choice factor in

a number of projects such as in the development of the

Motorola 6808 based HERO-~1 rcbot.
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In reviewing the presently available microprocessors

against the above criteria, the 280 microprocessor is the

best choice  (here at AFIT) maiily because of available

L
b
b

hardware/software support. However, when not considering

available support, the MC68000 family of microprocessors has

2! the best feature set for robotics applications because

(5,6,7):

1 Its memery oriented architecture (as opposed
to register oriented) facilitates memory to memory transfers
of data which is very useful for sensory data processing.

2 Sixteen Megabytes of memory may be directly
addressed allowing for a mobile robot to carry with it a

tremendous amount of instructions and data without the need

for an external mass storage device.

3 A test and set instruction is provided for
controlling access to shared resources in a multiprocess,
multiprocessor, and/o:r interrupt driven environment typical
of robot designs and applications.

4 Synchronous or asynchronous iﬁterfacing to
external devices allows great flexibility to the hardware
designer.

5 Any combination of processor registers may be
saved or restored with a single instruction.

6 all program'code is directly relocatable
since all address references are added to a base register

that is set to effect the relocation.
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7 The UNIX operating system is widely used for
MC68000 systems and has with it some very powerful features.
However, the overhead in terms of memory usage and speed of
execution may make this a negative feature for mobile
robotics. Also, although UNIX is multiuser/multitasking, it
is not optimized for the realtime computational environment
required by robotics. It is, however, a very powerful
operating system for software development.
T-.day's choice in the use of a particular microprocessor
for a robotics application may not be tomorrow's choice.
Designers must plan for an upward migration of requirements

and capabilities and yet accomplish tomorrow's job today.

‘tf Mechanical Drive

A typical drive system of a robot utilizes a computé:
controlled DC motor capable of variable speeds in both
forward and reverse directions. Motors are mounted on one

or more wheels to provide steering and motion control.

Mechanical Device Performance (8:12-24)

Software routines that control mechapical devices must
be designed with the following items in mind:
1 Servo systems must be stable over wide
dynamic ranges.
2 Spatial resolution has finite errors

(mechanical accuracy) and errors due to quantization.
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3 Repeatability is more difficult when the
mechanical accuracy of the robot is less

than the accuracy of +»¢ sensory data

used to mnAicy the robot's action.

q Repeatability will suffer from component
wear and aging.

5 Errors will accumulate. Sensory data
must be used to update mechanical device
commands.

6 Compliance to a command may be dependent
upon the mechanical loading of system
components.

7 Compliance to a command may exhibit a
hysteresis effect depending on the
direction of arrival (such as an
accumulated 360 degree turn from fhe
right is really 365 degrees but coming
from the left it is only 355 degrees).

8 Oscillations may occur if command

compliance is too slow.

Sensors

Without sensors, a robot is nothing more than a
Numerically Controlled (NC) machine (8:57). Sensors allow a
robot's actions to be determined based upon the robot's

sensory interpretation o: the world.
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Before a robot can move about and perform any function,
it has to sense its surroundings., This information will
allow it to compute a clear path of travel and prevent it
from bumping into obstacles.

There are numerous types of sensors commercially
available today for object detection and identification.
These sensors range from the simplest contact switch to the
most complex vision systems. Yet each sensor has its own
limitations.

For example, a microswitch can be used to detect
whether or not an object has made contact with the robot.
However, it can not tell how much pressure is on the object
nor the maximum amoiunt of pressure that can be tolerated. A
fragile item such as a flower might be crushed by a robot
hand that lacks very low pressure touch sensors.

The sensing of position can be simulated through
optical devices (9:71). The use of photo emitters and
receptors can measure intensity of light as well as touch.
Another msthod of simulating touch is through membrane
contact surfaces. Many of these membrane sheets form an
array of switches. The greater the number of switches used,
the better the resolution will be. Howevéf, increasing the
number of sensors means an increased amount of data which
reguires much more computing time (16:73). This holds true

for sensors in any domain and not just touch seusors.
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The sensors discussed thus far will only give.the robot
information about its immediate surroundings. If the robot
is to maneuQer around in some unknown environment then it
must also have access to sensory informaéion about objects
at much greater distances. What is required is some form of

vision.

Robotic vVision

Moravec sized up the state of the art in robotic vision
by saying, "“There's a handful of techniques for robot vision
that sort of work, but none that works spectacularly well.
We're .11 still groping in the dark (11:73)." As robotic
vision goes, 80 goes mobile robotics.

Jarvis (12) points out that the human visual system
uses many techniques to extract range information about
the objects in the field of view and which may be used by
robots. These include; changes in brightness level,
binocular convergence (the inward pointing of the eyeballs
which 1is inversely proportional to the rénge of the
object), stereo disparity (the closer the object the
greater the disparity), vertical position in the visual
field (closer objects are qually lower in the field of
view), diminution of size with distance, occlusion clues and
outline continuity (complete objects 1look closer than

partially obscured ones).
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Range and Direction Techniques

The principal range with direction vision techniques
used by robots are triangulation, surface orientation from
image brightness, stereo disparity and binocular
convergence, ultrasonic sonar, radar, and laser time-of-

flight (12).

Triangulation

Triangulation techaniques use a narrow beam of light and

a camera that is physically displaced from the light beam

source. The camera tracks the light beam as it is swept

across the fleld of view. The azimuth and elevation
(pointing direction) of the camera and light beam are

recorded during the scan. Using Euclidean geometry, a three

c: dimensional picture (3-D) is generated from the camera's 2-D
picture and the direction information. Since the camera is
physically displaced from the light beam, it can see points

in the scene that the light beam can not and vice versa.

This lack of common origin causes problems for scene

interpretation and is only used in controlled situations.

Controlled Lighting

Surface orientation from scene brightness gives range
information indirectly. Using high contrast controlled

lighting, edges of objects are defined by looking for a

change in brightness between adjacent pixels (picture

elements). Keller (13:123) indicates that the generally
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accepted minimum pixel count for robotic vision purposes is
256 horizontal by 256 vertiéal with 256 levels of brightness
(grey scale). This pixel brightness comparison creates a
tremendous computational burden on a robot and is normally
performed remotely by special computers. Once the edges of
an object are defined, the relative range of the object is
estimated using occlusion clues and outline continuity

rules.,

Stereo Vision

The stereo disparity and binocular convergence combine
the techniques of triangulation and edge detaction in that
the pixels of two physically separated cameras are matched.
The angular position in the field of view of each camera for
a specific common point will be different from one camera to
the other because of the physical separation of the cameras.
The difference between the angular position of the two views
is equivalent to the amount of inward turning of the eyes in
the human Qisual system which is inversely proportional to
the range of the common point. The greatest problem with
this technique is being able to distinguish which pixel of
one camera is the same point in the other camera (13:123).
This problem can be compéunded when the picture being
processed has a periodic pattern such as a brick wall or a

fence with a vertical or horizontal pattern. In such

situations, the computer that is correlating points between

pictures gets confused and usually can't solve the problem.

I1I-11
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Stereo Convergence in an IC

Iverson (l14) describes an integrated circuit (IC) that
has 23 paics of light detectors lined up in two rows with
each having its own microlens bonded directly to the chip
caxrier. The IC is placed behind the lens of a single
camera and is capable of doing edge detection and range
calculations using stereo disparity and binocular
convergence techniques passively without using special
lighting. %uch an equipped camr.ra system does not suffer
from most of the problems of the previous paragraphs and
holds great promise for freeing mobile robots from the 1lab.
The accuracy of the system depends on the distance to the
object being sensed and the focal lergth of the imaging lens

used on the camera.

Range from Time-of-Flight

Ultrasonic sonar, radar, and laser time-of-flight
technigues rely on the propagation of energy (sound,
electromagnétic, and light) through air to an object that
reflects the energy back. The time to make the trip is
proportional to the range of the reflecting object. The
1'coblem with these techniques is that the power of the
return erergy received by the sensor decreases at a rate
proportional to the range to the fourth power. Hence, an
increase in range coverage requires a tremendéus increase in

transmitted powér which may be beyond safe levels.
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Ultrasonic Sonar

Laser light and televiéion systems can provide distance
information and much more. However, these systems tend to
be very complex and expensive (106:186). A low cost
alternative approach is tc use an ultrasonic device (like
the ones found on the Polaroid Land cameras.)

A high frequency "chirp" is transmitted from the sonar
device. A counter keeps track of the time between the
instant the signal is transmitted and the time the signal
returns. The Polaroid sensor for example has a range of 4.9
feet to 35.0 feet (15:15). Although this sensor can provide
the robot with limited information about its surroundings,

the object's inclination and geometry could affect the

Gh quality of the returned signal. Better results can be

obtained with multiple ultrasonic sensors mounted on the

robot in different directions (1€:183).
Ei Owen (2) showed that mobile robot obstacle avoidance

was possible by reducing the amount of information *o be

processed by the use of multiple wultrasonic sonar
sensors giving the range to the clos2st obstacle at known
directions. He also showed that a crude map of the robot's
environment could be made. from robot prition and sonar
information. |

Jarvis (12:135) indicates that obstacle detection and

robot navigation are good applications for ultrasonic sonar

because of their low cost and ease of use.

I11-13
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Radar range finders have given way to laser time-cf-
flight range finders since the beam of the laser is very
narrow and can be precisely controlled. Since the path
traveled to the object is done at the spced of light, the
supporting instrumentation must be capable of 30 nanosecond
resolution for range accuracy of 1 centimeter. This
requirement pushes the present limits of economical
electronics. Jarvis (l16) feels that such laser range
finders used with standard single camera 2-D vision systems

could yield sufficient quality for robotic scene analysis.

Robot Software

Robotics research, development, and applications

require advanced engineering and technical skills (8:55).

The key element here is computer controi via software.” The
sophistication of the robot's software will vary directly
with the complexity of the task to be performed. What
distinguishés robot software from other software is the
robot's interaction with the real world. The software must
account for numerous possibilities and outcomes of

situations.

Flexibility thru Resources

Computer software enables a robot to perform a myriad
of tasks. However, there is no standard or universal robot

programming language. For every unique robot, there is a

C
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unique set of instructions to control that robot.

Flexibility in robot piogramming is found in the basic
operations the robot can perfcrm as determined by its
resources. A robot's resources are: |

algorithms;

data;

1

2

3 computational power;
4 storage capacity;

5

commandable devices (motors, relays, servos,

wheels, arms, end effectors, and other special purpose

devices);
6 sensors (gathers or verifies data on system

operation or the environment);

ET 7 and master/slave connections with other

robots, machines, systems, computers, and/or humans.

L -
hﬂ Levels ot Robot Programming

There are three distinct levels of robot programming:

T

system, task, and operator (8:55). System programming

provides the lowest level of routines to control robot

D SRR

resources and interfaces between resources. Task level

v ey
238 ¢

RN

programming is done as high level calls of the lower system

level routines. Operat. r programming may consist of loading

»® .
v e e

j' programs into the robot, adding required or optional data,

e S0 e
P

turning the robot on or off, teaching the robot a sequence

of operations to be remembered for later use by means of a
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o 3} "teach box" or "pendant", or physically leading the robot by
the hand thru the required operation while having the robot
memorize the sequence for later use. Each level of robot
programming requires a different leQel of skill and

understanding.

Basic Functions Required

The set of required basic functions for a robot are
(8:57):
1 Computation:
a. analytic geometry is most useful;
b. coordinate representation and
transformation;
c.vector operations (dot product, cross
product,scaling, normalization, and
linear operations);
2 Decision (conditional branch based on
processed sensor data):
a. sign test (+, -, 0);
b. relation (£, >, =);
c. Boolean (on, off, true, false, 1, 0);
‘d. Dbit péttern given a reference pattern;
e. set operations (member, nonmember,
subset, empty set);
3 Communication (internal and external);

4 Movement;
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5 Sensor data gathering; and

6 Sensor data processing.

Quality Software

Quality software development comes from discipline
in following an established methodology. Top down
structured programming can produce software that is
(8:62) ¢

1l correct (hard to determine);

2 reliable (no detected errors);

3valid (meets specifications and is
suitable for the jow);

4 resilient (degrades gracefully when things
go wrong, checks for errors, and provides
recovery routines);

5 usable (shows consideretion for human
factors consistent conventions, few if any
arbitrary codes/names, through diagnostics
and error messages);

6 clear (design structure apparent from
program listing, meaningful names, use of
well known algorithms, frequent and

effective comments, modular structure);

7 maintainable/modifiable (a by-product of
;1 clarity, changes due to detected errors
.- or system changes are weasily

incorporated);
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8 generalized (performs over a wide range
of input values, modes, and use);

9 portable (hardware specific and software
dependent features are isolated for easy
change to another computer system);

10 and is testable (step by step testing is
possible due to simple structured

algorithms).

Programming Guidelines

The following guidelines for structured programming
provide a methodology tor program development (8:69):

1 Program in small modules.

2 Comment progrzms telling what and why
things are done and what assumptions
exist {f any.

3 Don’'t misuse the instruction set or
software language.

4 Don't write self modifying programs.

5 Avoid complex statements -‘break them up
into smaller parts.

6 Use indentation and a format that makes
listingé more readable.

7 Avoid negative Boolean logic. Reversing
an if - then clause allows dropping a

NOT in front of an expression.

I(-18
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8 Use meaningful names for vériables,
constants, and procedures,

9 Make modules that do not interfere with
the code or data of other modules.

10 Uncommented code that works is better
than commented code that doesn't work,
until it comes time to modify the code.
Comments should clarify. Clarity is its

own reward.

Decision Making

A major part of a robot control system is decision
making. The more decisions that can be deferred until run
time, the better the robot program can be adapted to
changing task requirements. There are four kinds of
decisions that may be deferred until run time (8:74):

1 What initial data items are required.
2 How to allocate resources.
3 How to coordinateconcurrentproceéses.

4 Howtohandle exceptions,

Deferred Data Items

Determining deferred data items may require
communication with an external computer system, locating an
index mark or calibration jig for sensor alignment, or even

human interaction with the robot computer and/or sensors.
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Resource Allocation |

Resource allocation becomes a problem when two or more

processes require the same resource. This still may be

FTEEESY VT Y OV Y T YT

deferred past the start of run time to the concurrent
proéess coordinator to resolve once the resources are
requested during program execution.

The concurrent process coordinator switches the
attention of the central processor and possibly other system
resources between processes by use of a semaphore or
Dijkstra flag. In multiple processor, multiple process,
and/or interrupt driven robots, the use of special hardware

(or a software instruction like the afore mentioned MC680080

test and set instruction) may be required to insure

G: resolution of resource allocation conflicts. The
coordinator must never allow a situation to exist where two
processes or processors have been allo?ated resource; and
will not release them to another and yet can not proceed
until a resource controlled by another is obtained. This is

the classic deadlock or deadly embrace.

Exception Handling

X : Exceptions are either predictable or unpredictable
i; (8:77). Predictable exceptions occur when a verification
step returns false such as a mobile robot not finding a

i position update marker as planned. Unpredictable exceptions

occur during well defined procedures. These are hardware
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failures or the selection of a software path that was not

i tested and has an error. Software failures are best treated
with preventive measures earlier discussed. Hardware
redundancy, parity bits, checksums, cyclic redundancy check
characters (CRC), message sequence numbers, send and receive
addresses, and error detection/correction codes are possible
ways to decrease or handle unpredictable exceptions.

It may be advisable to disable the robot on certain
exceptions. Time-outs may be implemented in hardware or
software to disable a robot if a "keep alive" signal is not
updated every so often. If disabled by a time-out, the

robot should only be restarted by a special manual or

automatic procedure. Robots should have deadman and panic

ef switches to protect both humans and equipment.

High Level Language Programmidg

Programming should be done at the highest level of
language possible consistent with the needs of efficiency
and clarity.' It is imperative that task level programming
discussed earlier be done in an interpretive or
haltable/restartable language sSo as to be able to debug
programs while running on the robot. Software facilities
required for program debugging include utilities to: |

1 Up-load/down-1oad code from an off-line

(off-robot) software deveiopment system

to the robot;

I11-21
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2 Relocate code in memory;

3 Link modules;

4 Allow Symbolic debugging;

5 Set/reset breakpoints; and

6 Single step program execution.

Programming languages used should conform to the

structured programming guidelines. Possible languages
include:

1 Assembly languagé in the processor’'s

instruction set;
2 The C programming language;

3 Structured FORTRAN;

4 PASCAL;

5‘ ADA;

6 LISP;

7 PROLOG; and
8 FORTH.

Many other good languages exist, but the mentioned
languages have virtues which make them desirable for
program development and debugging. There are also many
robot specific languages but are usually processor and
hardware dependent. Thése can, rowever, be used as a basis
for developing new robot languages if concern for qualitf
software design is maintained.

A quality editor/word processor softwa-: package is a

must for software development, documentation, and reporting.
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Sensory Data Processing

The ohly arguments against the use of a particular
sensnr are its cost in terms of software overhead, required
computing power support, time to process the sensor's data,
fit on robot, weight, robot capability without the sensor
(which may be an argument for the sensor), external
equipment/personne)l support required to use this sensor, and
money (8:25).

The major robot sensor categories are:

1 Proprioceptors (sense position);

Touch;

Proximity;

Range;

2

3

4.

5 Force;
6 Movement;
7

and Vision (really only a subset of the

vision that humans experience).

Sensor Error

Sensor errors may be due to changes in sensor
characteristics over time, quantization error, or sensor
susceptibility to noise of some form. Filtering techniques
may therefor¢ have to be incorporated to compensate for or
minimize the . ‘fects of noise.

Crowley has proposed a computational paradigm or model

for three dimensional scene analysis (17). He explains that

171-23
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multiple sensor systems may be used to gather information :

about a robot's environment and a sensor model of the
environment developed. Models from many sensors are

! combined to create a combined or composite model that can
change with a dynamic environment. This composite model is

then used to solve a mobile robot's problem of global

\ navigation, local navigation, and position estimation (18).

What is a Robot

A robot is a device that performs functions

normally ascribed to human beings, operates with what

TN T Y
R A ————

appears to be almost human intelligence, or is a mechanism
q guided by automatic controls (19:744). Industrial robots
E generally consist of an arm .Lolted ¢to a platform with an
i end effector (gripper, spot welder, drill, or special
tool) affixed and which is controlled by a computer. A robot
} is distinguished from a Numerically Controlled (NC) machine

(such as an automatic 1lathe) in that a robot's actions are

o determined by sensor feedback and not just a sequence of
computer instructions. Most mobile robots still remain in
research 1labs because of the demanding requirement to
have some form of vision to allow obstacle avoidance
and object identification to allow a solution to the
mobile robot navigation problem. New forms of vision

based on range and direction information may soon allow

mobile robots to function in environments previously

requiring human workers.

11-24

e e e A N R A e A R A IR P AU T 'i
. .



.......... y P Y T WV, Y Y = T e VAW R W W W W Ty W W - o - -
E'- P S A I Il A DR e LA S DA A e e A AR I R AT G e iy T ey Tee T ST SR 0 1T 0 TR RA RERET SR TS s

‘ III. MARRS-1 Design

Overview

One of the major efforts of this thesis has been to

develop hardware and software to cocntrol and communicate

with the AFIT MARRS-1 robot. Additionally, three important
steps were taken to improve the robot. First, the robot was
i taught and run thru a simple sequence of operations to
identify the errors involved with moving the robot in

various directions. Second, the robot was then modified to

make optimum use of its sensors and to eliminate where
possible the errors identified in the first step. And
thirdly, a software development system was established to
aid in the design, testing, and maintenance of the robo; and
its subsystems.

After a period of hardware evaluation, mechanical
redesign, fabrication, and electronics upgradeing was
completed, the remaining task involved many itexations of
program development, testing, data analysis, and program
modification based on test results, .

A series of Robot Integrated Operation Tests (RIOTs)
were then performed that have great value in many key areas.
The tests establish a benchmark that can be used as a point
of reference for further work. 1In addition, if the errors

in a particular device are consistently similar to previous

test cases, then error compensation is relatively simple.

III-1
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If on the other hand, the errors are random, then much more
emphasis must be placed on multiple sensor feedback. The
tests may he expanded as the mobile robot project continues
and should be updated as automated tools are made available
(or developed). The objectivs »f the tests should not only
be to demonstrate a capability but to also identify
deficiencies that may exist in the robot and to what extent.

Familiarization with the AriT HERO-1 Robot

Before a prospectus for *this tiiesis could be submitted,
some familiarity with the AFIT HERO-1 robot built by Lt.
Owen was necessary (see figure 3.,1). What could the robot
do? What would be the next step in developing a truly
autonomous mobile robot? Could the robot be made
autonomous? The answers to these gquestions would be the

driving force in determining the direction of this thesis.

Figure 3.1 AFIT HERO-1 Robot Built by Lt. Owen

I1I=-2

SRR B N ULV LN WS WA LU .S WL WO S L0 Ol VG Hti SO T St Ml UL U SUN. SN SO S, S S 2




ko What Could the AFIT HERO-1 Robot Do?
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The AFIT HERO-1 robot had an arm with 145 angular ;
degrees of movement, a wrist with two axis of motion, and a !
two claw gripper. Locomotion was developed from a tricycle

gear wheel configuration with the front wheel the only wheel

)
)
’
»
.
g

actively propelled and steered plus or minus 90 degrees from
center. The drive of the front wheel had three speeds in
both the forward and reverse directions. There were two
le:els to the body with the top level being able to turn
plus or minus 178 degrees. Additionally, the robot had a
Votrax SC@#1 speech synthesizer, a single three degree
beamwidth ultrasonic sonar range finder in its head with
separate transmit and recefve transducers, a calendar with
clock, a 256 level light intensity sensor, a 256 level sound
(; volume sensor, and an ultrasonic motion detector. Lt Owen
had added a laser bércode reader and 15 Polaroid type
ultrasonic sonar range finder transducers. The robot had an
impressive list of resources for mobile robotics research,
could make crude maps of its environment, and move about
randomly without hitting obstacles under self control. Yet,

the AFIT HERO-1 robot had some major deficiencies.

Deficiency Identification

Initial investigation into the opportunities for
improving AFIT's mobile robotics research revealed the

following:

I1I-3

S DB d, PO Y L RSN UCEC W W TC TN AT RSPV I PRSI S WAL IR OO UL SN T S SO TN N

P e S R i T S S R R L L . T I I R



The ability to rapidly develop and debug software was
seen as one of the most important improvements necessary for
the AFIT mobile robotics résearch environment.

The front wheel design of the HERO-1 robot needed to be
improved since the steering gearbéx bearings wore
excessively over a short period of robot use. The bearing
wear and the additional weight from the laser barcode reader

distributed high in the robot's body caused the robot to be

mechanically noncompliant, nonrepeatable, and top heavy
- (unstable). Motion of the robot now became random since
commands to the stepper motor controlling the steering of
N | the front wheel, were sent from the robot's computer and

assumed to have been obeyed, when in fact, it was very easy

v,

® . .
3 torque of the steering stepper motcr. Thus, robot steering

L for small impeding forces to withstand and overcome the
i
and position estimation algorithms were defeated. = This
@ condition could have been avoided in part by determining the
! position of the steering shaft explicitly with a sensor and
implementing a closed loop feedback system.

The AFIT HERD?-1 robot Polaroid ranging system was not
E. as fast in gathering data as it could have been since only
3 one transducers could be used at a time.
The création of a sonar range map from data gatherad by

the AFIT HERO-1 robot required undesirable human

intervention to:

1. Determine the robot's heading for each
sonar sample period.
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2, Provide a robot position correction
factor for each sonar reading. The barcode that was read by
the robot was taped to the fioor and was from one and a half
to two feet away from the center ovf .the robot. Thus,
position of the robot was loosely based on the number
appearing on the barcode. The position of objects in the
test environment was based on data from the sonar system
which was not firmly referenced to the barcode taped to the
floor.

3. Draw the two dimensional (birds eye
view) map post mission in a form useful to humans from sonar
data, barcode position information, and notes taken by human
observers during the mission (or test run).

The AFIT HERO-1 robot was then redesigned, rebuilt! and
renamed the AFIT Mobile Autonomous Robot Research System

(MARRS-1) and is shown in figure 3.2.

System Level Description

The overall system structure for control of MARRS-1 is
shown in figure 3.3. Note that the vertically integrated
control structure from the external computer to the Nav
Computer to the Drive computer is only one of many
configurations possible. The RIOTs of chapter 5 used this
structure minus the control shown from the Nav Computer to

the Drive Computer.
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Figure 3.2 AFIT Mobile Autonomous Robot Research System (MARRS-1)
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Figure 3.3 MARRS-1 Control Structure

Design Philosophy

‘CT Several key factors have molded the design of MARRS-1
%?; into its firal form. The first and foremost important
. design crite:ia was: Never discard a cépability, onlj add to
or enhénce the original design. The seéona design criteria

was to treat all system components and sub-elements as

“a
PRI I LI
A I M .
o cn = ot ——

black boxeé with standard interfaces (in this case

serial RS$-232). Modularity and expansion was always kept
in mind as systems were designed and developed. Hardware
implementation of a given task was always chosen over

software (if a trade-off existed) to alleviate unnecessary

2 .
. V. ) .
E e ot e 05+ st R it 10 P00

burdens from the CPU,
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Mechanical Design

The MARRS-1 robot is 29 and a nalf inches high, 21 and
a half inches in diameter ét: its widest point, has two decks
with 12 sides each, an improved tricycle configuration with
a front wheel only drive system, separafe shafts for each
rear wheel, and a low slung 8 gel cell battery compartment.
It has retained all the features of the HERO-1 robot except
those modified to improve performance and the arm. The arm
was intentionally left off MARRS~-1 since the intent is to
work toward solving mobile autonomous robot problems and not
fixed arm problems. Once a good autonomous mobile platform
has been developed, it will become desirable to add a
quality robot arm with special end effectors. The twelve
side design grew out of an attempt to have symmetrical sonar
coverage at two levels erroneously thinking that the
beamwidth of the Po.iaroid sonar transducers was 30 degrees
when they are more like 10 to 15 degrees. ?h: twelve side

design impact on the sonar system will be discussed later.

Drive Computer

The original HERO-1 contained a MC6808 computer system
with no RS-232 serial capabilities. The Virtual
Devices Inc. MENOS-1 MC6801 upgrade CPU board enhanced the
HERO-1 and gave it RS-232 capability (at 390 baud hOnger)
and tremendous new programming possibilities. The MENOS-1

ROM was modified to support 9600 baud rate communications

I1I-8
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(see Appendix E). It is now possible to program the Drive
Computer in the C language, in Virtual Devices tokenized
Vamp language, in HERO-1 learn mode (teach pendant), in
HERO-1 Robot language, and in 6861 Assembly language (a
superset of the 680¢ family with internal 16 bit
operations). The Drive Computer (Menos I upgraded HERO-1
computer) is described in Virtual Device's Menos I user's
manual, Virtual Devices Robo C user's manual, Heathkit's

HERO-1 documentation, and in Appendix E.

Navigation Computer

The Navigation Computer is the keystone of MARRS-1l, It
controls both the Optical Shaft Encoder Subsystem and the
Sonar Subsystem.

Serial RS 232 communication links are provided from the
Nav Computer to both the Drive Computer and an external
computer. 'Programs can now be cross assembled and ddwn-
loaded from an external computer via serial ports to either

the Nav or Drive computers on the MARRS-1 robot. In

addition a third serial interface connects the Nav Computer
to a laser 3 of 9 barcode reader enab;ing MARRS-1 to run
software developed by Lt Owen. However, the laser barcode
reader was not used for the Robot Integrated Operation Tests

(RIOTs) (chapters IV and V).
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Nav Computer Hardware

The digital portion of the Nav Computer is centered
around Motorola 6800 family devices (see Appendices F and i
G). The operating system fits entirely on an 8K ROM with
room to spare. An additional 8K ROM is iocated in parallel
with the base page 8K RAM. System initialization software |
and page select circuitry load into the base page 8K RAM the
contents of the base page 8K ROM after any hardware reset or
call of the subroutine labeled ROMLAYRAM. A full contiguous
48K of static RAM exists on board. Input and output

devices are memory mapped as is the case with all Motorola

68XX, 68XXX devices.

Nav Computer Software

MARRSBUG (see Appendix A and D) 1is an interrupt
driven, heavily modified serial version of Motorola's
MIKBUG and American Microsystem's PROTO operating systems.
Data from the Nav Computer's Sonar and Optical Shaft Encoder
subsystems is constantly being wupdated by a maskable
hardware interrupt handler and made available to any user
programs that run on the Navigation Computer. Hence, the
net effect of the MARRSBUG interrupt driven data
acquisition system is transparent to the user. The
operating system 1is flexible enough to allow changes to
vectors and constants which are loaded into system RAM on
power up. An important feature of MARRSBUG is that on

power up, the system performs a RAM check to verify where

I11-10
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the largest contiguous block of good RAM is located and
updates the system RAM vectors appropriately. Additionally,
numerous callable subroutines, software interrupts, and
system utilities exist within the ROMs to aid the
deyelopment of application programs fof the Nav Computer

(see Appendices A,B,D, and N).

Optical Shaft Encoder (OSE) Subsystem

The OSE Subsystem is perhaps the most important of the
two Nav Computer subsystems (although one subsystem cannot
perform to its utmost without the other). A 1206 count per
revolution OSE is placed on the shaft of each rear wheel
(two independent shafts) and on the front wheel steering
shaft. By maintaining the distance traveled by each
rear wheel, both heading and position information
(relative to initial heading and position) are readily
obtainable by calculating simple trigonometric equations
(see Chapter V). The instantaneous steering position of the
front wheel is maintained by subtracting the clockwise and
counterclockwise counts of the front wheel steering OSE.,

Cumulative counts are required to integrate this sensor
data into the Navigation Computer. Thus, an
incremental encoder was chosen. The Datametrics K3
encoder (see Appendix K) provides both incremental
pulses and two channels which are 990 degrees out of phase

with each other. With the proper interface circuitry,

II1-11
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this phase relationship enables the robot to distinguish
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between forward and reverse motion of each rear wheel.

A Motorola 6840 Programable Timer/Counter chip, in
conjunction with a DM96062 dual precision one shot
multivibrator, provides an optimum circuit to interface each
OSE with the CPU (see Appendix G, Figure G.1l5). By wusing
a 6840 as a counter (of which there are three 16 bit down
counters on each chip) the burden of keeping track of
continuously rotating wheels is removed from the CPU.

The DM9602's determine wheel direction (forwards or
backwards). This is accomplished by testing for a 1low

signal on one OSE channel and a negative transition

on the other OSE channel. The 6843's act as divide by
(;. 64 counters which equates to one inch of wheel travel. When

this distance has been reached, an interrupt |is

generated and a variable counter in system RAM |is
incremented (cumulative counts). Since the 6840 |is
programable, this divide by XX value may be modified to suit

the user's scale facter and precision needs (see chapters V

and VI).

Ultrasonic Sonar Subsystem

The AFIT MARRS-1 robot utilizes a simple vision

system to aid in the solution of the mobile xobot
point to point navigation problem. The syctem acquires
range and direction information from 32 polaroid sonar

transducers attached to the robot's exterior.
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Figure 3.4 illustrates the placement of 24 of these

transducers on the robot as seen from an ovethcad view.

o

Figure 3.4 Sonar Transducer Locations

The robot's sonar sensors are divided into two
different groupings by physical location on the robot or
into four different groupings according to their attachment
to one of four sonar range boards (Gioup A, B, C, or D).
The lower body deck héuses sonar transducers labeled Ag, Al,

A2, B@, Bl, B2, C@, C1, C2, D@, D1, and D2. The upper body

‘deck 1is comprised of sonar transducers labeled A4, A5, A6,

B4, BS, B6, C4, C5, Cé6, D4, DS, and D6. There are an

additional eight transducers in the head of the robot but
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are not wused in the RIOTs (Chapter V, Chapter VI).
The selection of these eight transducers is however
supported in the MARRS-1 operating system. The lower
and upper body decks have 12 equal sides. Each side points
30 degrees away from its two neighbors on the same deck.
The drive computer can rotate the upper deck plus or minus
178 degrees by controlling a stepper motor. Each sonar
transducer 1is electrically connected to one of four sonar
range boards (Sonar Board A, Sonar Board B, Sonar Board C,
and Sonar Board D) by means of coaxial cable to one of 32
dual inline package (DIP) relays. Transducer selection is
accomplished by energizing a DIP relay.

Only a maximum of four sonar readings are valid
during a sonar ' sample period (one from each sonar range
board). If multiple paths exist between a range
board and its associated transducers then direction
information is forfeited and maximum detection range is
attenuated. It may be useful however to energize more than
one transducer at a time and establish a minimum distance
for obstacle avoidance. 1In tbis mode of operation, a full
360 degree coverage can be obtained each sample period if
the user is willing to disregard the direction
information. Distance information can be obtained from
four mutually exclusive quadrants with one quadrant
covered by ez2ch range board by turning MARRS-1's upper deck

15 degrees clockwise.

IT1-14
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Scan patterns may be established to give discrete 3640
degree coverage (with individual readings corresponding
to each 15 degree segment) by selecting only one transducer
of six attached to a range board. Range‘readings are taken
from one, two, three, or four range boards during a sample
period and then a different combination of transducers are
selected during subsequent sample periods until receiving
range readings from all 24 transducers.

By <carefully choosing the transducers selected,
separations of 9@, 120, or 180 degrees between selected
transducers may be achieved during each sample period when
four, three, or two range boards are used during the
sample period respectively so as to minimize the

possibility of intersonar interference.

Software Development Support

An H89 running CP/M was chosen to do the cross assembly
and program development due to the large amount of software
supported by it and the abundance of H89 and CP/M systems at
AFIT. A nuﬁber of cross asseimblers (running under CP/M)
were found for the 6800 family of processors. Two of the
cross assemblers were even in the Public Domain. 1In
contrast, it was difficult to even find a 6800 based system
to do software development work on for the existing HERO-1

computer let alone the software tools such as assemblers,

compilers, and editors to do the job.
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Most software development efforts for MARRS-1 took
advantage of Virtual Devices Robo C compiler and Robo
Assembler.

The next best alternative to the nonexistent universal
robot programming language was to develop a library of robot
software routines. These are generic in nature so that they
may be combined to form larger modules of software. A
MARRS-1 Nav Computer user manual is provided in Appendix N.
Software provided by Virtual Devices for Menos I, Robo C,
and Robo Assembler contain many excellent routines for
controlling the original HERO-1 resources and the 5801
upgraded Drive Compiter. However, autonomous operation of
MARRS-1 will require integrated control of the Nav Computer,
Drive Computer, subsystems, resources, and possibly sensors

and computers yet to be developed.
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IV. MARRS-1 System Integration

Once the MARRS-1 design was completed, a number of
projects were tackled in order to bring the robot to a point
whére it could be tested as a system. Specifically:

1. The new two deck, twelve sided body, battery
compartment, reinforced front wheel, and rear wheel
assemblies were fabricated by the AFIT Shop Personnel.

2, The robot was painted red white and blue so as to
create interest in the goals of the thesis and for
patriotic impact.

3. All electrical wiring for the original HERO-1 was
replaced with longer cables since the electronics were ncw
mounted on swing out doors to allow ease of access for
modification or maintenance. .

4. Operation of the robot with the original HERO-1
electronics and new wiring was verified before installing
the MENOS-1 6801 upgrade computer. It became evident that
the modification to the froat wheel (see figure 4.1) had
made the robot's movements ruepeatable and compliant to
program command. On six different test runs the robot was
able to return to the same spot (within th.ee inches) after
going over a 50 foot figure eight ce''rse in the HERO-1 learn

mode.
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! 5. The MENOS-1 upgrade was then installed and tested.
t Proper operation of the original HERO-1 electronics and the
P new serial communication porf was verified by connecting the
: robot to the lab H89 computer. The resulting combination of
robot electronics was named the Drive Computer so as to
distinguish it from the electronics yet to be added. The
Input/Output (I/0) decoding scheme for the Drive Computer
was extended (as shown in Appendix H) to allow further 1/0
:1 expansion.
[ 6. The Optical Shaft Encoder (OSE) Subsystem was
ii ‘ built, installed and initially connected to the Driye
. Computer thru a 46 pin connector. In spite of extreme

{
it efforts to be careful, four glass encoder disks were cracked

_(f or btroken while trying to install the OSEs (Appendix?ﬂ on
the front wheel steering shaft (see figure 4.1) and the rear
wheel shafts. The alignment of the OSEs took on the order
of four hours for each encoder. What is needed is an
ercoder that that is sealed, prealigned, small, inexpensive,
and connects to the shaft with a flexible linkage.

7. The Név Computer was wirewrapped onan Augat
prototyping board and hardware/software debugged using a
Hewlett Packard 1616A logic analyzer. The OSE Subsystem was
disconnected from the Drive Computer and connected instead
to the Nav Computer with the Sonar Subsystem. The two

subsystems conceptually can be used as a crosscheck against

each other if a priori knowledge about an environment is

IvV=-3
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given and function optimally if the subsystems are connected
to the same virtual computer.

8. The Sonar Subsystem was connected and debugged on
the Nav Computer only after proper operation of the computer
(CPU, ROM, RAM, and interrupt driben I1/0 devices) was

verified.

Sideline Activities

Many side issues, projects, and activities consumed
time during the thesis and in their own way contributed to
the success of the effort. These included:

l. Participation in the 19th Annual Dayton
International Air Show representing AFIT with the newly

painted and rewired MARRS-1 robot.

!
—_— C: 2. Taking MARRS-1 to the National Explorer Scout
L Fly-In at Columbus, Ohio (once again to represent AFIT).
3. Television, radio, and newspaper interviews,

along wigh presentations to public school groups, kept
i MARRS-1 (and its creators) busy informing the public about
AFIT research. .

= 4. The AFIT Mobile Robotics Laboratory was
created during the thesis by scrounging for resources
necessary to do this type.of hardware/software development
Tf. rroject. The physical space of the lab was absolutely

essential for the success of the thesis. The floor of the

test area had to be leveled by using wall plaster to fill

_ i . in holes and depressions.




.....

5. Two other computer systems were built during
the thesis effort to support software and hardware
development. A Motorola Exorciser and a 6882 based printer
coptrolle: card (previously developed f&r an AFIT project)
were the only 6800 family computers in the school. Both
needed extensive modification and rehabilitation to meet the
development needs of the thesis.

With the robot hardware and software developiment
complete, a series of Robot Integrated Operation Tests
(RIOT3) were conducted.

Robot Integrated Operation Test (RIOT) Plan

The RIOTs demonstrate the ability of MARRS-1 to keep
track of its own location and map out the environment. The
RIOTs also identify anomalies (if any) in robot and
algorithm operation while they (the tests) manipulate data
collected from both the OSE and Sonar subsystems into a form
useful for robot obstacle avoidance, path planning, and
robot periformance benchmarking.

Test Range Environment

The test range used for the RIOTs is part ot the AFIT
Mobile Robotics Laboratory with dimensions of 13 feet by 25
feet. All doors to the test range r2main closed during each
test run., Test conditions are broken into two categories;

tests without objects in the test range and tests with

two objects in the test range (see figures 5.1 and 5.2).
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Object number cne is composed of a large 3' diameter 2!
7" high cylinder. Object number two is a box with the
following dimensions: 1' 6.5" wide, 2' 9.5" long, 2' 3"
high. Both objects have cardboard material surfaces. The
test range floor is a reasonably flat tile surface. The
walls of the test range are painted hardboard. Some minor
protrusions such as door knobs, conduit, and molding jut out
from the surface of the walls., All walls are assumed to be
flat surfaces since the 9.1 foot soﬁar range resolution of
cannot accurately distinguish these protrusions.

MARRS-1 Operating Modes

In order to collect enough data to form a map of the
test range fhe robot is operated in an open loop mode and
moved throughou£ the test range. Two patterns of movement
will be tested; a straight line path and a zig-zag pattern.
The initial test run location and heading of the robot
should be kept the same (in this case X = 2 feet, Y = 7
feet) for ease of setup. Sight tubes, mounted on the robot,
aide in the initial positioning of the robot., The upper
level head of the robot is rotated 15 degrees clockwise to
provide a 360 degree coverage from the 24 ultrasonics
transducers with 15 degrees of separation between each
transducer. Additionally, the number of sonar transducefs
selectedd'iring each cycle of the interrupt handler varied

from test to test. Table 4.1 lists sixteen different test

configurations ‘that were used.
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TEST # OBJECTS PATH §# SONARS SELECTED PER PERIOD

4 TWO STRAIGHT 2 PER .l sec
) T™WO STRAIGHT l PER .1 sec
7 TWO STRAIGHT 3 PER .1l sec
9 TWO STRAIGHT 4 PER .l sec
19 TWO ZI1G ZAG 1 PER .1 sec
11 TWO 2IG ZAG 2 PER .l sec
12 TWO 21IG ZAG 3 PER .l sec
13 TWO Z21G 2ZAG 4 PER .l sec
14 NONE 2I1G ZAG 1l PER .1 sec
15 NONE 2IG ZAG 2 PER .l sec
16 NONE 2IG ZAG 3 PER .1 sec
17 NONE ZI1G ZAG 4 PER .1 sec
18 NONE STRAIGHT 1 PER .1 sec
19 NONE STRAIGHT 2 PER .l sec
20 NONE STRAIGHT 3 PER .1l sec
21 NONE STRAIGHT 4 PER .l sec

Table 4.1 RIOT Configurations

Support EJuipment

The following equipment provides the necessary support
toc conduct this test; the AFIT MARRS-1 robot, Heath H-89
computer with H-27 8 inch disk drive system, Modem 720
communication program, and an RS§-232 cablé. Post mission
processing of the collected data is performed on a TRS-80
(6809 based) Color Computer.

Drive Computer Learn Mode Programs

The learn mode programs shown in tables 4.2 and 4.3 run
in the Drive Computer and cause the MARRS-1 robot to perform
either straight line motion or a zig-zag pattern within the
confines of the test range. (For a more detailed discussion
ofrobot interpreter commands the reader is referred to the

Heathkit Educational Systems ET-18 ROBOT Technical Manual.)
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ADDRESS DATA HERO-1 ROBOT LANGUAGE AND MEANING

g400 C3 19 6F MOTOR MOVE, WAIT ;ABSCLUTE (IMMEDIATE)
DRIVE MOTOR SELECTED
FORWARD §16F
FAST GEAR

@403 8F @0 29 PAUSE (IMMEDIATE)

g406 3A RETURN TO EXECUTIVE ("“READY")

Table 4.2 MARRS-1 Straight Line Drive Computer Program

ADDRESS DATA HERC~1 ROBOT [ANGUAGE AND MEANING

@400 C3 18 96 MOVE DRIVE MOTOR (HIGH SPEED) FORWARD $@6
@403 CC 18 15 MOVE DRIVE MOTOR (HIGH SPEED) FORWARD §15
@406 C3 E8 33 TURN LEFT TO POSTION $33
9409 CC 18 4E MOVE DRIVE MOTOR (HIGH SPEED) FORWARD $4E
@40C C3 E8 49 TURN STRAIGHT AHEAD
@40F CC 18 1C MOVE DRIVE MOTOR (HIGH SPEED) FORWARD §1C
@422 C3 E8 64 TURN RIGHT TO POSITION $64
- @425 CC 18 22 MOVE DRIVE MOTOR (HIGH SPEED) FORWARD $22
(’ @428 C3 E8 49 TURN STRAIGHT AHEAD
@42B CC 18 12 MOVE DRIVE MOTOR (HIGH SPEED) FORWARD §$12
@42E C3 E8 57 TURN RIGHT TO POSITION $57
@431 CC 18 @¢C MOVE DRIVE MOTOR (HIGH SPEED) FORWARD $0C
@434 C3 E8 49 TURN STRAIGHT AHEAD
@437 CC 18 gD MOVE DRIVE MOTOR (HIGH SPEED) FORWARD $@D
@43A C3 E8 58 TURN RIGHT TO POSITION §58
@43D CC 18 39 MOVE DRIVE MOTOR (HIGH SPEED) FORWARD §39
@440 C3 E8 49 TURN STRAIGHT AHEAD
@443 CC 18 17 MOVE DRIVE MOTOR (HIGH SPEED) FORWARD $17
@449 C3 E8 31 TURN LEFT TO POSTION §31
@44C CC 18 18 MOVE DRIVE MOTOR (HIGH SPEED) FORWARD $18
@44F C3 E8 46 TURN RIGHT TO POSITION $46
@452 CC 18 ¢g@ MOVE DRIVE MOTOR (HIGH SPEED) FORWARD $0¢
@455 C3 E8 42 TURN LEFT TO POSTION §$42
@458 CC 18 25 MOVE DRIVE MOTOR (HIGH SvEED) FORWARD §$25
@45B C3 E8 49 TURN STRAIGHT AHEAD
@45E 8F 00 FF PAUSE
@461 3A RETURN TO EXECUTIVE ("READY")

Table 4.3 MARRS-1 Zig-Zag Drive Computer Program
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Robot Test Procedures

l. Objects (if any) are placed in the test range with
their location and orientation documented.

2. Document and mark on the floor the initial heading
and position of the robot. Heading is normalized for the

program MAPPER (Appendix C) as a value between 4 and 1 as

—

shown in figure 4.2. The (X,Y) location of the robot is

- -

represented in terms of tenth's of feet (resolution of

1.2"). The initial location and all subsequent locations

of the robot are relative to the mid point between the two
rear wheels, Both heading and location are crucial in

conducting this test with any accuracy/repeatability and are

required for post mission processing of the Sonar and 0SB
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IAMMANAARAE D & | M . OOOCEADNERS s mseigns o ouaiidaiodeses 1 3R] 17;1

data.

[+ g9° 10° 15° ac’
alalebodabelebe by e bl tododedelotalolsts

Yx'* H.=.?5

T

s g

Ledalal,

1 .
1 “=-5€n'-§'“=011 |
] 1 JL 0,21h ' !
5] H= .25 - .
o o ,
- 5 ]

Figure 4.2 MAPPER Heading Convention
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3. Straighten out the front wheel and insure that the

. ——— st

count at memory location $0026 of the Drive Computer
contains th- value $49. ($49 is the value for straight
@ forward steering.)
i 4. Insure that the top deck is rotated clockwise
i (looking down on robot) by 15 degrees and secured in place.
S. Put MARRS-1 in the learn mode and maneuver it
' throughout the test range. NOTE: The Drive Computer will
| operate the robot in an open loop mode for the entire test,
i.e. there will be no feedback from the Nav Computer to the

Drive Computer as a result of MARRS-1'r movements or the

environment.
6. After completion of the learn mode, reset the
Ca Drive Computer and bring MARRS-1 back to the marked starting

position. Insure that the front wheel is straight and
location $0626 contains $49. With all of this completed,
1 execute the learned program to confirm that the robot
{ performs adequately. If so, continue. If the robot fails
to repeat the learned cperation, then go back to step 2 and
begin over again.

7. As in step 6, position the robot at the starting
point. Now, upload the learned Drive Combﬁter program to an
external computer via the serial RS-232 port and save.

8. Before executing ;he test program, open a file
j buffer on an external computer connected to the Nav combuter.

9. Reset the timer on Navigation Computer to zero.

Iv-10
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10. Initialize the Extended Interrupt Handler to select

the number of sonars activated per sample period (i.e. one,

-
|
|

two, three, or four sonars selected during 7 tenth of a
second interval) and execute the Drive Compt.ter's learned
test program (Table 4.2 or 4.3).

11. After each test run, insure that the captured test
data is saved on magnetic media in AfCII1 format before

continuing on with the next test run.

1 Data Collection

Data from each of the subsysters will be gathered every

o~ -y

@.1second via the Extended Interrvpt Handler (see Appendix i
B) and :=tored into a temporary line buffer in the Navigation
1 Computer's memory as follows:

/time/fw/lwl/1lw2/xwl/xw2/A% /B# /C# /D# /<CR><LF>

T ;
E Where time = tenth's of seconds count - 2 bytes ;
fw = front wheel direction - 1 byte
lwl = left wheel reverse counts - 2 bytes i
lw2 = left wheel forward counts - 2 bytes .
rwl = right wheel reverse counts - 2 bytes 3
rw2 = right wheel forward counts - 2 bytes [

Table 4.4 RIOT Raw Data Format

The buffer is then transmitted to an external computer at j
9600 baud (in this case an H-89 running M720 communication
software). Buffer contents are then stored onto magnetic

media for post mission processing. . |
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After completion of the entire test all data is then
transferred fromthe H-89 to the Color Computer. Using
MAPPER, a mapping algorithm, ( see Appendix C) the test data
will be transformed into a bit plane graphics representation
of the test range. Optical shaft encoder readings determine
position and heading of the robot relative to the starting
position (calculated with respect to the centar between the
rear wheels). Sonar transducer readingQ provide range and
direction information about the robots environment from the
current robot position (with respect to the center of the
robot). This graphics display provides a good first order

‘ approximation of the robots environment.

b i
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V. MARRS-lIntegrated Operation Test Results

Minor Test Problems

Threeminor problems occurred during the MARRS-1 Robot

) Integrated Operation Tests (RIOTs). However, these three
1 anomalies did not remove the essence of the tests. They
are minor and can be overcome. First, the front wheel

optical shaft encoder resolution was much greater than was

required. The slightest hint of mechanical vibration caused

excessive jitter in the signal detected by the photo head

assembly. This resulted in erroneous accumulation of

counts for front wheel direction. Fortunately MARRS-1

was operated in an open loop mnde. The mapping

(; algorithm, MAPPER did not require the data from the

front wheel shaft encoder. An example of these erroneous

readings can be seen in Appendix O.
1 The second problem was with the right wheel optical
shaft encoder. 1In spite of efforts to align the glass
4 encoder disk, some reverse direction counts were detected

while going forward. This error was of no consequence since

IRy

all test runs were designed for forward mqtion of the robot
and the MAPPER program disregarded the reverse counts from
¥ the left and right wheels. However, Navigation algorithms
in general should take into account any reverse counts of

; either the left or right wheels. For instance, a very tight

turn may cause the wheel on the inside of the turn to move
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in the reverse direction. The slightly eccentriq alignment
of the right wheel opticél shaf{t encoder causes erroneous
reverse dirgction counts which may require the construction
and installation of a new shaft.

The third minor setback to the completion and final
testing of MARRS-1 was the inadequate current capabilities
of the sonar power supply. The curren’: surge
requirxements of more than one sonaz transducer activated
at once increased the effective internal impedance of
the batteries. This reduced the output voltage applied to
the sonar range boards (as well as all other subsystems)
and hence maximum sonar detection range was reduced to 3.5
feet. An AC to DC power supply was employed to provide
additicnal current drive for the sonar subsystem thus
extending the maximum reliable sonar detection range to 7.5
feet.

Mapping Algorithm

The program MAPPER (see Appendix C) takes large amounts
of test data and compacts it into an array of 256 by 192
picture elements (pixels) that can be displayed as a map for
humans and/or used by a computer for robot control. If the
heading of the robot 1is known at some initial starting
point, then ‘all other robot headings can be
determined from the counts of the left and right optical

shaft encoders. Instantaneous heading calculations may be

performed if the 1initiai heading and distances traveled by

V-2
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each rear wheel are known. The following. equation

describes this principle (20:163):
HB = HA + (L - R)/D rad (5.1)

Where HB is the currxent heading of tﬁe robot in radians, HA
is some initial heading 1in radians, L and R are absolute
distances traversed by each wheel starting from the initial
heading position, and D 1is the distance between the left
wheel and the right wheel. It {s interesting to point out
however, that the initial heading is not absolutely
requiredsince all successive heading computations are
relative to the first and so on. Naturally with a
digital device, a continuous sampling is impossible.
Thus the traversed distance of each wheel 1is broken
up into incremental segments. The K-3 shc®t encoder has a
resolution of 1200 counts per revolution. MARRS-1's rear
wheel circumference 1is equal to 18.75". The units used
in the test were inches, thus it turned out that 64 counts
on the shaft encoder equalled one inch of. travel by the
wheel exactly. The effective resolution of the wheels now
becomes 18.75 counts per revolution. Just how much
resolution do the robot's wheels need for navigation
and environmental mapping? These test results show that
fine detailed resolution may not be required. However,
optimum wheel count resolution has not been considered here

and is left as an area for further investigation.

.
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Graphics Plots

The plots shown oﬁ the next several pages are the
final output from MAPPER. There are perhaps several ways
of displaying the data collected from each test run.
Figure 5.1 shows a layout of the size of the test range in
units of feet. It was in this benign environment that
half of the test runs were conducted. Figure 5.2
identifies the location of the two objects used during
the other half. As a compurison, figures 5.3 and 5.4
are taken from Lt Owen's thesis and show how  he
accomplished mapping from a HERO-1(2:VII-6,VII-7). A key
point about Owen's work 1is that precise heading and
position information was not available for displaying the
relative position of sonar readings. The remaining graphic
plots (figures 5.5 thru 5.28) are of the Robot Integrated
Operation Tests (RIOTs) and uemonstrate that a robot can
create a low resolution map of its environment (relative to
itself) using ultfasonic sonar as a "vision" device while
keeping track of 1its orientation and location from
wheel counts. Each sonar reading is displayed as an arc of
20 degrees at the distance measured from the center of the
robot and plotted based on position and ﬁéading information
determined from rear whe2l optical shaft encéder data. The
tests are termed integrated since robot performance is

evaluated based on all systems working in concert.
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Figure 5.1 Robot Integrated Operation Test (RIOT) Range Layout
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. Figure 5.4 Owen Thesis Sonar Map Showing Sonar Coincidence.
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Figure 5.9 RIOT #20: Straight Three Sonars at a Time
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Figure 5.10 RIOT #16: 1Zig Zag Three Sonars at a Time
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Figure 5.12 RIOT #17: Zig Zag Four Sonars at a Time X

V=11 g

N P L D N R LA ST Wi LAt NN LN Lt N
I SR T o A et A T g | T A A Y




E.-_-.: e e e T et T T e T T T T T T T T T T R T L T Y T e T R T T N T T T AT AT AT R T E TN TR T ST AR T e T AT T TS AT A T T AT T TS Ty
i
]

I S° 10° 15° 20°

ol R
J&i S e

h 2 )
NS, EA

1 SONAR/ O.1 SEC TEST &# S

Figure 5.13 RIOT #5: Straight One Sonar at a Time
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Figure 5.14 RIOT #10: 2Zig Zag One Sonar at a Time
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Figure 5.15  RIOT #4: Straight Two Sonars at a Time
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Figure 5.16 RIOT #11: Zig Zag Two Sonars at a Time
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Figure 5.17 RIOT #7: Straight Three Sonars at a Time

3 SONA2S/ 0.1 SEC TEST & 12

Figure 5.18 RIOT #12: 1Zig Zag Three Sonars at a Time
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Figure 5.19 _ RIOT #9: Straight Four Sonars at a Time
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Figure 5.20 RIOT #13: 1Zig Zag Four Sonars at a Time
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Discussion of RIOT Resultks

Each plot from figures 5.5 thru 5.20 represents 14 to
21 thousand eight bit words (bytes) of data like that shown
in Appendix 0. The data could have been encoded by the
4 Extended Interrupt Ha'.uler (Appendix B) and reduced by a
; factor of four te one, however, the data reduction would
have cost increased processing time by the MAPPER program of
Appendix C,

Figures 5.5 thru 5.2¢ are accurate sonar environmental

maps as compared to those of figures 5.3 and 5.4 because of
the accurate heading and position information coming from
the shaft ancoders.

The neﬁ sonar maps show that robhot navigation and

obstacle avoidance in simple environments are possible from

]

low resolution sonar vision with accurate position

information.

Particular attention should be given to figure 5.9.
This map identifies a skew of the sonar map with respect te¢
the test raﬁge outline. The skew was a result of having an
initial one and a half inches of right wheel trav2l recorded
in the data (see start of Appendix 0O) when in fact the right
wheel travel distance should have tracked the values
recorded for the left wheel for straight motion (which was
the case for all other straight line motion RIOTs). The
difference between the righkt and left wheel counts was a

result of having not reset the Naviga*tion Computexr after
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preparing the robot for R;OT $268. The skew of figure 5.9 is
theréfore the result of robot operator error. It does,
however, show the effect of initial heading error or
isolated wheel slippage with respect to an external
benchmark reference system. Note thaf the sonar map can be
) accurately created without an external reference since the
map is always relative to the robot's own internal heading
and position. Therefore, the map created by the robot may
require a coordinate transformation to a global or external
reference.

Sonar ranges greater than 7.5 feet were disreguarded

for all RIOT plots since the power supply problem attenuated

the maximum reliable detection for the Sonar Suksystem,

L) L
[

GE' Additionally, stray sonar readings are seen in a few plots.

Sonar transducer C2 (figure 3.4) appears to have a maxihum

[

]

L
& i

reliable detection range of about 7 feet and hencé, the
stray readings from C2 were not deleted with the 7.5 foot

filter algorithm in the MAPPER program.
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Vi. Recommendations for Future Work on MARRS-1

Unlike some products on the market today, MARRS-1
was designed and built with modularity and expansion in
mind. In addition, there are a few minor flaws in the
original design that can be improved. The following are
just some of the recommendations and suggestions for
additional work and enhancements that will some day
make MARRS-1 a truly autonomous vehicle.

1. Exercise the existing MARRS-1 robot to
identify the limit of its usefulness and capabilities,

2. Transport the mapping algorithm MAPPER from
an external computer to an onboard computer (either as part
ofthe Navigation Computer interrupt handler or on another
computer which communicates to the Navigation Computer via
RS-232) ., |

3. Design, develop, and interface an on board
compass (perhaps using an A to D converter or absolute
encoder) to provide MARRS-1 with instantaneons ueading
information. This sensor data could be used as an
additional check to veriiy data coming fiom other subsystems
and provide initial heading data on power-up.

4, Develop filtering algorithms that provide
MARRS-1 with more accurate maps of its environment. Perhaps
further characterizatiop of the sensor subsystems is

required before this can be accomplished.

Vi-1
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5. The entire front wheel assembly requires a
re-design effort. The combined mass of the yoke and the

drive motor puts too much of a strain on the small gear box

and shaft encoder disk mounted above. A larger frame gear
box with a similar gear reduction ratio is required to
eliminate false readings from the shaft encoder.

6. The MARRS-1 steering shaft feedback uses a
high resolution incremental encoder to do a low resolution
absolute encoder's job. A low resolution absolute encoder
connected to the steering shaft by a flexible link will
provide accurate information about the direction of the
front wheel without excessive software/hardware overhead.

7. A better power supply for the sonar suksystem
is required.

8. Integrate the electronics developed for the
MARRS~1 robot structure on a larger heavier frame: a fork
lift, a golf cart, or perhaps a rugged all:-terrain vehicle
used by the U.S. ARMY or coal mine companies.

9. Integrate Captain Glenn Monaghan's robot
task planning thesis (AFIT/ENG/84D-47) with theMARRS-1.

1. Investigate the advantages/disadvantages of
three wheel, four wheel, and tracked mobility configurations
along with different drive and steering control systems as

fhey apply to the mobile autonomous robot problem.
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Yet Another Computer for MARRS-1

The next logical progression of MARRS-1 is to provide
another computer which will control the functions of all
subordinate computer systems. Its function would be much
-' like that of a computer operating system only it would
Ei: perform path planning based on sensory information fed to it

from its subordinate systems and from requirements passed to

it by an external computer data link. An onboard MC6889
based Radio Shack Color Computer would be the perfect
addition to the droid ensemble. By adding a disk controller

and disk drives, the robot becomes a stand alone

hardware/software development device (minus a keyboard and

RS SELEA G

~ P

monitor which may be connected remotely, or as needed).
‘T There are several reasons for choosing the MC68¢9 or

MC6809E over other microprocessors. .- First, all

hardware and software developed thus far for MARRS-1 is

oL LY
AR
L o

upward compatible with the 6849, Second, with the
use of 0S-9 (a UNIX derivative) as the operating system, the
computer can perform multi-tasking and supervise a multi-
user environment. These characteristics are ideal for
control of a mobile autonomous robot.. Third, hardware/
software availability is . perhaps the most important
issue as discussed in chapter II. The AFIT Mobile

Robotics Lab has in its inventory (see Appendix J) a Color

Computer with 0S-9 and BASIC@9. The Motorola Exorciser can

also accommodate a 6809 card to enhance lab capabilities.
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High level languages such as C open the door to

increased routines and utilities that can be used to control

MARRS-1. "Fortunately, the 68069 microprocessor, the 0S-9

operating system, and the C language form an outstanding
combination. The 6869 was specifically designed to ;

‘ efficiently run high level 1languages, and its stack-
oriented instruction set and versatile repertoire of
addressing modes handle the C language very well. As
i mentioned previously, UNIX and C are closely related, and |
because 05-9 is derived from UNIX, it also supports C to E

the degree that almost any application written in C can be

transported from a UNIX system to an 0S-9 systenm,

recompiled, and correctly executed"(21:1-1). Migration
’ (? toward the 6806066 family is also possible by fixst going to
the 6869 and 05-9. There is even a version of 05S-9 for the
6806006 family of processors making a simplified software

transition qguaranteed.

Cooperation Needed in Mobile Robotics

Mobile Robotiecs has the responsibility of bringing many
technologies and disciplines together as a unified whole and
has two closely related areas of research: 1) Artificial
Intelligence (AI), and 2) Pattern Recognition (PR). In their
l report to the U.S. Army Engineer Topographic Laboratory,

researchers from Stanford Research Institute (SRI) made no

1 distinction between AI and Robotics giving instead a unified

model of the two as shown in figure 6.1 (22:1).

)
...........




AR GG RS EAS W MDA CAOVER KA AT AR T E e S ST AL A a et S0 R ESLRIDIR S5 J S S EAP Y U a6 or Vol Vol B Y eo Lo N T

-

T

P

TETI T

gy ~—— - o _
OissnOp g AT S e =t =P 0

Ter ot P U D A AR AR
: g 0 3 o %2 e 4 e r B

e 0l e 2 e e el e a e

WORLD MODEL

reasoning

INTERPRETING | GEMERATING

SENSING EFFECTING

- Figure 6.1 Unified AI/Robotics Model

* The part of Pattern Recognition (PR) that deals with

ol (? the gathering and interpreting of sensory information'fa}ls
.%ﬁg in the area of figure 6.1 labeled SENSING<--~>INTERPRETING.
The AFIT MARRS-1 robot in conjunction with the stereo ;1sion
system.being developed by Captain James Holten of the AFIT
Signal Processing lab could form the hardware of the
SENSING<~~~>INTERPRETING and GENERATING<-~->EFFECTING blocks
of figure 1. Pattern Recognition would provide software
for these same blocks while software for the REASONING and
WORLD MODEL blocks would be provided by Artificial

Intelligence. Additional sensor systems, communications,

computers, software, and hardware are required to make

MARRS-1 a truely autonomous robot. However, the required

. e mre - o

resources do exist within the AFIT Electrical Engineering
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Department. It may be argued that it is.impossible to build
a truly autonomous robot since all machines created by
mankind have limitations. VYet, if allowed only to use
Ei existing technology, a mobile robot with tremendous
! capabilities could still be realized. What is nemsded is a
Lt commitment from the highest level possible to solve the
autonomous robot problem. The MARRS-1 robot is only a start
towards that solution.

Intradepartment and interdepartment cooperation to
solve problems would benefit all involved. Dr. Hans
Moravec, creator of the Stanford Cart and the Carnegie~
Mellon University (CMU) Rover, argues that advances in

mobile robotics would bring more robust and ganeral Al tools

GF (23:1), (24:882). Would that not be true for all
) disciplines that cooperated? |
5 Conclusion
’h Robots need sensors along with their mechanical
E devices and computational elements to be effective. This
- places a new perspective on the responsibili£ies of mobile

robot designers and programmers in the way that they attack
and solve their problems. These are system integration
problems with demanding réquirements. Overlooking an item
that seems trivial may have long range negative

consequences. To be sure, all that is important in mobile

robotics has not been identified in this thesis.
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¢ APENDIX A :
” ]
’.i’il*”f.ii’l’!!i!{lllllilliiiiillililiffiiffiiii
: FILE:  NAVROM.A NINUS NAVDEF.A

WHICH IS LISTED IN APPENDIX D

NOTE: PORTIONS OF THIS LISTING DO NOT HAVE COMMENTS.
MOTOROLA ENGINEERING NOTE 100 IS A COMPLETE LISTING FOR MIKBUG.
AERICAN MICROSYSTEMS ANMI 6800 PROTOTYPING BOARD MANUAL CONTAINS
A COMPLETE SOURCE CONE LISTING FOR THE PROTO PORTION OF THE CODE.

NAV COMPUTER ROM AS OF MONDAY 15 OCTOBER 1984 2:30 PN

. WO WO WO We SO we PO we GO we

’ B0 R B R I D OO D 000
. ) get mavhead.a

VERSION 1.4 OF MARRSBUO

LT TOM CLIFFORD, CAPT BERT SCHNEIDER
MARRSBUG IS A ROM BASED OPERATING SYSTEM FOR THE AFIT
MOBILE AUTONOMOUS ROBOT RESEARCH SYSTEN ! (MARRS-1).
THE ROM CONTAINS A SERIAL VERSION OF THE MOTOROLA MIKBUG
OPERATING SYSTEN AND A HIGHLY MODIFIED VERSION OF AMERICAN
MICROSYSTENS PROTO OPERATING SYSTEM. SYSTEM INITIALIZATION
ON POWER UP RESET OR EXTERNAL RESET CONFIGURES ALL INPUT/QUTPUT
DEVICES, PERFORMS A RONM TO RAM OVERLAY AS APPLICABLE, SIZES AND
TESTS RAM NEMORY, AND JUMPS TO THE PROTO PORTION OF THE OPERATING
e .

-_::; (HEH HHHHHH HH HHH R Y
-y 00 get navdef.a {NAV COMPUTER EQUATES AND SYS RAM USAGE

NAVDEF.A DEFINES THE INPUT/QUTPUT AND SYSTEM RAM USAGE FOR
THE MARRS-1 NAVIGATION COMPUTER

SEE APPENDIX D FOR A COMPLETE LISTING OF NAVDEF.A
HHHHHHHH I HH I R
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get msdug.a $SERIAL VERSION OF NIKBUG

! :

H HSBUG VERSION 1.0 22 SEPTEMBER 1984 — LT TOM CLIFFORD
3 SERIAL VERSION OF MIKEUG (SEE MOTOROLA ENGINEERING NOTE 109)
!
!
}

ORG 0EOMH 1FOR MIKBUG COMPATABILITY
FEM O NIO LD MIOV
€ " 2P 0,1
FEA 65 IPONDWN LOX MNIO
€ 0 2P 0,X
" MOAD NP
o NOP
o NOP
o NOP
o NOP
o NOP
ol NOP
o NOP
" NOP
80 63 MLOAD3 BSR MINCH
8 53 A 15
2 FA BNE MLOAD
80D BSR NINCH
81 39 oA 3N
7% BEQ MC
81 31 OPA 1314
2 F BIE MLOADS
M0 CLR MCKSH
80 20 BSR MBYTE
8”2 SUBA #02
57 A 0B STAA MBYTECT
80 18 ESR NBADOR
80 24 MLOADI1 BSR MBYTE
7A A0 OB DEC MBYTECT
276 BEQ MLOADIS
A7 0 STAA 00,1
o INX
1 ERA MLOADI ]
AR MLOADIS INC MOKSN
27 18 BEQ MLOAD3
8% ¥ MLOADI9 LDAA #3FH
80 31 BSR MOUTCH
EENES I JP MONTRL
80 ¢C MBADDR BSR MBYTE
B7 A C STAA NIHI
80 o7 BSR MBYTE
57 M 0 STAA MILO
FE M O LDX MXHI
3 RTS
A2
O G R PO IO TR o AN SN A N TN, SOl PO NN

----------
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g
3
a3
A
Z
5

EoS7 48 ASLA
Ee58 48 RSLA
E0SY 48 ASLA
E0SA 48 ASLA
EeS8 16 TAB
EeSC 80 AC BSR MINHEX

' tex 18 ABA
EOSF 16 TAB

. Ea0 FR A 0O ADDB MCKSH
EX3 F7T A0 STAB MCKSH
Eess 39 RTS
Ees7 M MOUTHL LSRA

‘ 68 M LSRA

F EG6? M LSRA
A M LSRA
EecB 84 OF MOUTHR ANDA #OFH
E0sD 68 34 ADDA 30
EesF 81 39 CHPA 3
te7t 2382 BLS MOUTCH
€073 68 07 ADDA 97
Ee7s TEEI DI WOUTCH P MOUTEEE
€078 TEEl AC NINGH P NINEEE
E78 8D F3 MPDATA2 BSR MOUTCH
Eo’D 8 - INX
s EO7TE AW PDATAL LDAA 00,X
(Q. teco 81 W4 CPA 34

Ees2 26 F7 BNE MPDATA2
Eesd 39 RTS
£ 8D Ce MCHANGE BSR MBADIR
Ees7 CEEL 9D NCHAST  LDX ®eCL
E06A 8D F2 BSR MPDATAL
EesC CEAOC LDX SMXHI

BSR MOUTAHS
LDX NXHI
BSR MOUT.
STX MXHI
BSR MINCA
CMPA $20H
BNE MCHAS1

ELE MINIKC
CPA $11H

A-3




Ao i T L . B T e T AT e A Ty e T T a T T T T W A T e T, . a Y .o Y. W T a N WY L Ye AT LT
................ e e e T e e e T st T T T T T e T Ta T At AT et Tt e M T a T aTa T a T s VT AN AT AV T e W e

0B 28 6C BNl MCY
E0B8 81 13 A $10
EWBA 288 BGT MCY
EORC 99 07 SUBA 47
EOBE 39 NINIHC RTS
EOF AW MOUTH LOAA 08,X
EOC1 80 F. BSR HOUTI
B3 AW LDA 09,
oS 8 INX
ECh 20M3 BRA MOUTIR
EC3 80 FS MOUTAHS RSR MOUT2H
E6CA 8D F3 MOUT2HS BSR MOUT2H
EOC 85 20 MOUTS  LDAA #20H
EKE 2045 MOUTS2 BRA MOUTCH
E0D) CE BF FS LDY #%CIAL
EOD3 GE 00 09 LDS #¥CIA
EoDo AF O §TS 00,
EOD8  9E E0 00 LDS #I0
ENB W 03 STS 03,X
€00 6E E 13 LDS ISFE
EOE0 AF 06 STS 0,1
EE2 0l NOP
EOE3 GEENOS  NCONTRL LDS MYPONDN
EOEL OF 09 STS 99,1
EOES  9E MO 42 LDS WHSTACK
EOEB DF AD 08 STS MSP
EOEE CE E1 9C LDX MOCLOFF
EOFI 80 6B BSR MPOATAL
EOF3 8063 BSR MINCH
EFS 1 THB
EOFL 8D D4 BSR MOUTS
EW8 Cl4C PR MCH
EOFA 25 03 BNE MOONTL2
EOFC 7E E0 04 JP HLOAD
EOFF  C1 4D MCONTL2 CHPB #4DH
Bt 2782 BEQ MCHANGE
E163 C1 %2 CHPB 4524
E105 2718 BEQ MPRINT
SUAE) OB 504
80w 2732 BEQ MPUNCH
E10B C1 &7 OB UTH
E10D 26 D4 BNE WOONTRL
EIF BEM 0 LDS MoP
Eli2 38 R
113 BFAM® MFE  STS MSP
116 M 5]
EN7 4D 0 15T 06,1
E119 25 02 BNE MSFEI
EIB  6A 03 DEC €5,
EMD A 8 MSFE!  DEC 06,X
EIIF  FE A0 00 MPRINT LDX MSP
B2 8 N

A-4

..............



[" LA S A YA A A S e B i e e e T N e L AR R L I I A A

eI
El181
€183
E146
E169
E16C

. . i
B3 00 BSR MOUT2HS
125 80 A BSR MOUT2HS
€127 80l BSR MOUT2HS
E129 €09 BSR MOUT4HS
B2 6% BSR MOUTHHS
E120 CEAN 08 LDX 4P
EIM 809 BSR MOUTHHS
BR N6 ¥C2 BRA MOONTRL :
| EL34 MITAPEL FCB OOH '
E135 FCB o ,.
E13% FCB ™ :
E137 FCB 00 |
E1% FCB # -
E139 FCB 0
E1% FCB S
E13%8 FCB 31K’
E1X FCB M
E1D 8 12 IPUCH LD HIH
EIF BOENTS JSR NOUTCH
EM2 FE M 02 LDX MBEGA
EMS FF M OF STX NTW
EI48 BoANOS  MPUNIL LD #ENDAL
EI4B BOA 10 SUBA MTW1
EME F6 M O LDAB MENDA
, EISL F2M O SBCB NTW
o EISH 26 M4 BNE NPUNZ2
. EIS 8110 CPA pLe
B8 20 BS FU .5
EISh 86 OF W2 LD MFH
EIC 8B M4 P23 ADCA 904
M
(]
)
3
)

ALN

BSSYTARSSNSSRASANBSRESSITRRRNINSIAABSR222LTTTISLSIZIABESSS

€140 M 11

E170 3

E172 A oF

e17 Yy

€177 (3

&1 M oOF

E17c 19 MPUN32

EITE Ad O DEC NTEMP
E181 Fe BNE MPIN32
€183 M STX NTW
E18% (01,1

£187 PSHB
188 T8X

E189 o BSR PUNT2
188 PULB

EISC FE MO OF LDX NTW

&3
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EL6F
E190
EIN3
€193
E1y7
E199
E19%C
€190
E1%E
EI9
ElM
ElA
E1A2
E1A3
E1M
E1AS
E1M8
E1AB
E1AC
EIAD
EINF
E1B1
E1B3
E1B4
E1B6
E1B8
E1B4
E1B8
E180
E1BF
EICL
E1C2
E1C4
EI1CH
E1C7
E1C8
€1ce
EICA
EICB
E1cC
E1CD
EICE
EICF
EiDe
EID1
(31173
E104
3}
E108
E1D9
Elod
EID8

S8BT
R b 4

as

RRLREULZABYIATAIEESTISI-BISAHIIRES
RE

Ss =3 s

5]
3

ge=

o 0
el

BRA MC2

25g

£33338338333%8§
a:gs::;gg

3
.

NINOEXI PSHA

MINOEK2 LDAR 09, X
BITA #42
BEQ MINGEX2

£

STAA 01,1
BRA NI0S

STTIIIITIRR

:
2

BSR MSAV
LDX 00, X
BRA NINOEX1

SIRT

IR N
s M, J"L, e

o e e M Tl it n ] ot m o B A o
Ce thd.t, e e w0 o & = e " e iy g

$INPUT WITH ECHO THRU ACIA WITH NO PARITY

ﬁ-- PR

AT NN
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(31
EIDD O
EIE O
EIOF O
EIE6 oI
EIEl O
EIE2 O
EIE3 ol
EIE4 01
EIES O]
EIES O
EIE7 0!
(312
EIEY O
EIEA FEM 12 M08
EIED X
CIEE 39

3E§§§§§§§§§§§§§§§

END OF MSBUG (SERIAL VERSION OF NIKBUG (SEE MOTOROLA
ENGINEERING NOTE 100) )

HEHHHHHHRH B HHHHH A I H
EIEF get nbugd.a {HIGHLY MODIFIED VERSION OF PROTO

- W SO BO SO BE B

NBUG3. A (NEW BUG)

i
{
H
H PROTO OPERATING SYSTEM VERSION 3.0

H (HIGHLY MODIFIED FOR HGS/TEC BUILT 4802/6808 COMPUTERS)
!

i

i

i

2b SEPTEMBER 1984 — LT TOM CLIFFORD, CAPT BERT SCHNEIDER
SEE AMI 4800 PROTOTYPING BOARD MANUAL FOR COMPLETE
SOURCE CODE LISTING
EIEF GEBEW START  LDS SUSRSTAK

EIF2 BF BF FY $TS SREG

EIFS 7EEIFD JP STARTI

EIF8  7E E2 91 BREAK  JP BREAKI

EIFB 00 04 ACIAA  FDB I0+ACIAT

EIFD % STARTI  PSHA

EIFE 07 A

EIFF  B7 BF EA STAA CRES

7.7 PULA

E203 B7 BF EC STAA AREG

E206 F7 BF EB STAB BREG

E209 FF BF ED STX XREG

E20C BF BF F1 . STS SRED

E20F GEBETF LDS #B0S

E212 CEE1FS LDX $EREAK

E25 FF BF FE STX NMIVECH!
- 218 0 NOP sTHESE THREE LINES MAY BE REPLACED WITH:
E219 o NP i STX IRQVECH

A7




4
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2388 8 AIII3B3=I

I8 883

CSODSRR RNRNAKSRASGSTRIORLARKRAN

SLBRABISARSRRRASIRIRARIARIARIIIE

P
$=22IR OWS
88 B

nsg2a®
3

NARRISSBTTILAARZAAS
i3

O RO

MONITR

RT10

DLooP

e

NOP {THE THREE NOPS ARE USED TO KEEP A STANDARD
$CONFIGURATICN OF THE ROM SUBROUTINE ADDRESSES
{FROM ONE COMPUTER TO ANOTHER RUNNING NEW BUG,

LDAY §TEH
STAA IROVEC
STAA SWIVEC
STAA NMIVEC
LDX NI
STX USRI
LDX SSWIHAN
STX SWIVECH
LDX ¢ACIAA
STX ACIAl
LDAA 843
STAA 10+ACTAT
LDAA $1H
STAR I0HCIAT
JSR PCRLF
LDS 4805
LDAA I0+ACIAT+ALRX




E2E4

E2%B
E2F0
E2F1
EZF4

E2F9

3=
=

—
>

SHIHAN

3L

NI
SNI%

EA SNI4e
SISO

-
—

PRI

SORSNSE2EIR 8 HES2 TRI=2LT3

BR&

KA
SR

PR10

a
£

B E

nm

<@ -

PR RS ER S S ER NS RMAMNSSHRSHASS8R2RRRZUBMAEGREEAAFARSIBEAZISIERS
ERK JJ G883

1PRINT CRLF
sPOINT TO PROWPT STRING

{AND PRINT IT

$PRINT CRLF

+POINT TO TEMPORARY REGISTERS
{PRINT 3 SINGLE BYTE REGISTERS

+NITH A SPACE BETWEEN EACH PAIR
10F HEX CHARACTERS

{NOW PRINT 3 TWO BYTE REGISTERS
{WITH A SPACE BETWEEN FOLR
{HEX CHARACTERS

. ‘-"-"t’;“’_" A ,". [ r : B '.' . .»".‘
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i
t
4

LA

A - LSRRG 1240

EFn @ DEX
€8 6C BF EY CPX STCOUNT
et 2 F7 BNE RUS1O
B 38 RT1
EN1 BSEF DA CHEXSM LDAA CXSUM
x B % PSHA
i EXNS BOE4CC JSR NEX2D
g3 I3 PRB
B s
5 g3 1 )
o EMB 2601 B Ol
4 N 3 RTS
- EMNE N cs1 SX
y ENF ® DEX
€310 ¥ )|
g3l FCB OFY
B E312 BOES AT JSR PSPACE
b €313 CEES BE LDX $QCKSMER
Ew, €3N8 3 RTS
a3 €3N » READACI PSHA {LILBUG READ PORT MITHOUT WAIT
E3A BSCOM LDAA IO+ACIAT+A.RX
i €310 GATF ANDA §TFH {CLEAR PARITY BIT
i E3IF 8117 oFA §LH 31 IT CONTROL W ?
o 32} %% BNE ISCTRLX +IF S0 WAIT FOR FURTHER INPUT
B33 ¥ SHI $BEFORE CONTINUING
. E324 14 FCB 1
G €323 8118 ISCTRLX CYPA 016H 318 IT CONTROL X ?
- B3] 2 PULA {IF YES THEN CC IS SET
328 3 RET? RTS
E329 64O CONVA  ANDA MFH sLILBUG CONVERT RIGHT 4 BITS AMD
E38 B8 M ADDA #4904 $PRINT ROUTINE
B 19 DA
B3 894 ADCA 3404
B3N 19 paA
4 Bl ¥ sl
i 332 11 FCB 11H
Ex3 39 RTS
E34 ROZR2P2 INX sAdvance compare TO pointer
EXS FF BF DY STX TENP2 1Save conpare TO pointer
E38 FEBF D7 CPRMEM LDX TBNPL tFetch compare pointer
E3B AW LDAA ¢, X tFetch compare data
E33D @8 INX {Advance compare pointer
EXE FFBFD? STX TEP! sStore compare pointer
E34l FEBF D9 LDX TEMP2 sFetch compare TO pointer
B3 Al O OFA 0,X sCompare A to indexed data
] E3% 2693 BNE CPRET $1f not equal, return
EM8 A DECB sDecrennt dyte counter
« E34? 26 EY BNE ROZR2P2  ;Counter €39, continue comparing
> EMB 39 CPRET  RTS sReturn vith flags conditioned
14 E34C BDE3IFO DISMEM JSR GETRNG sDISPLAY MEMORY ROUTINE STARTS HERE
) EW 806 BSR DISHEN!




E354 CEBFCC DISMEM! LDX SADOL sPOINT TO THE “FRON’ ADURESS .:
E3ST Ab 01 LDA 91, X sGET LOW (RDER PART OF ADDRESS ;
£359 4 Fo ANDA SFOH sWASK LOM ORDER 4 BITS :
£38 A7 0l STAA 01,X {RETURN NEW LOW ORDER PART OF ADDRESS '
E3S0 FE BF CE LDX ADDH sGET THE *T0’ ADDRESS ;
£ 0 DX {WAE IT WHAT THE USER SAID IT ¥AS T0 BE
E3%1 ¥ Sul :
£%2 W FC8 OM :
£33 CAWF ORAB #OFH +SET LOM ORDER 4 BITS
ENS ¥ > H
E% © FCB OH :
E3%7 FF BF CE STI ADOH sRESTORE 1EW *T0° ADDRESS
E36A BOES 20 BYTENN JSR PCRLF sPRINT BYE NMBER GUITE LINE BY FIRST PRINTING CRLF
E3%0 BOES M JSR PCRLF s THICE
€370 CE E8 €4 LDX $08SPACE sPRINT & LEADING SPACES
, B3 ¥ Sul
8% 12 FCB 1M
B35 & CLRA
; 376 3% BYTENY1 PSHA {CONVERT RIGHT 4 BITS AND PRINT AS ASCII
i 8377 HEN JSR CONVA sUFPER CASE CHARACTER
EI7A D ES A7 JSR PSPACE sPRINT THO
: E3 BDES A JSR PSPICE :
; B30 52 PULA sGET COUNTER
! 381 4 INCA sHAVE WE PRINTED
332 68110 oA MM sHEX NUMBERS @ THRU F?
\i £34 2 F¢ BNE BYTENMI sKEEP PRINTING THEM IF NOT FINISHED
€38 8091 OUTLOOP BSR READACI sCHECK FOR PRINT END OR WAIT FROM USER
£3%8 27%7 BEQ ENDIN :END PRINT IF CONTROL X KEY WS HIT
E3% BOES 2A J5R PCRLF sELSE CONTINUE PRINT WITH CRF
£330 CE B CC LDX $ADOL +GET ADDRESS OF DATA TO BE PRINTED
E399  BD ES AS JSR PAHEXS sPRINT ADDRESS AS 4 HEX WITH A SPACE
€393 FE BF (¢ LDX ADOL sPOINT T0 THE DATA
E39% Cb 10 LDAB #16H sSET UP A COUNTER FOR 16 BYTES
B39% ¥ INLOOPY SWI sPRINT BYTE AS TWO HEX AND POINT TO NEXT BYTE
B9 * FCB OFH
E9A BOES A7 JSR PSPICE 1PRINT A SPACE
390 A DECS sONE LESS BYTE TO PRINT
ENE 26 F8 BNE INLOOPL sPRINT NEXT BYTE IF NOT DONE
E39 B0 ES A JSR PSPACE sPRINT ANOTHER SPACE
33 Cb 10 LDAB $10H sNOW PRINT THE 16 BYTES AS ASCII IF POSSIBLE
E3S FE BF CC LDX ADDL :POINT 0 THE FIRST BYTE
33 Ab W INLOGP2 LA 99, X +GET THE BYTE
£ 84 7F ANDA §7FH sSTRIP OFF EIGHTH BIT
B3 8129 CIPA 420H +IF BYTE IS LESS THAN ASCII SPACE
EXE 20 R PERIOD sPRINT A PERIOD ‘
E3B9 81 41 CPA #51H sELSE CHECK TO SEE IF IT IS A PRINTABLE CHARACTER
B2 20 BLT PRNTASC .
£38¢ 8 % PERIOD LDAA #2EH sNOT PRINTABLE SO PRINT A PERIOD
E3BS F PRNTASC SWI sPRINT THE CHARACTER OR A PERIOD
E3B7 11 " FCB UM
€35 03 Nt sPOINT T0 NEXT BYTE
E3B9 54 DECS sONE LESS TO PRINT
A1
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E3BA 2B EC BE INLOOP2 160 PRINT THE REST OF THE 14 BYTES
EBC 6 DEX {POINT TO THE LAST BYTE PRINTED
E38D FF BF OC STX ADOL $SAVE THE ADDRESS
EX CEBFCC LDX #AD0L {GET A FUINTER TO THE LAST BYTE PRINTED
B33 FFF D7 ST TBPL {SAVE THE POINTER FOR COMPARISON
EXs CEBFCE LDX SADDH {CET A POINTER TO THE LAST BYTE TO BE PRINTED
EX? FFEBFD? STX TewP2 +SAVE THE POINTER FOR COMPARISON
EXC Cb 02 LDAB M2 ; THE POINTERS ARE 2 BYTES EACH
EXE BDE33B JSR CPRMEN 1COMPARE ADORESSES
B 2« BH1 ENDOM +BRANCH IF FINISHED WITH MEMORY PRINT
E3D3 FE BF CC LDX ADOL {ELSE GET THE ADDRESS OF LAST BYTE PRINTED
B 8 INX tAND POINT TO NEXT BYTE YO BE PRINTED
€307 FF BF CC STX ADOL {SAVE THE ADORESS
E3R 7D EBF CD TST ADOL+1  31F WE HAVE PRINTED A BLOCK OF DATA
B30 26 A7 BE OUTLOOP THEN GO PRINT THE BYTE NUMBER GUIDE LINE AND 14 BYTES
E0F 26 89 BRA BYTENM {ELSE GO PRINT NEXT 16 BYTES
Xl ENDOM  RTS {RETURN TO CALLER
EX2 3D EOF  BSR EOF1
EXs TEE242 JP MONENT
EX? C(EESDO EOF1  LDX MQTPEQF
EXA ¥ Sul
EXB 12 FCB 1M
EXC BIES2A JSR PCRLF
EXF 39 RTS
E3F9 BDE4EL GETRNG JSR NXTAIR
— EX3 FEBF CA LDX AR

(Q. E¥6 FF BF CC STX ADOL
EFY FFEF(E STX ADOH
E3FC BD E4 E JSR NXTAIR
EXF 274 B£Q GETRG3
E40l FE bF CA GETRG1 LDX ADR
B4 FF BF CE STX ADOH
€407 CE BF 86 GETRG3 LDX SBUF
EdOA  AS 4E LDAR 4EH,X
EMNC Eb & LDAB 4FH,X
EHE E0AD SUBB ADH,X
Eie A& SBCA ACH,X
EHN2 2™ B(C GETRG4
E4l4 C(EESAB RNGERR LDX SQGRNGERR
E47 39 RTS
E418 FE BF CE GETRGA  LDX ADOH
EMB @ INX
EMC FFEFCE STX AODH
EHMF 39 RTS
E420 BD E4 Eb G0 JSR NXTADR
E423 276 BEQ GO10
E425 FEBF CA LDX ADR
€428 FFEF EF STX PREG
BB TEE2FI G010 P RESTA(
E4f 8D O3 LOAD  BSR LOAD2
B4y TEE28A JP HSGHON
B33 (EN N LOAD2  LDX ¥XZERO
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" <36 FFEF (B STX OFFSEY

EA39  FF BF CC STX ADOL
X ® LOOFST DEX
EA3 FF BF CE STX ADDH
EAM0 BDEA ES JSR NXTAIR
EM3 27 (€ BED LOADY
EMS FE BF CA LDX ADR
EMS FF BF (8 STX OFFSET
EMB BOE4 B JSR NITADR
EME 2713 BEQ LOKDY
EASe FE BF (8 LDX OFFSET
EAS3 FF oF CC STX ADOL
EASS CE 00 &5 LDX $XZERO
E45% FFOF (8 STX OFFSET
EASC 8D A3 BSR GETRG!
EAE  FE BF CF LDX ADOH
Bl 2009 BRA LOOFST
B3 0 LOAD!  NOP
E44 80D ROPRE  BSR FINDS
E454 BDES 11 JSR HAITTY
EA49 81 N CPA 130
EASB 27 F7 BEQ ROPRE
EAD BT BF D2 STAA RECTYP
EATO W BF 0 CLR CKXSUM
€473 BOEA CC JSR NEX2D
EAT A DECA

o EAT7 M DELA
EA78 M DECA
B9 BT I3 STAA COUNT
EA7C BDE4 CC JR NEXD
EATF  B7 IF (A STAA AR
EAS2 BD E4 CC JSR NEX2D
EASS B BF (9 ADDA OFFSET+
EAG8 BT EF (B STP., ADRH
FASB B BF CA LDAA ADR
EASE B9 BF (8 ADCA OFFSET
EA91 B7 BF (A STAA ADR
EA9% B BF D2 LDAA RECTYP
EA97 8131 CHPA 1314
B 21 BE LFA
EA9B  BD E4 CC LRI  JSR NEX2D
EAE  FE BF CA LDX ADR
EAl  BD ES C2 JSR SETOFF
EsMd 8 INX
EAS FF BF CA STX ADR
EA8 TABF D3 DEC COUNT
BB X EE BGT LDR1O
EAD 20 04 BRA LHF9
EWF 81 39 LIFA  COFPA 03
EABI 26 OF BNE BADTAP
EAR3 BDE3 O LF9  JSR CHEXSM 5
EABS B BF D2 LDAA RECTYP
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EABY 81 39 OPA 13H
E4BB 26 Ab BNE LOAD!
EABD CEESBS LDX §QEOF
EAOd 39 RTS
ECI 20 AL BADTAP BRA ROPRE
B3 o FINDS  NOP
EACY BOES 1N FS10  JSR MAITTY
B 8153 OPA 15H
EAC? 26 F9 BE FS10
EACB 39 RTS
EACC BDES 11 NEX2D SR WAITTY
EACF 18 TAB
EADd BOEL I JSR WAITTY
EAD3 3% PSHA
B4 ¥ PS8
EADS W ™K
E4DS C5 N2 LDAB M2
EA8 ¥ NI
EA9 1S FCB 1
EADA 24 65 BCC BADTAP
EADC 17 THA
EADD FB BF DA ADDB CKSUM
50 EAEQ FIBF DA STAB CKSUM
o B3 3l INS
; EAEA 31 NS
i EAES 30 RTS
i G: EAES 7F BF CA NXTADR CLR ADR
EAE9 7F BF (B CLR ADR+!
‘ EAEC